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PROCEEDINGS 
3RD ANNUAL BIOMASS FNERGY SYSTEMS CONFERENCE 

INTRODUCTION 

LARRY J. DOUGLAS 
CONFERENCE TECHNICAL CHAIRMAN 

SOLAR ENERGY RESEARCH INSTITUTE 
GOLDEN, COLORADO' 

A n a t i o n a l  commitment t o  developing s o l a r  resources 
t o  f u r n i s h  twenty percent  o f  our  t o t a l  energy 
demands by t h e  year  2000, requ i res  increased em- 
phasis app l ied  t o  t h e  near- and mid-term opportu- 
n i t i e s  i n  s o l a r  energy. Biomass i n  i t s  var ious 
forms i s  a renewable resource t h a t  can be converted 
t o  energy, fue ls ,  and chemicals. The product ion 
and conversion technologies f o r  biomass f a l l  i n  t h e  
near and mid-term category, and t h e r e f o r e  prov ides 
a very t i m e l y  sub jec t  f o r  review. The Department 
of Energy Biomass Energy Systems (DOE/SES) branch 
( f o r m a l l y  Fuels From Biomass) supports a number o f  
research p r o j e c t s  r e l a t i n g  t o  product ion o f  p l a n t  . 
biomass; and conversion o f  biomass t o  f u e l s  and 
energy i n t e n s i v e  chemicals us ing b i o l o g i c a l  and 
thermochemical methods. 

The 3 rd  Annual Biomass Energy Systems Conference 
sponsored by DOE and hosted by SERI was h e l d  a t  the  
Colorado School o f  Mines, Green Center, June 5-7, 
1979, and had as i t s  major ob jec t i ves  t h e  f o l l o w i n g :  

1. Review the  l a t e s t  research f i n d i n g s  from 
f e d e r a l l y  funded and o ther  se lected p r o j e c t s  
i n  the  Clean Fuels For Biomass f i e l d .  

3. Encourage i n t e r a c t i o n  and in fo rmat ion .  exchange 
among people working o r  i n t e r e s t e d  i n  the  f i e l d .  

4. I d e n t i f y  and discuss e x i s t i n g  problems r e l a t e d  
t o  ongoing research; exp lo re  o p p o r t u n i t i e s  
f o r  f u t u r e  research. 

Biomass ,has been c a l l e d  t h e  "s leeping g i a n t "  o f  the' 
s o l a r  technologies, w i t h  a p o t e n t i a l  quad impact o f  
6-10 quadslyear by t h e  year  2000, however, t h e  
i n t e r e s t  d isp layed a t  t h i s  conference and others 
h e l d  around the  country  t h i s  year  suggests t h a t  
awareness o f  t h e  biomass p o t e n t i a l  i s  awakening. 
This  conference served as a forum f o r  d iscuss ing  
the  problems and o p p o r t u n i t i e s  i n  biomass, and 
problems there  are. The o v e r r i d i n g  problem was n o t  
how t o  grow o r  conver t  t h e  biomass i n  a technologi -  
c a l  sense, b u t  how t o  move t h e  technology t o  f i t  
i n t o  a framework t h a t  matches the  economic r e a l i t i e s  
o f  today and tomorrow. 

As a f i n a l  note, t h e  conference posed some very 
d i f f i c u l t  quest ions r e l a t i n g  t o  economics and pro-  
cess development problems. . . however, i t  has been 
s a i d  t h a t  "a w e l l  de f ined  problem i s  o f t e n  the  ,key 
to :  the  door o f  oppor tun i ty" .  

2. -Summarize t h e  present  engineer ing and 
economic s ta tus  o f  Biomass Energy Systems. 
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SIJMMARY OF DISCUSSION SESSIDNS. -- 

The Wednesday evening discussion sessions were held 
as an open forum reviewing the problems and oppor- 
tun i t i e s  in the f ive  main areas in Biomass Energy 
Systems: 

1. Biomass Refining (fermentation) 
2. Anaerobic Digestion 
3. Biomass Production 
4. Thermochemi cal Conversion 
5. Biomass As A Fuel (combustion) . 

These discussions provided a useful input fo r  eval- 
uating the direction of the current program both 
from the  perspective of D.O.E.  contractors and 
Interested part icipants outside of t h i s  group. 1 
wish t o  personally thank a l l  the part icipants in 
these sessions fo r  a valuable contribution and to  
those who could not attend these sessions. We are  
including highlights from each group. 

BIOMASS REFINING 

About for ty  part icipants took par t  in the discus- 
sion/workshop on biomass refining (fermentation). 
The discujsion was l ive ly  and l i s t ed  below are  some 
of the  main arguments with statement answers. 

Glhy Produce. Ethanol From Biomass? 

Pro: . Ethanol burns as a l iquid  fuel extender. . Technology i s  we1 1 developed. 

Con: . Separation energy i s  high. 
. Conversion t o  chemical feedstocks 

'show bet ter  economic's. 

General Discussion: 

. Ethanol needs t o  be produced fo r  less  
than $1 .00/gal. t o  be competitive 
with methanol. 

. Maleic acid 'offers an a t t r ac t ive  
a l ternat ive  t o  producing acet ic  acid. 

. Membrane separation may offer  some 
economic benefits. 

Acid vs. Enzyme For Hydrolysis 

. Acid hydrolysis i s  f a s t e r .  

. Enzyme hydrolysis produces fewer degradation 

products. 

. Single pass acid hydrolysis only converts 
55 percent of cellulose. 

. Acid hydrolysis good fo r  remov.ing 
hemicel lulose. 

. Enzymatic hydrolysis compatible with 
combining fermentation and hydrolysis. 

Why 100 Percent Ethanol? 

. Minimizes problems of water in gas l ines .  

. 85 percent may burn more e f f i c i en t ly .  

. Add emulsifier t o  prevent fa l l ing  out 
(separation) of water from gasahol . 

General Comments 

. With  a feedstock cost  of $30.00/ODT and no 
by-product credi t  ethanol s t a r t ing  point 
for  materials cost  i s  $1 to  $1.25/gal. 

. Can small farm units  work economically? 
Projected cost  f o r  small ethanol plant i s  
$3-$7/ga1. 

. ShoLld feedstock determine process design, 
i . e . ,  certain l ignocellulosic materials 
because of t h e i r  contents of l ignin ,  hemi- 
cellu.lose ind cellulose may require d i f ferent  
pretreatments and/or processing procedures. 

. Development of continuous fermentation 
systems needed t o  reduce capital  cost  
and plant s ize .  

. Development of by-product u t i l i za t ion  
v i t a l .  t o  economics of ethanol production. 

ANAEROBIC DIGESTION 

Approximately 25 persons attended the discussion 
session which Chairman Don Wise focused on the '  
question of how t o  ef fec t ively  digest  crop residues 
t o  methane. A wide variety, of opinions were ex- 
pressed and a number of suggestions f o r  a crop 
residue program were made. The questions discussed 
included : 

. Short-term applications E. long-term. I s  i t  
r e a l i s t i c  to  t r y  and commercialize crop r e s i -  
due systems now, or will i t  only be feas ib le  



many years from now, when gas prices are' 
much higher. 

. Environmental Effects: Do we know what long- 
term effec ts  t o  expect i f  we remove large 
quant i t ies  of crop residues from the  s o i l ?  
Will we be able to  recycle the nutrients? 

. Alternate Conversion Processes: Assuming we 
decide to 'convert  large amounts of crop res i -  
dues t o  energy, should we hydrolyze the res i -  
dues and produce alcohols, bum the material 
t o  produce heat, o r  d iges t  the residues to  
methane? What are  the  trade-offs? Should 
the hydrolysis process be used to  f i r s t  make. 
alcohols, and the digestion used to  further 
convert the  ef f luent  from an alcohol plant? 

. Biomass Production: Should farmers be en- 
couraged t o  grow corn which produces less  
grafn and moro rcscidues, ClncQ we hava a 
surplus of grain? 

BIOMASS PRODUCTION 

. Weeds were designated as one of the prime 
problem areas i n  s i lv i cu l tu re  energy farming. 
U.S.F.S., Rhinelander, Wiscons.in i s  conduct- 
ing an extensive f i e l d  research e f f o r t  on 
t h i s  problem and some promising resul ts  are  
being obtained.....a pre-emergent herbicide 
coupled with the planting of a leguminous 
cover crop seems t o  o f fe r  good control. 
Research wi 11 be continued. 

.. Lack of a sustained wood supply i s  troubling 
Minnesota author i t ies .  I t  appears tha t  there 
i s  insuff ic ient  wood available i n  t ha t  s t a t e  
t o  serve in competition with pulp and paper 
as a las t ing  resource. Minnesotans a re  look- 
ing toward c a t t a i l  as an energy crop. 

. A number of aspects of the Gasahol question 
were discussed. I t  was generally agreed tha t  
biomass supply problems would a1 so become 
prominent in regard t o  the production of 
alcohol.. 

THERMAL-CHEMICAL CONVERSION 

About forty of the attendees in thermal-chemical 
conversion processes f o r  biomass met Wednesday 
evening to  discuss ins t i tu t ional  and technical 
problems relevant t o  thermal conversion. The dis-  
cussion was wide-ranging and sometimes heated but a 
number of interesting suqgesti ons were made, The 
following are representative. (See ins t i tu t ional  
comments in SERI1s Gasification Workshop Proceed- 
ings. ) 

. While a i r  gas i f i e r s  are  already being devel- 
oped, in the range 1-20 MBtu/hr. by private 
money, there. i s  a need fo r  larger gas i f iers  
up to 120 MBtu/hr. o r  even 500 MBtu/hr .  (30 
dry tons/hr.). This s i ze  would be especially 
useful fo r  r e t r o f i t t i n g  boilers in the paper 
industry and some rural  u t i l i t i e s ;  ye t  the 
cost  of development i s  such that  no group has 
yet  undertaken these larger boilers. I f  we 

are  serious about using biomass to  replace 
gas and o i l  t h i s  would be a very s igni f icant  
market - possibly 2 quads/yr. - need a mech- 
anism fo r  developing t h i s  size.  I t  could 
possibly be done by a consortium of paper 
companies - o r  matching federal funds. 

. Closely related i s  the need f o r  a method of 
helping private capital  do innovative devel- 
opment on a large scale. F i r s t  i n s t a l l a -  
t ions typically cost  2-4 times as much as  
subsequent units .  Who i s  to  pay t h i s  cost? 
No industry i s  stepping forward to  bear the 
cost. A possible role fo r  the federal gov- 
ernment i s  t o  fund the r isk and development 
portion of these cos ts ,  t ha t  amount above 
expected sa l e  price. In return,  a l l  records 
tha t  are not proprietary should be made a- 
vailable to others working in the same area. 
There 1 6  a procedont fo r  cect-sharing in 
developing coal processes; t h i s  should be 
studied by the  biomass community f o r  possible 
implementatlon or  mod! f i ca t i on .  

. there  has long been a prejudice in U.S. coal 
c i r c l e s  against  "foreign technology", Lurgi, 
Winkler, Koppers Totzek, Davy Gasifiers,  
e t c . ) .  This puts us in the unfortunate 
position of having t o  develop more complex 
processes, possibly of greater merit, but 
with no experience of the simple processes. 
Several part icipants hoped tha t  the same 
prejudice would not be extended to  foreign 
biomass gas i f iers .  Since there has been no 
experience in the U.S. with biomass gas i f i -  
cation up to  a few years ago and since there 
have been a number of gas i f iers  bu i l t  abroad, 
(Imbert, Ouvant, Davy, Century) we would t r y  
t o  build on t h i s  technology rather than c i r -  
cumvent i t .  

. There was some discussion of the proper role 
of government i n  developing biomass thermal 
conversion systems. A11 agreed tha t  a t  a 
minimum, the governmental ro le  was t o  supply 
and diseminate s c i e n t i f i c  and technical in- 
formation to  those working in the f ie ld .  
Several speci f ic  areas where further infor- 
mation i s  needed were discussed. Biomass 
utclrt8s ur~i\rersally a1 d s111dl1 s ~ d l e ,  but: ds 
various processes requi re 1 arger concentra- 
t ions,  the number of possible s i t e s  dimini- 
shes so tha t  few s i t e s  can supply more than 
1000 tons/day. A survey of possible larger 
s i t e s  having residues o r  other large supply 
bases, would be very useful fo r  those work- 
inq in thermal processing, 4 related eues- 
tion i s  tha t  of the appropriate scale fo r  
various processes. Air gasification seems 
to be applicable a t  very small scale - lique- 
faction only a t  the largest  scale. Another 
study which the attendees suggested would be 
the cost  benefit of various end products 
from biomass. How much more i s  a l iquid 
boiler  fuel worth than gas? An automotive 
fuel? Chemical feedstocks? These need to  
be available for  rat ing various thermal con- 
version processes. 

. Finally, a large barr ier  to  private money 
development of biomass thermal conversion 



processes i s  the  con t inu ing  u n c e r t a i n t y  o f  
f u t u r e  f u e l  costs. With c o n f l i c t i n g  d i r e c -  
t i v w  coming from COE on t h e  use o f  coa l /gas l  
o i l  the re  i s  obv ious ly  a h igh  r i s k  invo lved  
i n  developing a l t e r n a t e  f u e l s  n o t  y e t  tes ted  
i n  t h e  market. Only by e s t a b l i s h i n g  a f l o o r  
immune t o  d a i l y  p o l i c y  changes on s y n t h e t i c  
f u e l  p r i c e s  can the  r i s k  o f  development be 
removed and p r i v a t e  c a p i t a l  a t t r a c t e d .  

Primary Po in ts  Brouqht Out During Discussion Group: 

. Methods t o  improve f i r s t  low e f f i c i e n c i e s  
f o r  h igh  moisture biomass fue ls .  

. Areas where a d d i t i o n a l  biomass combus.tion 
t e c h n o l o w  i s  needed. 

. Methods t o  improve f i r s t  low e f f i c i e n -  
c i e s  f o r  h igh  moisture biomass fue ls .  

. . R e t r o f i t  combustion technologies t o  
a1 low e x i s t i n g  o i l ,  gas, and coal  
combustors t o  use biomass f u e l s .  

. Only l i m i t e d  types o f  biomass f u e l s  a re  
c u r r e n t l y  be ing used. 

. Fuel (biomass) t r a n s p o r t a t i o n  costs  are a 
major  f a c t o r  i n  t h e  o v e r a l l  economics. 

. Trade-of f  between economies o f  sca le  f o r  
l a r g e r  biomass burn ing  p lan ts  and f u e l  
t r a n s p o r t a t i o n  costs  n o t  def ined. 

. A l l  biomass burn ing f a c i l i t i e s  must be 
examined on a s i t e - b y - s i t e  bas is  t o  deter-  
mine - 

. a v a i l a b l e  f u e l  resource 

. competing uses f o r  the  f u e l  resource 

. proper t ies  o f  t h e  f u e l  (moisture, 
.ash, heat  release, e tc . )  

. bes t  types o f  combustors ( f l u i d  bed, 
spreader s toker ,  suspension, e t c ) .  
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STATEMENT OF HON. RICHARD L. OTIWGER, 

New York Congressman-US. House of Representatives 

THIRD ANNUAI, BIOM- ENERGY SYSTEMS CONFERENCE 

Golden, Colorado 

June 5, 1979 

Good morning. It gives me great pleasure to be out here 
in Golden; away from those Potomac shores so dan- 
gerous to any vision of what is really happening in the 
world. 

It is very rewarding to see so many people gathered 
nere, all of whom are so interested in, committed to, 
and working on ~ ~ t i l i z i n g  biomass for energy. 

I wish I could be bearing good tidings of all  the won- 
derful things we in Washington have done for biomass 
lately, but unfortunately I cannot. I have just finished 
combing through National Energy Plan II, that wonder- 
ful, unidentified document with the white cover that  
might lead one to think it's a dirty book (it may well be, 
come to think of it, considering some of the pollution 
likely to result from some of the proposed projects con- 
tained in NEP II). And so far  a s  I can determine there is 
no mention of biomass whatsoever! I should hasten to 
add that my not-so-friendly reaction to NEP II reflects 
my own, personal views. 

Also, a t  the end of last week, the Department of Energy 
submitted its annual report to  the Congress; that docu- 
ment contains three short paragraphs about biomass, 
and that's all. 

It  is clear that biomass retains a low priority on the 
laundry list of initiatives this Administration seems 
wedded to pursuing, and in my own view this is ex- 
tremely misguided-both because of the lack of em- 
phasis on biomass and because of the overemphasis on 
technologies ,which, in my own opinion, a re  too costly in 
economic, social, and environmental terms and not 
likely to  contribute to  the sort of energy future which I 
think this Nation should be pursuing. Any of you who 
have been familiar with my efforts in Congress over the 
past five years are  well aware that my preference is for 
emphasis on getting off oil imports by pursuing a course 
of intensive energy conservation and productivity and 
the use of renewable resources. Rinrna.~,  nf mllrse, f i ts  
right in with my scheme for our energy future. 

As I look back over the past four or five years since we 
began providing funds for biomass, I find a confused, 
uncoordinated, non-coorperative series of non-initia- 
tives, not only within the Department of Energy and its 
predecessors, but within other Federal agencies as 
well. There has been litt le coordination internally 
within DOE, and certainly little cooperation between 
DOE and other agencies involved. As an example of the 
internal problems, the Department's Fuels from Biomass 
program had no less than four administrators during a 
mere nine months ending this past January! 

It  is noteworthy that there is a plethora of other agen- 
cies with biomass programs and if, by dint of some new 
efforts a t  cooperating, DOE would work with them, we 

would have superb opportunity to move biomass to the 
position of stature is deserves. In addition to  DOi,  
which itself has some 10 divisions with one role or 
another in biomass, there are  programs in the Depart- 
ment of Aariculture. the Environmental Protection 
Agency, the" ~ e p a r t m e n t  of Defense, the Agency for 
International Development, the National Science 
Foundation, the Tennessee Valley Authority, the 
Department of Commerce and the National Aeronautics 
and Space Administration! It's almost enough t o  make 
your head spin. 

Of most of those agencies I will say no more, although i t  
seems to me absolutely critical that a t  least three of 
them-the Department of Energy, the Department of 
Agriculture and the Environmental Protection Agency- 
begin a t  once to improve their interagency cooperation 
and coordination. After all, with DOE worrying over 
energy in general, and the EPA with jurisdiction over 
wastes and pollution, and the  Agriculture Department in 
charge of forestry and farming, some joint efforts could 
bring together most of the basic resources available for 
biomass energy production. 

.The crucial thing is to think of biomass resources a s  
being available both from active production for the  pur- 
pose--of wood or farm crops-and from secondary pro- 
duction resulting from biproducts from other endeavors- 
-such as timber, crop, feedlot and human waste. 

It seems to me in many ways that  we a re  not just 
looking a t  the traditional interagency rivalry over turf, 
but we a re  in a sense looking a t  the existence of two 
basic economies: the taxpayer economy and the busi- 
ness economy. Where there is a "waste" problem, such 
as sewage "waste," solid "waste," feedlot "waste," wood- 
lot "waste," or agricultural or timber "waste," we tend 
a s  a people simply to regard these a s  "waste" problems, 
and to deal with them as best we can, and a t  taxpayer 
expense. That would be the taxpayer economy. In the 
business ooonomy, on tho othor hand, wc have "re. 
sources," which would be the products extracted for 
public use and for profit-before the "wastes" are  
generated. It seems to me that we should be trying to 
look a t  the traditional "resources" and the llwastes" as  
part and parcel of the same thing. Indeed, "wastes" 
need to be moved over into the "resources1' area, and 
shifted into the "for profit" column. In this use of the 
words "for profit," I am considering overall profits to  all 
Americans in the broadest possible sense. 

With that  approach, then wastes become extremely im- 
portant resources, especially since so many of them are 
in the truest sense renewable resources. If we regard 
the sources of biomass fuels only a s  things we must 
grow deliberately, we will be overlooking numerous 
available resources which currently only drain tax 
moneys to be dealt with. It  may not be that  feedlot 



waste or sewage sludge can make major "Quad1' contri- 
butions to our national energy needs, but the sum of 
their smaller contributions has to be significant and, 
moreover, their reuse would help to solve a problem. 
An added appeal to utilizing farm and human wastes is 
that,  unless rm hopelessly naive about the nature of 
biological systems, ,they are  not likely to diminish in 
quantity even in the face of abnormal occurances such 
as floods and droughts. 

I might say here that one of the gravest problems I have 
perceived within the Department of Energy is the 
apparent inability to see that a host of small quantities 
of energy produced can add up to a major contribution. 
The obvious penchant within DOE is only to look for the 
big bang for megabucks, and that is what leads our 
@icy-makers always to be seeking huge production 
facilities, whether new oil refineries, big coal gas- 
ification and liquification facilities, power plants or 
whatever. And even when a technology such as biomass 
production ' h e s  emerge, the DOE tendency is to t ry to 
convert that  technology into a national panacea. 

This, i t  seems to me, is a serious mistake. We must get  
away from an insistence that  we must' pursue energy 
production a s  we have known i t  for forty years. DOE 
must learn that it does not necessarily make energy - 
sense to rely solely upon the energy distribution grids a s  
we now know them, or to prop up those grids with in- 
fusions of high-cost energy conversion processes simply 
because those grids exist. My perception is that  this is 
the DOE'S whole thrust, and that  explains the emphasis 
on high-Btu, pipeline quality gases and liquids from coal 
and shale. And to my mind that misses the best 
opportunities for such energy resources as biomass, 
which opportunities lie in using the resources where 
they are  found, either directly or through converting 
them to the most sensible fuels for the regions in which 
they are. 

Under such an approach, we might make methanol from 
coal in the Southeast and Midwest, b u n  directly or 
gasify wood in the Northeast, Southeast and Northwest, 
make a biofuel from Deat in Minnesota. North Carolina. 
Maine, New York and other areas  wheie there are  peat 
bogs, perhaps make gaseous fuels from sewage in the 
major cities, make ethanol or methanol from agricul- 
tural wastes andlor crops in the Midwest farm belt, 
make petrochemical feedstocks from various plant 
forms found in the Southwest and elsewhere, make bio- 
gas from feedlot wastes in Texas, Oklahoma, Colorado 
and the other major meat producting areas, and so on. 

We have recently seen an incredible consciousness- 
raising regarding the use of alcohol fuels a s  a displace- 
ment for motor gasoline. That's nice, but need not be 
the only answer. Where there tire captive fleets of 
vehicles, by companies, the Postal Service, the military, 
other biofuels surely could be  used successfully. Only if 
the displacement fuels, such as  gasohol, were to be 
promoted for general use nationally would we need a 
standard for quality and Btu content. It is conceivable 
that  New Yorkers c o d d  utilize a 10% additive of 
methanol fmm sewage which, if some drove across the 
country, could be displaced by a methanollethanol com- 
bination from crops dr agricultural wastes in other parts 
of the country. Similarly, fuels from biomass for 

stationery use would need to be compatible only within 
the region, unless such fuels were to be used for 
appliances and other national commodities, in which 
case we would need a standard there, too. For 
stationary use within a region, it  is quite probable that 
low- and medium-Btu gas from a wide variety of pro- 
ducts could be effectively utilized. 

All of this, of course, would require a new world-view 
on the part of the DOE, and a department from our, tra- 
ditional dependence upon a relatively small number of 
energy distributors. The appeal in this for me is an in- 
evitable increase in local and individual self-reliance 
which would serve extremely well that mood in the 
country which appears to be growing in strength, that is 
the desire for increased controls over our own lives and 
activities. 

In conclusion, I believe we have become mired in an old 
vision as  regards energy. It is time for new ideas, new 
approaches which I believe this audience exemplifies. 
Rather than the "naysaying" we hear so much of on our 
Potomac shores, the "we can't gat there from here" 
attitude so prevalent in the  Department 6f Energy, we 
must move in the direction of supporting the best of 
American ingenuity. All across the country i t  is being 
demonstrated that "we can get there from here." 
People a re  taking up the cudgels to  something about 
energy-and they are acting on their own and in groups 
in spite of, unfortunately, rather than because of the 
Federal Government. It delights me to see people 
moving out in front of us in Washington, chuckling over 
those who come in and say, "Ifi, Fm from the Depart- 
ment of Energy, and I'm here to  help you." It doesn't 
wash, and you here all know it. 

As one final note, the Subcommittee which I chair on 
the House Science and Technology Committee will be 
conducting oversight hearings on the biomass programs 
later. on this year. I would welcome any observations 
any of you have on how DOE is doing--or not doing-and 
any suggestions you might have for new legislative 
initiatives. 

I commend you all for being here a t  this third biomass 
conference, and I thank you for your indulgence. 



SPRT ANT) THE BIOMASS PROGRAM 

Dr. Clayton S. Smith 
Solar Energy Research Institute 

Golden, Colorado 

ABSTRACT 

The development of biomass as a resource base for 
fuels and energy saving chemicals will require the 
identification of appropriate supply, conversion 
technology and product applications for commercial- 
ization. Biomass does not presently enjoy a suit- 
able technology base. SERI is presently developing 
the staff and facilities necessary to conduct an- 
alyses, selected technology research and develop- 
ment, and commercialization assistance on biomass 
options. SERI is also providing Technical Program 
Management for the aquatic production, anaerobic 
digestion and fermentation components of DOE'S 
Biomass Energy Systems Program. 

As a framework within which to discuss SERI's in- 
volvement in the Biomass program, I would first 
like to discuss the nature of the technology. 

NATURE OF THE TECHNOLOGY 

"Biomass" is the monolithic term applied to what is 
perhaps the most technically, economically, and 
socially complex of the solar options. This decep- 
tively simpli'stic term hides the true nature of the 
resource and the routes to its use as a renewable 
energy source. Proponents agree that Biomass 
offers the potential for significant quad impact; 
yet a clear strategy for achieving this promise has 
not emerged. If Biomass is to realize this goal, a 
comprehensive program must be developed which takes 
into account the nature of the resource. 

Biomass is distributed in supply and diverse in its 
physical and.chemica1 characteristics. It is gen- 
erally bulky and expensive to transport, thus ha5.n 
limited economic collection area, quite unlike coal, 
petroleum, or natural gas. Thus, it must be pro- 
duced, converted, and probably utilized on a,local 
basis. Use of Biomass for fuel or energy saving 
ckiemicals is often competitive to food and fiber 
production, yet complementary situations do exist. 

Generally the application drives the need'for tech- 
nology development. In nearly all energy related 
applications, Biomass must compete with coal, 
petroleum, and natural gas as the resource base. 
In many cases it may not be competitive; in some it 
clearly is'competitive. Successful deployment of 
Biomass-as an energy alternate must ferret out such 
situations. - 

A systems approach must be used to identify such 
)ortunities. The followtng major components must 
considered: 

1. The suoply of Biomass, which may be forest, 
crops, aquatic, or waste material. 

2. The conversion technology required to change 
Biomass feedstock to a useful energy product. 

3. The product, which may be heat, electricity, 
or fuels and chemicals. 

4. The application or market for the product. 
With Biomass, the application is likely to be 
near the supply, such as the combustion of 
corn stover for grain drying. 

We believe that the cornerstone of the Biomass 
program must be the identification and development 
of Biomass Energy Systems. To properly identify 
viable Biomass Energy Systems requires a highly 
competent team of diverse backgrounds and skills 
working closely together. 

Certain biomass energy systems will emerge as 
leading candidates for development. DeGelopment 
includes market development, microeconomic and 
macroeconomic analysis and other assessments in 
addition to technology development. 

Depending upon the state-of-knowledge of the sys- 
tem, the emphasis might be with market and user 
development, as with wood (forest residues) for 
direct combustion; with technology development, as 
with wood conversion to methanol or with applied 
research, as with certain biological conversion 
schemes. Thus, the program will have near-term 
and long-range components. 

THE BIOMASS TECHNOLOGY BASE 

Although Biomass has been used for centuries for 
heating, its use as a fuel and chemical feedstock 
has been largely ignored in the present age of 
petroleum. Petroleum has spawned the birth of an 
impressive array of technologies related to its 
discovery, production, conversion and. utilization. 
Thus, there is an enormous resource of highly 
trained and experienced scientists and engineers 
devoting their careers towards advancing the petro- 
leum art. Of course, there is a broadly based 
commercial sector whose very existence is committed 
to this technology. 

At one time coal sponsored such a following; except 
in a minor way, Biomass has not, outside of food, 
fiber and lumber. For Biomass to provide a major 
contribution to our fuels and chemical needs, such 



a base must be developed. We believe that the 
following points should be given important consider- 
ation. 

As a resource, Biomass is in competition wit$ 
fossil resources and will be for many years. Ap- 
propriate applications for Biomass must be identi- 
fied. This must be done from a market need view- 
point rather than force-fitting biomass based tech- 
nolbgy to the wrong applications. 

A technological and industrial base using bio- 
mass feedstock for fuels and chemicals must be 
developed. Any plan to develop this base must re- 
cognize the personal risk and resultant conserva- 
tism assumed by corporate executives against break- 
ing new ground. It is important to obtain their 
commitment, however, in order to initiate the de- 
velopment of a technology base. 

In order to obtain such participation, suffi- 
ciently attractive investments must be identified. 
Initially, this is likely to be achieved by tech- 
nology which produces petrochemical replacements 
rather than lower valued fuels. Acetic acid, 
ethanol, phenol and similar commodity chemicals are 
potential entries for Biomass. Once commercial 
participation is obtained, expansion of the tech- 
nology and of biomass use will occur if the eco- 
nomics justify. 

There is an enormous resource of individuals and 
small businesses, many of whom are technically un- 
sophisticated but who have the ingenuity, dedica- 
tion and spirit to develop our biomass resources. 
These groups need the technical support that an 
institute like SERI .can provide. 

SERI's institutional objectives in Biomass are 
designed to provide a. search, identification and 
development capability to help initiate the wide- 
spread utilization of Biomass. 

Specifically, SERI is developing the staff and 
facilities to: 

Conduct a comprehensive analysis of Biomass 
Encrgy Systems. 

Conduct an effective research and development 
program on selected projects. 

Assess economic, social and environmental fac- 
tors. 

Assist in technology transfer to the private 
sector. 

Provide program management for certain elements 
of the DOE Biomass Program. 

SERI's Biomass Program Responsibilities can be di- 
vided into two separate activities: External Pro- 
gram Xanagement and In-house Biomass Program. Be- 
ginning in 1979 and continuing in FYSO, SERI has 
technical program management responsibility for the 
following elements of the DOE Biomass Energy Systems 
program: Anaerobic Digestion, Aquatic Production 

and Fermentation including the cellulose to alcohol 
, fermentation Process Development Unit (PDU). In 

addition, support will be given to other selected 
program elements such as near-term wood utilization. 
To carry out this responsibility, SERI is establish- 
ing a separate branch for Biomass Technical Program 
Management. SERI currently has contracting capa- 
bility. . 
SERI's in-house program in FY80 will be approxi- 
mately 50% committed to Technology Research and 
Development and 50% to other activities. These 
otiier activities include Energy Resource Assess- 
ment, Systems Studies, Social Science and Economic 
Studies, Commercialization Assistance, Market De- 
velopment and related support activities. 

SEU's in-house and RID capability in Biomass re- 
lated sciences and engineering will experience 
n f g n j f i c a n t .  growth i n  1-<~7!1-80. fi.!h.!?: g ~ n l  i , p  p n  de- 
velop a srroag interdisciplinary team in genetics, 
microbiology, biochemistry, biochemical engineering, 
process engineering, electrochemistry and certain 
other disciplines. We plan to conduct basic and 
applied research and technology development on 
selected opportunities. 

Research objectives will be driven by specific needs 
identified through analysis of potenttal Siomass 
energy systems. In addition to specific objectives 
an exploratory activity will continue to identify 
new areas of opportunity. It is our hope that such 
opportunities will then become a part of the na- 
tional program. 

Some examples of SERI's input to the national effort 
are as follows. We have issued a significant review 
entitled: "Photobiological Production of Hydrogen, 
A Solar Option'' by Seibert, Weaver and Lien. A 
comprehensive survey of gasification technology is 
in editing and other surveys are being developed. 
Through such surveys and by developing recognized 
n a p a h i l i t y ,  SERT pxpprts tn p ~ r f n r m  a s i g n i f i r a n t  
role. 

Due to the distributed nature of Biomass, the inter- 
facing with food and forest products sectors, and 
the potential for significant environmental impacts, 
a auLsLauLia1 clLu~L 111 sucial, c~~vl~u~uuc~rLal aurl 
macroeconomic analysis is needed. Such analyses 
are part of SERI's analysis and assessment role. 

Wide use of Biomass will involve new participants 
not necessarily well versed at this time in the 
technology or applications. Thc distributed and 
regional nature of Biomass will tend to discourage 
the larger, more sophisticated potential users 
(other than forest products industries, and certain 
chemical oriented firms). Thus, many potential 
Biomass users such as farmers, co-ops, small insti- 
tutions, etc. will require identification, educa- 
tion, and technical assistance. Such activities 
are carried out by SERI's Technology Commerciali- 
zation Division. 

As stated earlier, "Biomass" is a complex resource. 
Successful use of this resource will require a 
multitude of skills and perspectives. As a 



are involved with'major s h i f t s  i n  resource bases 
I appl icat ions of our technology. Success de- 
~ d s  on the i n t e l l i g e n r  incegrariuu uf l u w y  f ~ r c c s .  

Without i t  the potent ia l  for f a i l u r e  or even harm 
i s  great; with i t  the potent ia l  for  benef i t  is 
s i g n i f i c a n t .  

SERI i s  developing f o r  a lead r o l e  i n  the Biomass 
arena. 







BIOMASS PRODUCTION BY MARINE AND FRESHWATER PLANTS 

John H. Ryther, LaVergne D.. Williams, M. Dennis 
Hanisak, Richard W. Stenberg and Thomas A. DeBusk 
Woods Hole Oceanographic Institution 
Woods Hole, Massachusetts 02543 

and 
Harbor Branch Foundation, Inc . 
RFD 1 - Box 196 
Fort Pierce, Florida 33450 

ABSTRACT 

Studies were continued during 1977-78 on the growth 
and yields in culture of the red seaweed Gracilaria 
tikvahiae. Partial control of epiphytes was 
achieved by nutrient removal, shading, and/or bio- 
logical agents. For the first time, a single clone 
of the alga was grown continuously throughout the 
year without replacement. Yields in large (2600 
liter) aluminum tanks averaged 21.4 g dry wt/m2.day, 
equivalent to 31 tons/acre.year. 

Yields of the freshwater macrophytes Lemna minor 
(common duckweed), Eichhornia crassipes (water 
hyacinth), and ydrilla verticillata have also now 
been measured throughout the year with mean yields 
of 3.7, 24.2 and 4.2 g dry wt/m2.day (5.4, 35.3 and 
6.1 dry tons/acre.year) respectively. Yields of 
duckweed and water hyacinths in the cultured units 
hove averaged roughly three times those of the same 
species growin'g in highly eutrophic natural envirm- 
ment s . 

INTRODUCTION 

Research has been carried out for the past three 
years at the Harbor Branch Foundation, Inc. (a non- 
profit research organization located on the Indian 
River between Fort Pierce and Vero Beacn, Florida) 
to aevelop methods for the artificial cultivation 
of seaweeds and freshwater weeds, to determine max- 
imum potential biomass yields of such plants (ex- 
pressed as ash-free dry weight produced per unit of 
area and time) on a year-round basis in Central 
Florida, and to investigate the optimal yields that 
are possible with low cost and non-energy-intensive 
culture systems that are cost effective both eco- 
nolrdcally and with respect to energy input:output 
r d L h .  Methodo of eotimating the grnwth and yields 
of aquatic biomass by monitoring die1 nutrient up- 
take are also under investigation. In addition, 
because freshwater macrophytes may lose to the 
atmospherethrough evapo-transpiration large quan- 
tities of weter, which may be in critically short 
supply in certain areas, the rate of water loss 
through that mechanism by different species of such -. -- ts throughout the year is also in the processes 

valuation. Finally, because the nutrients 
ired to produce biomass would otherwise repre- 
d uajur cost factor, otudieo are also in prne- 
to investigate the feasibility of recycling 

the liquid residues from the anaerobic digestion of 
the aquatic biomass back into the culture system as 
a nutrient source. 

SEAWEED CULTIVATION 

Seaweed research was initiated with a screening 
program designed to evaluate growth and biomass 
production of all macroscopic algal species that 
could be obtained in adequate quantity in the cen- 
tral Florida area. 

The culture system used for the screening was 
designed and constructed from four 6-meter long, 
0.4 m diameter W C  pipes that were longitudinally 
sectioned and divided into 0.75 m (50 liter) com- 
partments by means of plywood partitions. Each 
section was provided with a calibrated flow of en- 
riched seawater by means of a manifold fed from a 
headbox, and also provided with a non-clogging 
overflow drain. Compressed air was fed into the 
bottom of each compartment through holes drilled 
along the bottom of the pipe connecting to an air 
line (a sectioned one-inch PVC pipe) cemented to 
the outside of the main pipe. Thirty-two individ- 
ual growth assay chambers were produced in this 
way. 

The growth chambers were located out-of-doors in 
full sunlight. Seawater was taken from the Harbor 
Branch Foundation ship channel which connects to 
the Indian River, a shallow lagoon of the Atlantic 
Ocean. No attempt was made to control water tem- 
perature, which ranged annually from 12'-34 OC, or 
salinity, which ranged from 20-34% in the incom- 
ing seawater. Seawater was pumped into a reser- 
vair tank holding several days supply for the 
experimental chambers. Prior to its use, the 
stored seawater was enriched with the desired con- 
centrations of nitrogen and phosphorus, normally 
provided as sodium nitrate and monosodium (dibasir) 
phosphate at a ratio of 10:l by atoms of N:P. 

Weighed amounts of seaweeds were stocked in the 
experimental chambers to give the desired density. 
At intervals of 5-10 days, depending upon growth 
rate, the algae was removed from the chamber, 
shaken vinorously to remove water, and weighed. 
Establishment of the relationship between drained 



wet weight and d r y  weight was determined c a r e f u l l y  
on  r e p l i c a t e  samples by oven d r y i n g  a t  90°C f o r  48 
hours  . 

A t o t a l  of  4 2  s p e c i e s  o f  seaweeds indigenous  t o  t h e  
c o a s t a l  wa te r s  of  C e n t r a l  F l o r i d a  were a s s e s s e d  
t h i s  way. That  number i n c l u d e s  s i x  g reen  a l g a e  
(Chlorophyta) ,  two brown a l g a e  (Phaeophyta) and t h e  
remainder r e d  a l g a e  (Rhodophyta). The l a t t e r  group 
inc luded  11 s p e c i e s  o r  v a r i e t i e s  o f  t he  l a r g e  genus 
G r a c i l a r i a ,  o f  which o v e r  100 s p e c i e s  have been 
desc r ibed ,  a s  w e l l  a s  t h e  c l o s e l y  r e l a t e d  
G r a c i l a r i o p s i s  s j o e s t e d t i i .  

Of these ,  t h e  most s u c c e s s f u l  and s u i t a b l e  s p e c i e s  
t o  d a t e  has  been G r a c i l a r i a  t i k v a h i a e  ( fo rmer ly  G. 
f o l i i f e r a ) .  Growth of  G. t i k v a h i a e  i n  t h e  smal l ,  
i n t e n s i v e l y - o p e r a t e d  c u l t u r e  system, wi th  s t r o n g  
a e r a t i o n  and over  20 cul ture-volume exchanges pe r  
day  o f  en r i ched  seawater ,  r e s u l t e d  i n  biomass yields 
throughout  t h e  yea r  t h a t  averaged 34.8 g d r y  wt/m2. 
day  ( e q u i v a l e n t  t o  127 d r y  m e t r i c  t o n s / h e c t a r e . y a r ,  
about  h a l f  o f  which i s  o r g a n i c  (1 ,2 ,3) .  Yie lds  
were found t o  be d i r e c t l y  p r o p o r t i o n a l  t o  seawater  
exchange r a t e ,  between one and 30 c u l t u r e  volumes/ 
day, f o r  r e a s o n s  t h a t  a r e  a p p a r e n t l y  no t  r e l a t e d  t o  
n u t r i e n t  o r  C02 l i m i t a t i o n  a t  t h e  s lower  exchange 
r a t e s .  Maximum y i e l d s  occur  a t  r e l a t i v e l y  low nu- 
t r i e n t  concen t ra t ions ,  10-100 w o l e s  N / 1  a s  NO: o r  
h ~ t  and 1-10 gmoles / l  PO;-P t o g e t h e r  wi th  e s s e n t i a l  
t r a c e  me ta l s ,  and a  s t a r t i n g  seaweed d e n s i t y  o f  2-4 
kg wet weight/m2 c u l t u r e  s u r f a c e  a r e a ,  h a r v e s t e d  
back t o  t h a t  d e n s i t y  eve ry  one t o  two weeks. 
Growth of  G r a c i l a r i a  occur red  throughout t h e  yea r  
a t  F t .  P i e rce ,  F l o r i d a  wi th  a  maximum mean weekly 
y i e l d  o f  46 g  d r y  wt/m5.day a t  t h e  end o f  J u l y  and 
a  minimum o f  1 2  g/m2.day i n  l a t e  January,  when t h e  
wa te r  temperature  i n  t h e  c c l t u r e  f e l l  t o  12'C. 

During t h e  f i r s t  two yea r s ,  e p i p h y t i z a t i o n ,  t h e  
overgrowth o f  t h c  c u l t u r e d  seaweed wi th  undes i rnb le  
s p e c i e s  of  f i l amen tous  mar ine  a lgae ,  was t h e  major 
problem i n  t h e  c u l t i v a t i o n  of  seaweeds. That  prob- 
lem n e c e s s i t a t e d  t h e  p e r i o d i c  d i s c a r d  of  t h e  c u l -  
t u r e s  when t h e y  became s e r i o u s l y  i n f e s t e d ,  and 
t h e i r  replacement wi th  newly-col lec ted m a t e r i a l  - 
an  exped ien t  t h a t  was c l e a r l y  not  f e a s i b l e  i n  any 
l a r g e - s c a l e  c u l t u r e  o p e r a t i o n .  

Var ious  chemical c o n t r o l  methods, i n c l u d i n g  enzymes 
t o  p reven t  t h e  a t t a c h n e n t  o f  t h e  ep iphy tes  and 
a l g i c i d e s  t h a t  might prove s e l e c t i v e l y  t o x i c  t o  t h e  
ep iphy tes ,  were t r i e d  wi th  l i m i t e d  o r  no success .  
The economic c o s t - b e n e f i t s  of such t r ea tmen t ,  even 
i t  successfuL were judged t o  b e  unacceptable  i n  any 
e v e n t .  

However, l i m i t e d  b u t  adequa te  ep iphy te  c o n t r o l  was 
achieved d u r i n g  t h e  p a s t  yea r  (1977-78) wi th  a  
combination o f  p h y s i c a l - b i o l o g i c a l  c o n t r o l  methods 
c o n s i s t i n g  o f :  (1 )  temporary (5-10 days)  shading 
o f  t h e  i n f e s t e d  seaweed, (2 )  temporary (5-10 days)  
c e s s a t i o n  o f  n u t r i e n t  enrichment,  and (3)  i n t r o -  
d u c t i o n  of t h e  he rb ivorous  s n a i l  Costoanachis  
avara ,  which feeds  s e l e c t i v e l y  on t h e  e p i p h y t e s .  

I n  December, 1977, a  specimen of G. t i k v a h i a e  was 
c o l l e c t e d  from t h e  Ifidian River  nezr  the  Harbor 
Branch Foundation r h i c h  has  subsequen t ly  been 

d e s i ~ n a t e d  "Oslo Road Clone A" o r  "ORCA". That 
c lone  has  s i n c e  been grown con t inuous ly  i n  c u l t u r e  
f o r  one complete year ,  u s ing  t h e  ep iphy te  c o n t r o l  
methods desc r ibed  above. 

I n  a  l a r g e r ,  l e s s  ene rgy- in t ens ive  c u l t u r e  system 
t h a n  used t o  o b t a i n  t h e  y i e l d s  desc r ibed  e a r l i e r  
( an  aluminum t a n k  of  2.4 m2 s u r f a c e  a r e a  and 2600- 
l i t e r  volume exchanged fou r  t imes  pe r  day) ,  a  mean 
y i e l d  ove r  the  12-month growth per iod o f  21 g d r y  
wt/m2 (76 d r y  tons /ha .yea r  o r  38 a sh - f r ee  d r y  tons /  
ha .yea r )  was ob ta ined  (Fig .  1 ) .  Th i s  has  been t h e  
f i r s t  t ime t h a t  a  s i n g l e  c lone  of  seaweed has  been 
mainta ined and grown con t inuous ly  ove r  an  e n t i r e  
year ,  and t h i s  achievement i s  considered t o  r ep re -  
s e n t  a  s i g n i f i c a n t  landmark i n  the  seaweed c u l t u r e  
e f f o r t s  o f  t h i s  p r o j e c t .  
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Attempts have '  been made, beginning i n  t h e  summer o f  
1978, t o  grow G r a c i l a r i a m d  s e v e r a l  o t h e r  s p e c i e s  
of  seaweeds, i n c l u d i n g  t h r e e  s p e c i e s  o f  t h e  f l o a t -  
i n g  brown a l g a  Sargassum, i n  f l o a t i n g  Vexar-mesh 
t r a y s  suspended i n  s e v e r a l  l o c a t i o n s  i n  t h e  Ind ian  
River ,  i n  F o r t  P i e r c e  I n l e t  which connec t s  t he  
I n d i a n  River  wi th  t h e  A t l a n t i c  Oceen, and i n  t h e  
i n t a k e  cana l  o f  t h e  F l o r i d a  Light  and Power Com- 
pany ' s  Hutchinson I s l a n d  n u c l e a r  power p l a n t .  
l a t t e r  r e c e i v e s  i t s  water  from an i n t a k e  l i n e  
loca ted  2000 f e e t  o f f s h o r e  a t  a  depth  of  35 f e e t  



e At lan t ic  Ocean, and t h e  seawater has  a much 
r, more constant s a l i n i t y  aad more oceanic 

r o p e r t i e s  and b e t t e r  water q u a l i t y  i n  general  than 
he more brackish and r e l a t i v e l y  pol luted Indian 
i v e r .  Furthermore, seawater i s  pumped through t h e  
ntake canal a t  a r a t e  t h a t  provides water exchange 
hrough the  seaweed c u l t u r e s  i n  the  t r a y s ' o f  the  
rder  of  10,000 times per  day. Nutrient concentra- 
ions were, however, lower i n  the intake canal  than 
n the  Indian River o r  i n  the  experimental systems 
t Harbor Branch Foundation, averaging about 1.0 
mole N / 1  and about 0.3 p o l e  P/1. 

b s t  of the new spec ies  inoculated i n  the t r a y s  
a i l e d  t o  grow a t  a l l .  G. t ikvah iae  and one spe- 
i e s  of  Sarnassum (2. f i i iDendula,  an e s t u a r i n e  
o m ) ,  grew i n i t i a l l y  a t  moderate t o  high r a t e s  
10-25 g/m2.day) i n  the  I n l e t  and i n  the  in take  
anal,  but  a f t e r  two t o  t h r e e  weeks, growth de- 
l ined  and eventua l ly  stopped e n t i r e l y  and t h e  
slants became heav i ly  epiphytized and necro t ic .  
ocean cage c u l t u r e  of these  seaweeds without addi- 
. iona l  n u t r i e n t  enrichment, even a t  very rap id  
rater exchange r a t e s ,  the re fore  does not appear t o  
le f e a s i b l e .  

RESHWATER MACROPHYTE CULTURE 

:he freshwater macrophytes Eichhornia c rass ipes  
:water hyacinth) ,  Lemna minor (conmton duckweed), 
ind H ~ d r i l l a  v e r t i c i l l a t a  have now been grown f o r  
:oughly 18 months a t  Harbor Branch Foundation. 
:hese p l a n t s  a r e  grown i n  25,000-l i ter  (30 m2) WC- 
Lined ear then  ponds and/or i n  2.2 x 0.8 x 0.2 m 
:onCrete tanks through which enriched well water i s  
,assed a t  exchange r a t e s  t h a t  have ranged from 0.06 
ro 2.0 c u l t u r e  volumes per day. Water exchange i s  
apparently much l e s s  important with t h e  freshwater  
~ l a n t s  than with t h e  seaweeds. Not only w i l l  they 
:olerate  much slower c i r c u l a t i o n  r a t e s  i n  general,  
~ u t  increas ing  t h e  exchange r a t e  does not  improve 
yields ,  except f o r  some s l i g h t  enhancement with 
:he more rapidly-growing water hyacinths (1) .  

I n i t i a l l y ,  only n i t rogen  and phosphorus were added, 
s t  concentrat ions t h a t  var ied  inverse ly  with the  
s a t e r  exchange r a t e s  from 100 t o  1500 p o l e s  N / 1  
and from 10 t o  150 p l e s  P/1. Af te r  approximately 
s i x  months it was found t h a t  t h e  most r a p i d l y  grow- 
ing p l a n t  c u l t u r e s  (i .e. ,  water hyacinths)  became 
f l a c c i d  and c h l o r o t i c  i n  appearance, followed by 
reduct ion a-d eventual  cessa t ion  of  growth. Sub- 
sequent experiments revealed t h a t  these  p l a n t s  re -  
quired enrichment with n u t r i e n t s  o ther  than N and 
P, and t h e  c u l t u r e  medium was subsequently supple- 
mented with a commercial t r a c e  metal mixl. The 
l a t t e r  i s  now used r o u t i n e l y  i n  a l l  f reshwater  and 
marine p l a n t  c u l t u r e  experiments. Although t h e  
a d d i t i o n  of t r a c e  metals  did not  a f f e c t  t h e  growth 
of t h e  o ther  freshwater p lan t s ,  t h a t  of t h e  water 
hyacinths s i g n i f i c a n t l y  increased,  so  e a r l i e r  yield 
d a t a  f o r  t h a t  spec ies  were there fore  disregarded 
and monitoring of the  annual growth cycle  of  water 
hyacinth was r e - s t a r t e d  i n  December, 1977. 

D niland Nutri-Spray (Chase and Co., Sanford, FL 
71) containing 2% Fe, 0.1% Cu, 0.75% Zn, 0.75I  

MII, 0.027. B, 0.01% Mo, S .  

Culture experiments with the  freshwater p l a n t s  were 
s imi la r  i n  most respec t s  t o  those with the  seaweeds 
except t h a t  much l e s s  energy-intensive c u l t u r e  
methods were used. The c u l t u r e s  were not aerated 
and, a s  mentioned above, water was c i r c u l a t e d  
through them much more slowly. 

G r o ~  of the  p l a n t s  was measured a s  the  i n -  
crease i n  weight per u n i t  a rea  and time, determined 
by d i r e c t  weighing. Consistent wet weight values 
were obtained by dra in ing  the p l a n t s  f o r  s p e c i f i c  
time i n t e r v a l s .  A t  each weighing, a p lan t  sample 
was renmved, weighed, d r i e d  f o r  58 hours a t  60°C 
and then reweighed providing a r a t i o  of d r y  matter  
i n  t h e  p lan t  t o  wet o r  f r e s h  weight. From t h i s  
re la t ionsh ip ,  p roduc t iv i ty  was ca lcu la ted  and 
expressed a s  mean grams d r y  weight/m2.day f o r  the  
growth period i n  quest ion.  

The water hyacinths i n  the  c u l t u r e  u n i t s  were grown 
i n  Vexar-mesh cages ranging i n  s i z e  from one t o  
2.3 m2. A t  i n t e r v a l s  of approximately one week, 
t h e  cages with t h e  contained p l a n t s  were l i f t e d  
from the  water using a rope and hand winch suspend- 
ed from an .4 frame over the cu l tu re ,  with a spr ing  
s c a l e  between the  end of the l i n e  and t h e  Vexar 
cage. The c u l t u r e  was allowed t o  d r a i n  f o r  four  
minutes and weighed. Individual  p l a n t s  were re -  
moved t o  r e t u r n  t h e  populat ion t o  i t s  s t a r t i n g  den- 
s i t y  ( i . e . ,  a t  the  time of  the  previous weighing 
and harvest) ,  and t h e  cage was returned t o  the  
water.  

Duckweed was grown i n  ponds and v a u l t s  with the  
p l a n t s  covering t h e  e n t i r e  water surface.  Each 
week, the  p l a n t s  were ne t ted  from t h e  water, 
t r ans fe r red  i n  handfuls  t o  a d r y  container  (allow- 
ing  t h e  excess water t o  d r a i n ) ,  weighed by balance 
o r  spr ing  scale ,  harvested back t o  t h e i r  s t a r t i n g  
dens i ty ,  and returned t o  the  water.  

Hvdr i l l a  i n  n a t u r a l  s tands  i s  found rooted t o  the  
bottom, .so it i n i t i a l l y  appeared impossible t o  
weigh t h e  p l a n t s  w i t b u t  destroying the  cu l tu re .  
Af te r  unsuccessful  a t tempts  t o  grow Hvdr i l l a  i n  a 
f ree - f loa t ing  fashion, i t  was discovered t h a t  
a p i c a l  sec t ions  of t h e  p l a n t s  would grow when 
woven through a Vexar-mesh screen suspended above 
t h e  pond bottom. The Vexar screens and at tached 
p l a n t s  were then p e r i o d i c a l l y  removed, a t  i n t e r -  
v a l s  of one t o  two weeks, allowed t o  d r a i n  f o r  10, 
minutes, weighed, and returned t o  the  water.  
Yields of Hydr i l l a  grown i n  t h i s  fashion were 
found t o  be equal t o  those of  p l a n t s  rooted i n  
both sand and mud (1) .  

Unlike water hyacinth and duckweed, t h a t  can re -  
produce by budding o f f  new p lan ts ,  Hydr i l l a  grows 
v e g e t a t i v e l y  from a p i c a l  meristems which concen- 
t r a t e  near the  waters sur face  i n  dense mats. New 
growth i s  genera l ly  harvested by c u t t i n g  of f  sec- 
t i o n s  of the  ind iv idua l  p l a n t s  some d i s t a n c e  below 
these  growing t i p s .  However, t h i s  was found t o  
a r r e s t  f u r t h e r  growth f o r  per iods  of 10 days t o  
two weeks u n t i l  new meris tematic  growth t i p s  were 
regenerated.  I n  p rac t ice ,  t h i s  meant t h a t  har-  
vested (cu t )  Hvdr i l l a  d id  not  grow about h a l f  the 
time, a procedure t h a t  would s e r i o u s l y  underes t i -  
mate t h e  growth p o t e n t i a l  of t h e  spec ies .  9 d r i l l a  



was therefore not harvested back at all during the 
year that its growth was monitored, although it was 
recognized that the culture may have exceeded its 
optimal density for best growth during part of the 
year. 

In the cultures of water hyacinth and duckweed, on 
the other hand, it was possible to vary the density 
of the culture and to return the culture to a con- 
stant starting density following each weighing by 
removing an appropriate number of plants equivalent 
to the incremental growth since the previous har- 
vest. As had been found earlier with the seaweed 
( 4 ) ,  specific growth rate (grams increase/gram.day 
or % increaselday) of the freshwater plants is 
extremely variable and inversely proportional to 
the density (g/m2) of the plant culture. Yield or 
prodllct.i.vity ~~/mZ.da~), which is the product of 
specific growth rate and density, is therefore also 
a function of density. 

High projected yields reported in the literature 
for both seaweeds (5,6,7) and freshwater plants. 
(8,9,10) that are based on separate measurements of 
specific growth rate and crop density are therefore 
invalid and may be seriously misleading. 

Figures 2 and 3 show the relationship between 
specific growth and yield.of both duckweed (= 
minor) and water hyacinth (Eichhornia crassipes) as 
functions of plant density.. In both cases, the 
same exponential decrease of specific growth occurs 
with increasing density, resulting in a bell-shaped 
curve of yield as a function of density. The lat- 
ter results from the fact that at low densities all 
of the incident solar radiation per unit area is 
not absorbed by chloroplasts, while at high den- 
sities, above that at which all of the light is 
absorbed by the plants, no further photosynthesis 
is possible but respiration continues to increase 
with increasing density leading to a decreasing net 
plant production (photosynthesis-respiration). 
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Specific growth of was twice that of 
Eichhornia at low densities, but the exponential 
decay is extremely rapid at increasing densities 
resulting in a low peak productivity at the opti- 
mum density of 0.02 kg dry wt/m2 (0.2 kg wet wt/ 
m2). In Eichhornia, on the other hand, the de- 
crease in specific growth was slower and peak 
yields occurred at densities ranging from about 
0.5 to 1.0 kg dry wt/m2 (10-20 kg wet wt/m2), with 
resulting yields 6-7 times ehcas of m. 
The difference in productivity between the duck- 
weeds and the water hyacinth is probably one of 
plant form and habit. Duckweeds are essentially 
two-dfmensianal ~rpanisms. When they have com- 
pletely covered the water surface, which occurs at 
a very low plant density, they cannot grow further 
without overlapping and self-shading. There is no 
way that they can expose more photosynthetic tis- 
sue per unit of area to sunlLght. A possible 
solution to that problem might be to remove the 
incremental growth as quickly as it is produced. 
Hnwever, incrcesing ehc barveot rate from one U P C ~  

to three days did not appear to improve yields in 
our cultures, though Culley et al. (11) has re- 
ported a significant increase in the production of 
duckweeds by harvesting its new growth daily. 
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Hyacinths, on the other hand, grow as high as one 
meter above the water surface, providing a h i g h  
leaf area index (12) which enables the plants to 
intercept solar radiation efficiently in dense 
stands. Thus, the plant is capable of high spe- 
cific growth rates at much higher densities than 
is the case with the duckweeds. 
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ring the establishment of what appeared to be 
11 culture conditions with respect to nutrient 
1, nutricnt concentration, water exchange rate, 

_ _ _ - e  density, and general method of growing the 
ants, the three species of aquatic macrophytes 
!re grown for an entire year, weighing and, with 
70 of the three species, harvesting the cultures 
~ c k  to a constant starting density, every one to 
!veral weeks (depending upon season and growth 
~te) throughout the year. 

lnual yields of duckweed, water hyacinths, and 
rdrilla are shown in Fig. 4, each point represent- 
~g mean daily productivity over periods of one to 
kveral weeks (depending upon season and growth 
nte). The mean annual productivity 01 water 

J F M A M J J A S O N D  
TIME 

rib. 4 .  ~ n n  daily yialda of ElslLhern(s sraesicea, Rldril la v a r t i c i l l a t s  

and l a m a  miner Umugkout the roar a t  Port Pi.rcs. Florida. 

yacinth was 24.2 g/m2.day, with a range of 5.3 to 
C.9 g/m2.day. -Water hyacinth is by far the most 
roductive, trouble-free, and generally the most 
uccessful and suitable freshwater macrophyte grown 
D date as a candidate species for a biomass plan- 
ation. Its mean annual. production of 24.2 dry wt 
/m2.day is equivalent to 88 dry metric tonsfha. 
ear or 35 dry tons/acre.year, 82% of which (72 
~ns/ha.year or 28 tons/acre.year) is organic mat- 
er, a yield greater than any other photosynthetic 
COP reported in the literature (e.g., 13), and 
>methat greater than that reported above for 
cacilaria grown in the small, intensive culture 
ystem (63.5 ash-free tons/ha.year or 25.4 tons/ 
cre . year. 
he productivity of duckweed for the year showed a 
ange of 0.1 to 7.0 glm2.day md an annual mean of 
. 7  g/m2.day, equivalent to 13.5 dry metric tons1 

B ear or 5.4 tons/acre.year. However, the duck- 
cultures were not continually maintained; ~t 

four times during the year, the cultures were over- 
grown by the filamentous alga Hvdrodictvon, neces- 
sitating replacement of the culture with additimal 
plants. The culture also had to be replaced once 
because heavy winds literally blew the plants outof 
the pond. (See arrows, Fig.4 for replacement times.) 

Because of the relatively poor growth of the com- 
mon duckweed, minor, its growth in the con- 
crete tanks was compared with that of the related 
giant duckweed, Spirodela polvrhiza, in an identi- 
cal culture unit and grown under the same condi- 
tions over a period of several weeks. Yields of 
the two species were almost identical (Table 1) so 
further work with the latter was not pursued. 

Table 1 .  Yields of  Lewa  minor (conm~n duckweed) and Spirodela 

polvrhiza (giant  duckweed) i n  concrete tanks ax a water exchange 

rate (residence time) of 0 . 5  days.  

Dates Mean y i e l d  ( dry vtlrr2.day) 
(1978) L .  minor S .  polvrhiza - -  - 

1117-1125 2.4 3 . 3  

The mean annual yield of Hvdrilla was 4.2 g dry 
wt/m2.day (15.3 dry metric tons/ha.year or 6.1 tons' 
acre.year) slightly better than duckweed but far 
from that of water hyacinths. 

Both duckweed and water hyacinth have their photo- 
synthetic and gas exchange mechanisms exposed to 
the air and are not dependent upsn the C02 dis- 
solved in freshwater, a factor that may limit 
photosynthesis and growth in many submerged fresh- 
water plants including Hydrilla. . 

Another major problem with Hydrilla grown at the 
,latitude of central Florida is that plants flower 
in the fall, begin to store organic matter in root 
tubers, and virtually cease vegetative growth 
throughout the winter. Our experiments demon- 
strated that some growth would occur in winter if 
water temperatures were maintained at an elevated. 
temperature of 25"-30°C, but for practical pur- 
poses Hydrilla must be considered as a seasonal 
crop in most if not all of mainland United States. 

Finally there is the problem, discussed earlier, 
that Hvdrilla must be harvested by cutting the. 
plant below its terminal meristematic tissue, set- 
ting back further growth until new growing tissue 
is regenerated. 



Experiments were i n i t i a t e d  i n  July, 1978 with the  
c u l t i v a t i o n  of t h e  pennywort (Hydrocotyle umbellatai 
This  i s  an emergent p lan t  s imi la r  i n  i t s  h a b i t  and 
appearance t o  water hyacinth,  and i t  has been grown 
i n  Vexar-mesh baskets  immersed i n  the  concrete  t&s 
e x a c t l y  a s  with the  hyacinths.  Yields from J u l y  3 
through November 14, 1978 averaged 15.9 g d r y  w t /  
rn2.day (Table 2). During t h e  time i t  has been cul-  
tured,  pennywort has  been found t o  be considerably 
more productive than t h e  o ther  freshwater  macro- 
phytes  t e s t e d  with t h e  exception of  water hyacinths 

Tsbls 2. Ylelds of pennywort (XYdrococrle tmbellats) s o *  In conerst. tank. 

a t  0 water exchange race (realdance time) of.O.5 6.9. vlth Lnftvsac X03-N of 

50 m l e s 1 1  and of 5 ualesll. 

Dntea %an yield (8 dry uelm2.d*yl 

' Its advantage may l i e  i n  t h e  f a c t  t h a t  i t  i s  reput-  
e d l y  more cold t o l e r a n t  than the t r o p i c a l  water 
hyacinth and may there fore  be adaptable t o  a  more 
temperate cl imate.  Conceivably, through b e t t e r  
g r ~ ~ f h  p e r f ~ m a n c e  I n  winter,  it could have a  better 
annual y i e l d  than hyacinths i n  many p a r t s  of the  
United S t a t e s .  I t  w i l l  be grown f o r  an e n t i r e  year  
a t  Harbor Branch Foundation t o  eva lua te  i t s  annual 
y i e l d .  A disadvantage of pennywort i s  the f a c t  
t h a t  i t  does not bud o f f  separate  p lan ts ,  a s  does 
t h e  water hyacinth and t h e  duckweeds, but  t h e  new 
p l a n t s  remain r i n d y  a t tached  t o  t h e  parent  s tock 
through an i n t r i c a t e l y  connected and interwoven 
roo t  system. Harvesting there fore  would requ i re  
v i r t u a l l y  c u t t i n g  t h e  p l a n t s  apar t ,  a  p r a c t i c e  t h a t  
has  not y e t  been attempted i n  the c u l t u r e  of the  
species  t o  d a t e .  

There being l i t t l e  o r  no ava i lab le  d a t a  on t h e  na t -  
u r a l  p roduc t iv i ty  of f reshwater  macrophytes, the re  
was no way t o  a s s e s s  t h e  s ign i f icance  of t h e  y ie ld  
d a t a  t h a t  was being obtained i n  t h e  a r t i f i c i a l  cul-  
t u r e  systems t h a t  had been developed a t  the  Harbor 
Branch Foundation. For t h a t  reason, measurements 
were begun i n  t h e  spring of 1978 of t h e  y i e l d s  of  
n a t u r a l  populat ions of  water hyacinth and'duckweed, 
comparing these with y i e l d s  of the  same species  

taken from the same populations cnd t ransplanted i 
t h e  Harbor Branch Foundation cu l tu re  systems. 

In  both cases, the  n a t u r a l  populations occurred i n  
a r e a s  t h a t  were heav i ly  enriched from the  run-off 
from a g r i c u l t u r a l  and c a t t l e  rea r ing  opera t ions .  

A n a t u r a l  stand of  water hyacinths growing i n  a  
f i r e  d i t c h .  adjacent  t o  t h e  Kissimmee River near 
Okeechobee, Florida,  and a  pond containing hews 
minor north o f . F t .  Pierce, F lor ida ,  were t h e  s i t e s  - 
chosen f o r  f i e l d  s tud ies .  Water hyacinths from 
the  f i r e  d i t c h  loca t ion  were co l lec ted  and placed 
i n  1 m2 Vexar cages. Three such cages were l e f t  
with the  n a t u r a l  population i n  the f i r e  d i tch ,  and 
another th ree  were returned tn t h o  HRF and pl.aced 
i n  a  pond through which enriched sewage was passed 
with a residence tfme u i  0 .5 days. -was col-. 
l ec ted  from t h e  pond north of F t .  Pierce and placed 
i n  1 m2 PVC enclosures  having nylon screened s i d e s .  
Three of these enclosures  were l e f t  i n  the  f i e l d ,  
arid t h r e e  were returned t o  the  HDF and oulturod i n  
a  fash ion  s i m i l a r  t o  t h a t  of the  hyacinths.  In-  
i t i a l l y ,  growth of t h e  two (na tura l  and laboratory)  
populat ions were roughly the  same f o r  each species ,  
but  during sunrmer and f a l l  y i e l d s  of t h e  n a t u r a l  
populat ions of both duckweed and hyacinths f e l l  t o  
about one-third t h a t  observed a t  the l abora tory  
ponds, presumably due t o  the  l ack  of con t ro l led  
enrichment. and water exchange i n  . the f i e l d  (Fig.  5). 
Mean y i e l d s  of cu l tu red  vs .  n a t u r a l  s tands  of the  
duckweeds from 5111-11/3/78 were 4.8 and 1.4 g d r y  
wt/m2.d.ay and f o r  cul tured vs .  n a t u r a l  s tands  of 
water hyacinths from 3130-11/3/78, 36.3 and 10.4 g 
d r y  wt/m2.day. ' 
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! s t u d i e s  were cont inued so  a s  t o  o b t a i n  d a t a  
In e n t i r e  year ,  but  were no t  a v a i l a b l e  a t  t h e  
of t h i s  w r i t i n g .  The r e s u l t s  f o r  t h e  year  

u55est t h a t  p roduc t ion  of t h e  f r e shwa te r  macro- 
h y t e s  observed a t  t h e  Harbor Branch Foundation 
u l t u r e  f a c i l i t y  may c l o s e l y  approach t h e  maximum 
o t e n t i a l  y i e l d  f o r  t h e  s p e c i e s .  

STIERTING GROWTH THROUGH NUTRIENT UPTAKE 

l though it i s  p o s s i b l e  t o  monitor t h e  growth of 
a u a t i c  macrophytes i n  smal l ,  exper imenta l  systems 
y weighing t h e  e n t i r e  p l a n t  popu la t ions ,  such a  
rocedure  would be obv ious ly  impossible  i n  any 
a r g e - s c a l e  biomass farm. An a l t e r n a t i v e  and more 
r a c t i c a l  approach f o r  l a r g e r  u n i t s  would be t o  
loni tor  t h e  up take  o f  some e s s e n t i a l  p l a n t  n u t r i e n t  
nd r e l a t e  t h a t  t o  biomass p roduc t ion .  Such a  
lethod i s  p o s s i b l e  i f  t h e  n u t r i e n t  i s  a s s i m i l a t e d  
t a  r e l a t i v e l y  c o n s t a n t  r a t e ,  r e p r e s e n t s  a  con- 
t a n t  r e l a t i o n s h i p  t o  t o t a l  biomass, and i s  n e i t h e r  
0s; t o  nor  gained i n  t h e  water  by any p rocesses  
t h e r  t h a n  p l a n t  a s s i m i l a t i o n .  N i t r a t e  would 
ppear  t o  s a t i s f y  t h e s e  r equ i remen t s  i f  no o t h e r  
'orm o f  n i t r o g e n  i s  p re sen ted  t o  t h e  p l a n t  c u l t u r e s  
,xper iments  were t h e r e f o r e  c a r r i e d  o u t  i n  which 
rarer h y a c i n t h s  were grown i n  conc re t e  t anks  
hrough which en r i ched  we l l  water  c o n t a i n i n g  ap- 
l roximate ly  50 pmoles / l  o f  n i t r a t e  a s  a  s o l e  n i t r o -  
,en source  was c i r c u l a t e d  a t  two volume exchanges 
ler day.  

'he s t o c k i n g  d e n s i t y  cif water  h y a c i n t h s  was usually 
0  kg wet wt/m2. A t  approximately  weekly in t e rva l s ,  
:he cages  c o n t a i n i n g  t h e  water  h y a c i n t h s  were l if ted 
~ u t  of  t h e  tanks ,  d r a i n e d  f o r  fou r  minutes ,  weighed 
t i t h  a  s p r i n g  s c a l e ,  and, a f t e r  removing t h e  i n c r e -  
l en ta l  growth, r e t u r n e d  t o  t h e  t a n k s .  Primary pro- 
, u c t i v i t y  by t h i s  h a r v e s t  t echn ique  was c a l c u l a t e d  
IS t h e  i n c r e a s e  i n  d r y  p l a n t  weight pe r  u n i t  a r e a  
~nd  t ime .  The d r y  weight o f  Eichhornia  was con- 
l idered t o  be 5% o f  i t s  wet we igh t .  

,n o r d e r  t o  e s t i m a t e  pr imary p r o d u c t i v i t y  from 
beasurements of  n i t r a t e  removal, t h e  e f f l u e n t  from 
Ine of  t h e s e  t anks  was analyzed f o r  i t s  N03-N con- 
. en t  i n  a  cont inuous  b a s i s  ove r  a  pe r iod  of  24 
lours witli aii autirlGatrd L I U L L L I L L L  YIIY~YZYI .  system. 
,n .4utoanalyzer Model I  p r o p o r t i o n a t i n g  pump pumped 
~amples  from t h e  e f f l u e n t  o f  t h e  t a n k  through an  
. n - l i n e  r eagen t  f i l t e r  and then  through a  copper- 
:admiurn column which reduced t h e  N03-N i n  t h e  sam- 
11e t o  N02-N. The r e s u l t i n g  s o l u t i o n  was pumped 
:hrough a  flow-through c e l l  i n  a  Bausch and Lomb 
tpec t ron ic  100 spect rophotometer  which t r a n s m i t t e d  
In c . ~ t p u t  s i g n a l  t h a t  was recorded on  a  OmniScribe 
1-5000 r e c o r d e r .  The e n t i r e  appa ra tus  was enc losed  
.n a  wooden box (1.28 x  0 .65  x  0.50 m) which could 
be r e a d i l y  moved around from one sampling l o c a t i o n  
:o a n o t h e r .  Inpu t  and o u t p u t  t ub ing  went through 
In opening i n  t h e  box by means o f  a  PVC p i p e  (2.54 
:m i n  d i ame te r )  t h a t  was f i t t e d  wi th  an  elbow t o  
Irevent p r e c i p i t a t i o n  from e n t e r i n g  i n t o  t h e  appa- 
, a t u s .  A 60 wa t t  l i g h t  bu lb  was kep t  on i n s i d e  t h e  
lox t o  f a c i l i t a t e  mon i to r ing  t h e  a p p a r a t u s  a t  n i g h t  

a l s o  t o  a i d  i n  humidi ty  c o n t r o l .  The t a n k  was 
t ed  wi th  compressed a i r  through h o l e s  d r i l l e d  
PVC p l p r  (2 .54 cm i n  d iamecer)  p laced on t h e  

bottom of  t h e  t a n k  i n  o r d e r  t o  i n s u r e  complete 
mixing w i t h i n  t h e  t a n k  and t o  p reven t  any t ime l a g  
i n  obse rv ing  changes i n  N O ~ - N  c o n c e n t r a t i o n .  A l -  
though i t  was no t  necessary ,  a  new cadmium column 
was prepared f o r  each run .  Standards ,  r e a g e n t  
b l anks ,  and i n f l u e n t  NO3-N l e v e l s  were monitored 
a t  t h e  beg inn ing  and end of each ' d i e l  r u n .  For 
each run, a  cornpasite sample was made from t h r e e  
p l a n t s  f o r  an  a n a l y s i s  of  t h e  i n t e r n a l  n i t r o g e n  
con ten t  o f ' t h e  p l a n t s  wi th  a  Perkin-Elmer Model 
240 Elemental Analyzer .  

From t h e  cont inuous  24-hour record of  t h e  e f f l u e n t  
N03-W concen t ra t ion ,  pr imary p r o d u c t i v i t y ,  based 
on d i e l  n i t r a t e  uptake by t h e  p l a n t s  was c a l c u l a t e d  
from t h e  e q u a t i o n :  

1 . 4  x ~ O ' ~ ( C ~ - C ~ )  (V) (T) 
p = 

(A) 

where Ci = t h e  N03-N c o n c e n t r a t i o n  ( m )  i n  t h e  i n -  
f l u e n t  i n t o  t h e  conc re t e  tank, Co = N03-N concen- 
t r a t i o n  ( m )  i n  t h e  e f f l u e n t  from t h e  tank,  V = 
t h e  number of  volumes ( l i t e r s )  p e r  turn-over ,  T = 
t h e  number o f  t u r n o v e r s  p e r  day, A = t h e  a r e a  
occupied by t h e  cage of  p l a n t s ,  N = t h e  i n t e r n a l  
n i t r o g e n  c o n t e n t  of  t h e  p l a n t s  (g  Blg d r y  weight) ,  
1 . 4  x  conver r s  p o l e  N03-K t o  g  N .  The d i f -  
f e r e n c e s  between i n f l u e n t  and e f f l u e n t  N03-N l ev& 
were ob te ined  by i n t e g r a t i n g  t h e  a r e a  under t h e  
d i e l  cu rves  and de te rmin ing  t h e  amount of  N03-N 
removed from t h e  water  ove r  24 h o u r s .  A l l  d i e l  
graphs  were p l o t t e d  on a  s c a l e  from 0000 t o  2400 
t o  f a c i l i t a t e  comparison of  exper iments  t h a t  begar, 
a t  d i f f e r e n t  t imes  of t h e  day .  

Eleven d i e l  exper iments  were conducted from 
Janua ry  t o  J u l y  1978 f o r  Eichhornia  c r a s s i p e s .  An 
example i s  i l l u s t r a t e d  i n  F i g .  6.  Based on t h e s e  
d a t a ,  t h e r e  was l i t t l e  evidence o f  a  d i e l  c y c l e  i n  
N03-N uptake.  

INFLUENT ,or---------------------------------------- - 
EFFLUENT 

Pig .  6.  Dlol  pattern e l  al i lusn: 3irr.c.-nitrogen  ons sent rat lo:, from -star 
. . 

hyaclnth ~ u l t u r e .  Influent roncsntrnrion .Fern a. broken l i n e .  

From t h e s e  d a t a ,  pr imary p r o d u c t i v i t y  r a t e s  were 
e s t i m a t e d  u s i n g  equa t ion  (1 ) .  These e s t i m a t e s  
(Table 3) agreed f a v o r a b l y  wi th  t h o s e  ob ta ined  
wi th  t h e  h a r v e s t  method, be ing  on t h e  average 12.  
33% l e s s .  I n t e r e s t i n g l y ,  t h e  b e s t  agreement be- 
tween t h e  two methods was i n  J u l y  when product iv i ty  
was t h e  h i g h e s t  o f  t h e  s t u d y .  A t  t h a t  t ime, e s t i -  
mates  of pr imary p r o d u c t i v i t y  from d i e l  N03-N up- 
t a k e  measurements were s l i g h t l y  h i g h e r  than  t h o s e  
made wit:, t h e  h a r v e s t  method. The wors t  agreement 
was on A p r i l  6 - 1 ,  1978, which VaS an e x c e p t i o n a l l y  



T e b l s  3 Comparison of es t imates  o f  primary productivity f o r  Eichhornie 
. evaporation in the submerged Hvdrilla culture) was 

then monitored, adding weekly the measured amount 
crasailras as cs lculatad from meaeursmenca o f  die1  NO,-N uptake ( P  ) and 

' 

lost the previous week, and the losses were corn- 
from Airact hsrveaciog (?,,). pared to that of a control cylinder rontaihing no 

,plants (Table 4). 

Dates o f  d ie1  Rimry product iv i ty  

1978 ( 8  dry  v e i g h t . m - 2 . ~ s y - 1 )  

Average 14.71 16.76 87.77 

raat. 4. ut.. to.. r- cutmr.. ar uennanc.  r r . . . t r ~  -- .nr r.~.ctva t o  

..En I... !m.. -.c.o, e0.X.t-i st ..m , . I r a  NLI.~.I-Dc.oL, .d "1.t.d ..1.01.14,e.1 4.I.. 

inclement day. That day was the last of four con- 
secutive days in which diel studies were conducted, 
the first three of which demonstrated good day-to- 
day reproductivity although the individual diel 
patterns did vary somewhat. 

WATER LOSS THROUGH EVAPO-TRANSPIRATION 

A major constr'aint to the possible use of fresh- 
water macrophytes in a large-scale energy planta- 
tion could be the consumption of water, in short 
supply over much of the earth's surface. It was 
found earlier that the freshwater plants, unlike 
the seaweeds do not require a rapid exchange of 
Gater to insure their maximum growth. Experiments 
had not previously been conducted, however, to de- 
termine the relative growth of these plants in com- 
pletely stagnant cultures. Such an experiment was 
therefore begun in July 1978. 

Both duckweed (Lemna minor) and water hyacinths 
(Eichhornia crassipes) and Pydrilla verticillata) 
were grorm in 1000-1 polyethylene cylinders that 
received no flow of water but were enriched once a 
week with a concentrated solution,that provided the 
same week'ly tat ion  of IT,, P, aud t x a c o  elemento oo 
did the flow-through systems described above. The 
weeds were weighed weekly and harvested back to 
their starting densities. 

Growth in the stagnant culture was initially poor, 
hut after modification of the enrichment procedure 
involving spraying the trace element mix onto the 
emergent hyacinths and duckweeds, they approached 
those obtained at the same time in the flow-through 
cultures. 

Water loss through evapo-transpiration (straight 

Of the three species, water hyacinth lost the most 
water, as would be expected from its greater expo- 
sure to the air and relatively greater metabolic 
activity. Duckweed behaved essentially like water 
alone. The slightly greater loss in the Hvdrilla 
culture compared to that of the control probably 
resulted from greater light absorption and/or 
restriction of vertical convective circulation in 
the dense plant culture. Little correlation could 
be seen visually between water loss and productiv- 
ity of the plants or between water loss and the 
various meteorological factors measured. Howcver, 
the data have aoc been statistically analyccd. 

Evapo-transpiration loss from the water hyacinths 
has been surprisingly low - 1.69 times on the 
average and 2.58 times at most the loss from 
evaporation alone. As explained earlier, however, 
the hyacinths were not growing well in the stagnant 
culture during the first part of the experiment 
and, by the time the problem had been corrected, 
the season for the best growth of the species had 
passed. The experiment is therefore being con- 
tinued so as to obtain valid data for water loss 
of water hyacinth throughout the year at the 
Harbor Branch Foundati.nn I.ocation, and relevant 
meteorological data will be collected at the same 
time in an attempt to identify the factor(s) that 
control water balance in the species. 

ELEMENTAL COMPOSITION OF FRESHWATER HACROPHYTES 

All of the freshwater macrophytes cultured at 
Harbor aranch Foundation and in the field are 
routinely analyzed for their content of ash, vol- 
atile solids, carbon and nitrogen. Mean composi 
tions of six sbecies are shown in Table 5. N o t e  



h=+ the  percen t  v o l a t i l e  s o l i d s  i n  the  enriched 
,story c u l t u r e s  of duckweed and Hvdri l la  i s  
. f i c a n t l y  lower than i n  the  n a t u r a l  stands, 

I~yaciucl is  a r e  the  same a t  both locat ions,  
, ,  cul tured pennywort (Hvdrocotyle) has a  higher  
o l a t i l e  s o l i d s  content than the n a t u r a l  popula- 
ion, though the  l a t t e r  i s  based on only two 
amples. 
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ECYCLING DIGESTER RESIDUES 

ive 1 2 5 - l i t e r  d i g e s t e r s  measuring approximately 
5 x 45 x 80 cm were constructed from 0.6 cm sheet  
l a s t i c .  F i l l i n g  and emptying p o r t s  were made of 
3 cm PVC pipe with screw-cap ends and two smaller 
2.5 cm PVC pipes with va lves  were a l s o  provided 
o r  removal of t h e  l i q u i d  residues.  One s i d e  of 
ach d i g e s t e r  contained a  p lex ig lass  window f o r  
i s u a l  observat ion.  Gas l i n e s  led from t h e  tops  of 
he d i g e s t e r s  t o  inverted,  submerged 50-gallon drum 
anometers, where the  gas was co l lec ted  and i t s  
olume monitored. 

wo of the  d i g e s t e r s  have been used f o r  water hya- 
i n t h  fermentation, two f o r  G r a c i l a r i a  fermentation, 
nd t h e  f i f t h  kept i n  rese rve  i n  case of f a i l u r e  
f  any of  t h e  o ther  four  cu l tu res .  Operation of 
he d i g e s t e r s  was c a r r i e d  out  a t  ambient tempera- 
ure during t h e  swuner and e a r l y  f a l l .  Beginning 
n November, 1978, the  d i g e s t e r s  have been kept 
a r t i a l l y  submerged i n  a  l a r g e  c i r c u l a r  water tank, 
he water of which has been kept a t  30°C by an i m -  
e r s ion  hea te r .  

a t e r  hyacinths 

he water hyacinth d i g e s t e r s  were s t a r t e d  with f e r -  
ent ing d a i r y  manure; t h e  manure was gradua l ly  re -  
laced with water hyacinths.  The s t u d i e s  here in  
escr ibed were i n i t i a t e d  4 months rdter  the  i n i t i a l  
t a r t u p  of the  d i g e s t e r s .  

ne water hyacinths r e q u i r e  f i n e  shredding o r  chop- 
Lng p r i o r  t o  d iges t ion .  A Sears-Roebuck e l e c t r i c .  
ard and garden shredder i s  used f o r  t h a t  purpose, 
roducing a  greenish-black s l u r r y  t h a t  has  the  c m -  
i s tency  of t h i c k  mud. The water hyacinths must be 
hopped immediately a f t e r  harves t ing  and removal 
rom the  water, a s  even p a r t i a l  drying renders  t h e  
l a n t  m a t e r i d  tough and f ib rous  and r e s i s t e n t  t o  
nredding, and soaking i n  water does not recons t i -  
Ute t h e  p lan t  f l e s h  t o  a  s u i t a b l e  form f o r  choppirg. 

ne hyacinth d i g e s t e r s  were loaded t h r e e  times a  
a t  0.8-1.0 g v o l a t i l e  s o l i d s / l i t e r  d i g e s t e r  

v o l ~ e  (2.4-3.0 kg chopped hyacinths/digester/day). 
A t  the  time they were loaded, an equivalent  volume 
of l i q u i d  residue has removed from the  d i g e s t e r .  
Thc d i g c s t c r  contents  were not s t i r r e d ,  and the  
s o l i d  f r a c t i o n  f loa ted  a t  t h e  surface above the  
l i q u i d  f r a c t i o n .  To prevent the s o l i d s  from plug- 
ging the discharge port ,  a  screen was inser ted  
above which the  s o l i d s  were trapped. S t r a t i f i c a -  
t i o n  of  t h e  s o l i d  phase was, however, probably a  
d e t e r r e n t  t o  more complete d i g e s t i o n  of the organic 
matter  and some change i n  design, perhaps including 
g e n t l e  a g i t a t i o n ,  would appear d e s i r a b l e .  

The water hyacinth d i g e s t e r s  have now been i n  oper- 
a t i o n  f o r  over e igh t  months, producing on the  
average 0.4 1 gas lg  v o l a t i l e  s o l i d s  (24 g wet w t  
p lan t  mate r ia l ) ,  a t  60% methane. The hea t  of com- 
bus t ion  of water hyacinth i s  3.8 Cal/g d r y  weight 
(14), o r  4.6 Cal/g ash-free d r y  weight ( v o l a t i l e  
s o l i d s ) ,  a s  hyacinths a r e  17% ash (15) .  Assuming 
t h a t  of pure methane t o  be 8.8 C a l l l i t e r  (1000 BTUI 
SCF), t h e  e f f i c i e n c y  of conversion has averaged 46% 
(0.4 l / g  x 0.6 1 methanell gas x 8.814.6). The pH 
has been maintained a t  7 .0  t o  7.3. Higher d i g e s t e r  
loadings were found t o  depress  pH and reduce 
methane content of the  gas.  

The l i q u i d  res idue  withdrawn from the  hyacinth 
d i g e s t e r s  contained, on the average, approximately 
430 mg n i t rogen  and 33 mg phosphorus per l i t e r .  
Roughly h a l f  the  n i t rogen  i s  N H ~ - N ,  t h e  remaining 
h a l f  i s  dissolved organic n i t rogen  of unknown 
i d e n t i t y .  

To i n v e s t i g a t e  the  s u i t a b i l i t y  of the  d i g e s t e r  
res idue  a s  a n u t r i e n t  source f o r  growing water hya- 
cinths ,  th ree  c u l t u r e s  of t h e  p lan ts ,  maintained a t  
a  d e n s i t y  of 10 kg wet wt/m2, were es tab l i shed  i n  
750 1, 2.28 x 78 x 64 cm (1.8 m2) concrete  tanks.  
Two of t h e  t h r e e  c u l t u r e s  were'operated i n  a  
"batch" mode with one complete exchange of well  
water per  week. One of these c u l t u r e s  received no 
enrichment. The second received enrichment with 
the  n u t r i e n t  medium normally used t o  grow water 
hyacinths.  Approximately h a l f  the  n i t rogen  and 
phosphorus was ass imi la ted  each week from the  en- 
r iched c u l t u r e .  However, a f t e r  one month, both of 
t h e  above c u l t u r e s  became c h l o r o t i c  and unhealthy 
i n  appearance, so both were t h e r e a f t e r  sprayed 
weekly with a d d i t i o n a l  trace-element mixture which 
res to red  them t o  a  normal appearance. 

The t h i r d  c u l t u r e  received f i v e  l i t e r s  of l i q u i d  
res idue  from t h e  water hyacinth d i g e s t e r  t h r e e  
times a  week, a  t o t a l  of approximately 6450 mg N 
and 495 mg P per week. The water i n  t h a t  c u l t u r e  
was not  exchanged nor d id  t h e  p l a n t s  rece ive  the 
trace-element spray o r  any o ther  form of enrichment 

The water hyacinths were contained i n  a  Vexar-mesh 
basket i n  t h e  tanks and the  basket containing the  
e n t i r e  c u l t u r e  was hauled out  of the  concrete  tanks 
once a  week, allowed t o  d r a i n  f o r  four  minutes, and 
weighed. Incremental growth was removed from t h e  
c u l t u r e  which was then returned t o  the .wate r .  
Growth, expressed a s  mean d a i l y  y i e l d  of d r y  w t / m 2 ,  
was ca lcu la ted  f o r  each one-week i n t e r v a l  assuming 
d r y  weight = 5% of wet weight. Data f o r  t h e  period 
August 11-December 28, 1978 i n d i c a t e  t h a t  growth i n  



the digester residue has averaged 54% more than in 
the chemically-enriched culture and four times that 
of the unenriched control (Table 6). 
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An approximate balance of the nitrogen recycled 
through the culture-digestion-culture system was 
made. Over the 20-week experimental period, the 
digester was loaded with a total of 235 kg wet 
weight of water hyacinths. This biomass is 11.75 
kg dry weight and contained 255 g N. During that 
same time period, a total of 285 1 of liquid efflu- 
ent was removed containing 430 mg N/l or 123 g N. 
Addition of that effluent to cultures produced 2800 
g dry weight of water hyacinths containing 80 g N. 

In summary, of the 255 g nitrogen,loaded into the 
digester, 123 g (48%) were recovered in the liquid 
effluent, of which 80 g (65%) were reassimilated by 
the water hyacinths, an overall efficiency of 31%. 
Most of the remaining nitrogen loaded into the 
digester appears to be in the undigested, solid 
residue. This solid residue is a potential source 
of nutrients, being rich in nitrogen (approximately 
4%,on a dry weight basis). Preliminary results 
indicate that this solid residue can serve as a 
slow-release fertilizer for cultures of water 
hyacinths. By using the residue as nutrient source 
and by increasing the rate of digestion, the recycl- 
ing efficiency of the present system could be 
signifiadntly enhancad. 

Gracilaria 

Several attempts were made to convert an anaerobic' 
digestion substrate from dairy manure to Gracilaria, 
but these were all unsuccessful. Extremely low pH 
(< 5) was reached and maintained in the digestion 
mixture, indicating the presence of persistent 
organic acids that presumably destroyed the rela- 
tively sensitive methanogenic bacteria. The conc- 
clusion was reached that successful digestion of 
Gracilaria'would require a bacterial culture accli- 
mated to the marine environment and to the tissues 

of marine organisms. Accordingly, a new attempt 
was made, using highly organic, anaerobic marine 
sediment collected from an area where Gracilaria 
and other seaweeds had been observed to accumulate 
on the bottom. 

The 125-liter digester was loaded with 20 kg of wet 
sediment, 5 kg of fresh Gracilaria, and 80 liters 
of seawater. The digestion mixture was maintained 
at approximately 30°C and received no agitation. 
Within two days, the pH dropped from 7.4 to 6.6 and 
thereafter remained in the 6.3-6.6 range. After 
six days, gas evolution began, and on the seventh 
day, the evolved gas became combustible, indicating 
the presence of methane and the commencement of 
complete digestion. 

A major advantage in the digestion of Gracilaria is 
that the seaweeds do not need to be chopped, shred- 
fed, or otherwise processed pf16Y t d  loading & a 
fcctor tht could substantially reduce operating 
costs relative to water hyacinths and other species 
chac du r r q u l ~ c  suck1 procc~aing. 

Two Gracilaria digesters have now been in operation 
for approximately two months, normally loaded three 
times a week at the rate of 0.75 g volatile solids 
per liter of digester volume (ca. 2.0 kg wet wt 
Gracilaria/digester) per day. Gas production was, 
in the range of 0.2-0.4 liters/g volatile solids at 
60% methane. Assuming a heat of combustion of 4.5 
Cal/g ash-free dry wt (16), the conversion effi- 
ciency (or volatile solids reduction) ranged from 
23 to 36%. The Gracilaria digesters appear to be 
very sensitive to temperature, particularly below 
2S°C. However, gas production in the seaweed 
digester has improved steadily since successful 
digestion commenced and was exceeding that of the 
water hyacinths (in liters/g volatile solids) at 
the time of this writing. 

In .the only other published information on seaweed 
digestion (17), reported gas yields contairiittg up 
to 63.4% methane ranging from 0.29 to 0.53 liters/ 
g volatile solids and with a conversion efficiency 
(i.e., volatile solids reduction) ranging from 29.7 
to 56.8%. The seaweed, kelp (Macrocystis pyrifera), 
was chopped or powdered, dried, and frozen prior 
to digestion and the latter took place at 3S°C. 

, 

However, the results were very similar to those 
reported above for unprocessed Gracilaria. 

Because of the initial difficulties in fermenting 
Gracilaria, experiments have only recently been 
started on recycling the digester residues as a 
nutriont oourco for growin8 the seaweeds. Cultures 
have been started in ,SO-liter containers (sectioned 
0.4 dia. PVC pipes), that are aerated to maintain 
the seaweed in suspension. There is no flow of 
seaweed through the cultures, but the water is 
exchanged once a week. One culture is enfiched 
with 1500 pmoles/l NO3-N, 150 pmoles/l PO;-P, and 
5 mlll trace,element mix (i.e., the seawater en- 
richment normally used to grow Gracilaria). The 
other culture receives one liter of liquid 
Gracilaria digester effluent three times per week. 
The analysis of the Gracilaria digester residue i 
not pet available, so comparable nutrient loadin 
of the two cultures is not yet possible. 



. >. te: the mean yield of Gracilaria in the chem- 
y-enriched seawater culture was 2.5 g dry wt/ 
y, that in the digester-residue enriched sea- 
was 7.1 g dry wt/m2.day, dlmoSt three times 

s great. That experiment will be continued and 
le recycling efficiency determined, as in the 
zter hyacinth experiment described above. 

JTURE RESEARCH 

Jture research will be largely restricted to the 
reshwater macrophyte, water hyacinth (Eichhornia 
rassioes) and the red seaweed Gracilaria tikvahiae. 
sp+riments will be carried out at three levels or 
:ales of operation. 

1) Small (50-500 1) scale studies of the growth, 
itrient uptake and other aspects of the physiology 
E the two aquatic plant species so as to obtain a 
?tter understanding of their biomass production and 
le environmental factors that limit and control 
roduction, to understand and control problems in 
leir mass artificial cultivation and to help maxi- 
ize the 0utput:input ratio of mass culture systems 
ith respect to both economic and energy criteria. 

3) Meso-scale (20,000 1) pond experiments to 
westigate different 'low-cost, non-energy-inten- 
ive culture methods specifically, for the seaweed 
racilaria with respect to yield, performance and 
!liability throughout the year, and relative free- 
)m from epiphytization and other chronic problems 
E mass seaweed culture. These experiments will 
ive the objective of developing and selecting one 
r more methods for the larger, pilot-scale demon- 
:ration experiments. 

:) Large-scale (114 acre, 850,000 1) pond cultures 
i both Gracilaria and water hyacinths to demon- 
:rate feasibility and performance of mass culture 
rstems, to determine annual yields under mass cul- 
Ire conditions, and to permit realist'ic cost:bene- 
:t analysis with respect to both energy and 
:onomics . 
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BIOENGLNEEKLNG ASPKC1'S OF INORGANIC 
CARBON SUPPLY TO MASS ALGAL CULTURES 

Joel C. Goldman 
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ABSTRACT 

Tine study involves a thorough investigation of 
the inorganic carbon req~li.rements of algae (both 
micro and macro species) under mass culture con- 
ditions. Major research topics considered in- 
clude: 1) the growth kinetics of various fresh- 
water and marine algae under inorganic limitation 
at different pH levels; 2) comparisons of growth 
with bubbled C02 and HCO? alkalinity as inor- 
ganic carbon sources at varying pH levels; 3) 
effects of pH on algal growth under non-carbon 
limiting conditions; 4 )  effects of mixing in in- 
organic carbon limiting and non-limiting situa- 
tions on algal growth; 5 )  growth kinetics under 
carbon saturation but light limitation. Based on 
results to date, it appears that certain marine 
microalgae appear to be far more tolerant of high 
pH ( >  9) than other species. HCOj, if supplied 
in excess and with proper pH control, can meet 
the inorganic carbon requirements of marine 
algae. Efficiency of use is 90% at HC03 concen- 
trations four times greater than in natural sea- 
water. Based on the growth kinetics of fresh 
water green algae under HCO? limitation, virtu- 
ally 100% assimilation is possible at all growth 
rates up to just before cell washout. Hence, 
maximum yields under carbon limitation occur at 
very high growth rates. In addition, it has been 
shown that the supply and mass transfer rates of 
gaseous carbon dioxide rather than the concentra- 
tion of carbon dioxide in the gas mixture is the 
critical factor in ensuring an adequate supply of 
inorganic carbon. 

Among the many alternative energy'sources being 
considered to meet future demands, the photosyn- 
thetic conversion of radiant to useful chemical 
energy (bioconversion) is receiving widespread 
attention [IS]. Clearly, all energy on earth has 
evolved, in one way or another, from the ultimate 
source, solar radiation, primarily through the 
storage of fossil fuels over geologic time. Now 
the rate of energy consumption far exceeds the 
rate of sunply; the prime determinant, then, in 
deciding the attractiveness of a new alternative 
source is the rate at which it can be produced. 
This implies that an energy balance for a partic- 

process is favorable;' i.e., the amount of 
eful energy produced exceeds the energy ex- 

pended during production. 

The photosynthetic production of energy has par- 
ticular appeal because it is the most basic of 
energy-storing and life-supporting processes. 
One of the major problems, however, is that solar 
energy, although virtually infinite in total 
capacity, strikes the earth at a very low flux, 
about 1.6 or less gr cal m-2 min.-I, hence re- 
quiring very large collection systems for captur- 
ing the required energy. The other maior problem 
is that photosynthetic conversion efficiences are 
very low, and under the most ideal conditions the 
most efficient plants can convert at best about 
10-12% of visible solar radiation to stored chem- 
ical energy as organic matter [19]. In reality, 
photosynthetic conversion efficiences of natural 
terrestrial and aquatic systems are considerablv. 
lower, and seldom exceed 1-ZX, primarily because 
other factors such as light 'availability, nutri- 
ents, water, etc. are limiting. In fact, it is 
estimated that only about 0.1% of the solar 
energy striking the earth is converted to organi- 
cally bound energy' in the form of plant material 
[IS]. 

Therefore, it is the prime goal of any bioconver- 
sion scheme to maximi,ze possible photosynthetic 
efficiencies and resulting yields by forcing the 
only uncontrollable growth factor, light, to be 
limiting. This means that all the required 
nutrients for growth must be supplied in excess. 

Aquatic plants, primarily micro- and macroalgae, 
are among the most efficient converters of radi- 
ent energy, and conversion efficiencies under 
laboratory conditions with low incident radiation 
have been reported to be c. 20% [211. ' In addi- 
tion, algal cultures,can, in theorv, be main- 
tained indefinitely and thus are not dependent on 
seasonal growth. For these reasons mass algal 
cultures are being considered as candidate hio- 
conversion systems .in the DOE Biomass Energy Sgs- 
tems Program [6, 71. 

The potential applications for algal cultures are 
widespread, as seen in Fig. 1. Early interest in 
algal mass culturing centered around the possi- 
bility of converting single-celled algae to 
human, and/or animal, protein supplements until 
W. J. Oswald and co-workers at the University of 
California Berkley expanded on'this theme by 
demonstrating that algal systems could be used 



PHOTOSYNTHETIC REACTION certain environmental conditions and that the 
proportions of phosphorus and nitrogen in an 
algal cell can deviatc widelv from the abovc 
stoichiometry when limitation by one or the other 
nutrients exists [14]. In recent work in the 
author's laboratory it was demonstrated that 
under phosphorus-limited growth of the marine 
chrysophyte Monochrysis lutheri in continuous 
culture the C:P and N:P ratios (by atoms) varied 
from over 1000:l and 100:l at low growth rates 
(the region of severe phosphorus limitation) to 
ca. 100:l and 10:l at 95% of the maximum growth - 
rate (the region of non-nutrient limitation) 
(Fig. 21, Hence, it is clear that under non- 
nutrient limitqtion the Redfield equation of 
ClO6N16P1 is a good approximation of the chemical 
rnmpositi.nrr of ?Agae hecal.tqe the rhamical ra t ion  
of different algae, both fresh water and marine, 
appear to vary in the same proportions. 

Fig. 1. Process Flow Diagram of Algal Mass 
Cultures Indicating Materials Required and 
Potential Applications (from [6] 1. . 

for treating wastewater [18] and producing meth- 
ane via solar energy conversion and anaerobic 
digestion, as seen in Fig. 1 [17]. 

The latter concept has been suggested as a dual- 
functioning process to simultaneously treat 
wastes and produce energy [2]. However, as shown 
by Goyman and Ryther [13], on a national level 
the nutrients available from total U.S. domestic 
wastewater discharges, even when completely con- 
verted to algal biomass, would represent just a 
small fraction of the total nutrients required 
for bioconversion. For example, to produce 1% of 
the U.S. energy demand projected in 1990 would 
take a population equivalent of 1 billion to meet 
the nitrogen requirements in the bioconversion 
scheme depicted in Fig. 1 [13]. 

As suggested by Goldman and Rvther [13], any 
large-scale algal bioconversion process will have 
to include some form of nutrient recycle to be 
energy and economically efficient. The open type 
bioconversion scheme in which nutrients and water 
are cpntinuously supplied from an external source 
and eventually wasted is uneconomical and may not 
be possible due to a lack of available nutri- 
ents. Thus, either the semi-closed scheme in 
which nutrients, and possibly water, are recycled 
after the methane conversion step, or the com- 
pletely closed scheme in which both nutrients and 
water,are recycled, will have to be employed if 
bioconversion is to make a viable contribution' to 
U.S. energy supplies. 

The three primary nutrients required for algal 
growth are the inorganic forms of carbon, nitro- 
gen, and phosphorus. The requirements for these 
nutrients by algae are reasonably known and the 
stoichimetric relationship between them is often 
reported as C106N16Pl, after the work of Redfield 
[20], who showed that the chemical composition of 
marine phytoplankton was typically in these pro- 
portions. However, it is now well established 
that this chemical ratio is achieved only under 

Fig. 2. Effect of Dilution Rate (Growth Rate) 
on Nutrient Ratios for Monochrvsis lutheri 
Grown in Phosphorus-limited Continuous Cul- 
I . I I I - H Y  (Mnrli Flvr l  frrnn [ I / ,  1) . 

Fortuitously, these are precisely the conditions 
that are achieved in algal mass cultures when 
light is made the limiting growth factor. The 
requirements for carbon, nitrogen and phosphorus 
in algal mass cultures can then be estimated 
fairly simply. Assuming that carbon represents 
about 50% of the organic matter in algae (with a 
heat of combustion of ~5.5 calSgr-I of ash-free 
dry weight) [ a ] ,  the nitrogen and phosphorus re- 
quirements in one gram of ash-free algae would be 
0.5 x (16/106) = 0,07 es f o r  nitrogen and 0.5 x 
(11106) = 0.005 gr for phosphorus. The total 
requirements for these two nutrients could then 
be calculated by multiplying the above unit 
values by the total yield of algae anticipated, 
providing a 5-102 excess to ensure that neither 
nutrient ever becomes limiting. Nitrogen would 
be supplied as NH& or NOT and phosphorus as 
p0z3. If these nutrients were to he recpcled 
from the anaerobic digestion portion of a biocon- 
version process, then it would be necessarv to 
ensure that substantial oxidation of the digest? 
residue containing the recycled nitrogen and 
phosphorus occurred before the nutrients were @ 



added back into the algal growth system. 

requirement for inorganic carbon is a far 
e complex problem, however. Even though the 
ual quantities of organic carbon produced via 

photosynthesis can be calculated in the same man- 
ner as above, the total amount of inorganic car- 
bon required is much more difficult to calcu- 
late. This is because inorganic carbon is dis- 
tributed among the chemical species CO2 (aque- 
ous), H2C03, HCO?, and c0j2 in an exceedingly 
complex chemical equilibrium system which is con- 
trolled by two parameters, alkalinity and pH. In 
natural fresh and marine waters this chemical 
system constitutes the main buffering system; 
losses of inorganic carbon through photosynthesis 
result in the destruction of buffering capacity, 
leading to a rise in pH, which can adversely 
affect algal growth in a number of ways ( 51 .  

Normally, the transport of Cop from the atmo- 
sphere cannot keep pace with algal assimilation 
of C02 during intense algal growth and a rise 
in pH to over 10 is not uncommon in eutrophic 
natural waters and mass culture systems [ 8 ] .  
Thus, in algal mass cultures, to avoid the com- 
bined problems of inorganic carbon limitation and 
pH rise, inorganic carbon as gaseous carbon diox- 
ide is usually supplied via some aeration scheme 
or by creating sufficient turbulence so that suf- 
ficient CO2 can be transferred from the atmo- 
sphere. Mixing, to some degree, can enhance 
C O ~  transport from the atmosphere; but, because 
of the very low concentration of C02 in the 
atmosphere (0.03%), the transport gradient is 
always small and C02 mass transfer has, in the 
past, been considered to be ineffective unless 
very turbulent mixing was employed. However, 
mixing is required in algal mass cultures for 
several other reasons: to prevent settling and 
subsequent decay of organic matter, to prevent 
thermal stratification, to break down diffusion 
gradients of essential nutrients which could 
develop at the cell surface in very intense mass 
cultures (this is particularly true of seaweeds 
which are large cells and have long diffusion 
paths), to prevent epiphyte buildup on the sur- 
face of seaweeds, and most important, to provide 
uniform cell exposure to light because self-shad- 
ing of cells exists in thick cultures. 

The technology and resulting economics of provid- 
ing adequate CO2 and mixing in algal mass cul- 
tures is amazingly undeveloped considering the 
substantial research effort now underway to mass 
culture various freshwater and marine algae for 
bioconversion applications [6]. The problem of 
deli:.eating the requirements for carbon dioxide 
is exceedingly difficult and the major questions 
still to be addressed are the relative importance 
of mixing (for solving non-carbon related prob- 
lems), pH control, and quantity and source of 
inorganic carbon necessary for maximizing algal 
yields. Therefore, the major objective of my 
ongoing research is to address the question of 
inorganic carbon supply to algal mass cultures 
primarily from a scientific basis. With a firm 
understandinn of the chemical-biological interac- - 

ons involved in carbon availability, rational 

decisions can be made regarding the engineering 
design of inorganic carbon supply systems for 
large-scale cultivation systems. 

Coupled with the problem ot inorganic carbon sup- 
ply is the question of maximizing algal yields 
from the standpoint of sunlight availability. As 
I demonstrated earlier (71, for a given level of 
available sunlight there is a unique combination 
of algal growth rate (controlled by the medium 
flow rate and culture dimensions) and culture 
depth that will give the maximum yield. Hence, 
if inorganic carbon is supplied either completely 
as part of the aqueous medium, or supplemented . 
via external gaseous CO2 systems, compatibility 
must be established between the conditions neces- 
sary to achieve maximum efficiency of inorganic 
carbon utilization and yield optimi'zation. Thus, 
an additional research objective is to establish 
the conditions of culture operation that will 
allow for optimum yields by forcing light to be 
the sole limiting growth factor while at the same 
time providing for the most economic and effici- 
ent supply of inorganic carbon. 

RESEARCH IN PROGRESS 

The research involves a thorough investigation of 
the inorganic carbon requirements of algae (hoth 
micro and macro species) under mass culture con- 
ditions. The major research topics considered 
included: 1) the growth kinetics of various 
freshwater and marine algae under inorganic limi- 
tation at different pH levels; 2) comparisons of 
growth with bubbled C02 and HCO? alkalinity as 
inorganic carbon sources at varying pH levels; 3) 
effects of pH on algal growth under non-carbon 
limiting conditions; 4) effects of mixing in in- 
organic carbon limiting and non-limiting situa- 
tions on algal growth. 

The studies are currently being carried out under 
laboratory conditions with continuous algal cul- 
tures and controlled temperature and light inten- 
sity (see (31). Algae are grown in defined 
medium with pH control using non-carbon buffers. 
A variety of algal species that typically have 
been identified as being dominant in outdoor mass 
cultures are being examined under the above con- 
ditions. 

Inorganic carbon measurements: Precise measure- 
ments of the various forms of carbon are critical 
to the ongoing study.. One of the important con- 
siderations is that a good mass balance for car- 
bon be achieved. Thus, if the carbon in the in- 
fluent medium to the cultures j.s comprised essen- 
tially of inorganic carbon, then that concentra- 
tion of carbon should equal the sum of particu- 
late organic carbon (algal biomass), dissolved 
organic carbon (excreted by the algae), and un- 
used inorganic carbon remaining in the culture. 

Particulate carbon.analysis on filtered samples 
is carried out routinely here at the Woods Hole 
Oceanographic Institution with a Perkin-Elmer 240 
elemental analyzer. Protocols for using this 
instrument for particulate carbon analysis (and 



simultaneous particulate nitrogen measurements) 
have been established over many years of opera- 
tion, and the technique is highly reliable. The 
technique involves combustion of particulate car- 
bon to C02 in the presence of oxygen and other 
catalysts and subsequent measurement of this 
C02 by thermal conductivity. 

Dissolved inorganic carbon has traditionally been 
measured by infrared spectroscopy and a number of 
commercial instruments are available for this 
purpose. Dissolved organic carbon analysis 
usually first involves oxidation of the organic 
carbon to C02 and subsequent measurement of the 
generated C02. For freshwater several oxida- 
tion techniques such as high-temperature combus- 
tion, W-irradiaton and persulfate oxidation have 
been used successfully. In contrast, analysis of 
dissolved organic carbon in seawater has proved 
to be considerably more difficult because of the 
refractory nature of many seawater organic com- 
ponents. Thus, no completely satisfactory tech- 
n i q u ~  exist9 z t  prosost .  

The same instrument, however, has been extremely 
useful for measuring dissolved inorganic carbon 
(DIC). I have modified the instrument for DIC 
measurements by eliminating the lithium hydroide 
trap and persulfate addition, and by turning off 
the UV lamp. Thus all DIC sparged out upon acid- 
ification is reduced to methane and measured by 
the flame ionization detector. As seen in Fig. 
3, the instrument displays a linear calibration 
between 0-20 mg.it-l DIC and is extremelv accurate 
eyen in the pg-P.-l range., 

Recently I obtained a Dohrman DC-54 Ultra-low 
Level Total Organic Carbon Analyzer with funds 
obtained through a grarlt from.the Ocean Indus- 
tries Program (OIP) of the Woods Hole Oceanogra- 
phic Institution. This instrument was originally 

s-t-i , , , i 
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obtained for measuring dissolved organic carbon DISSOLVED /NO/~WN/C CARBON, C, -mg c.I-' 
in sea water. In principle, a sample is first 
acidified to pH = 2, followed by sodium persul- Fig. 3. Calibration Curve for Dohrmann DC- 
fate addition. The sample is then introduced 54 Ultra-low Total Carbon Analyzer. Instru- 
'into a chamber where it is initially sparged with ment Span Setting = 367. Although Not Shown 
pure helium in a closed system. A11 inorganic Here, Calibration is Linear to 20 mg-k-l 
carbon present is converted to C02 and evolved Dissolved Inorganic Carhon. 
from the liquid phase and trapped in a lithium 
hydroxide-filled tube. The sample is then passed 
through a quartz coil wrapped around a UV lamp. 
The combination of UV exposure and persulfate 
oxidation, in principle, leads to oxidation of 
all organic carbon to C02. The sample is then 
passed to a second chamber, sparged again with 
helium, but now the Cog generated is first con- 
verted to methane over a nickel catalyst and the 
resulting methane measured precisely in a flame 
ionization detector. The instrument has a preci- 
sion of + 10 ppm (or 2 2%) and an accuracy down 
r* Ti," ,,z.r-1. 

In our current studies we have found the instru- 
ment to give rather poor recovery of dissolved 
organic carbon in seawater ( %  60-80%). This has 
been attributed to insufficient UV lamp wattage 
and sample expodure time according to the studies 
of Collins and Williams [4]. The main problem 
seems to be incomplete oxidation of refractory 
compounds in natural seawater. However, it is 
hoped that the instrument will be useful in quan- 
tifying excreted organics of algae which probably 
are not particularly refractory. Currently I am 
engaged in an intercalibration of the instrument 

Effect of pH on marine algal growth: Five marine 
algal species listed in Table 1 were grown in 
inorganic carbon limited continuous cultures 
maintained at a dilution rate of 0.5 day-l and an 
influent total inorganic carbon concentration of 
6.3 mg-!2-' (supplied solely as N~HCO~). There 

Table 1. EFFECT OF pH ON STEADY STATE BIOVASS 
FOR VARIOUS MARINE MICROALGAE GROW IN IN- 
ORGANIC CARBON LIMITED-CONTINUOUS CULTURES 
( 6 . 3  mg-~'t bIC) AND AT A DILUTION M'CE 
OF 0.5 DAY-1. 

SPECIES WUFFERED 
pH 

CULTURE MEDIUM 8.60 

P. TRICORHITW -- 9.39 

M LUMRl  8.65 

0. ERTl OLECTA 8.99 

s. cosrnnnr 8.60 

T. PSEumANA (13-II 8.51 

7.75 

6.5 7.88 9.3 

W.0.' 7.89 7.3 

0.7 7.88 3.5 

W.O. 7.88 2.8 

W.O. 7.87 1.7 
against other techniques sponsored by the Cana- a l  Call$ washed out of culture. 
dian Research Council at Dalhousie University, . . 
Halifax, Nova Scotia. The results of this survey 
will be available in the Spring, 1979 and will was no gas phase as the cultures were sealed off 
provide an accurate measure of the instrument's from the ambient environment. The cultures were 
efficiency in recovering dissolved organic carbon maintained at 20°C with continuous visible 
as C02. light of 0.06 ly.min-l. One set of cultures 



ras huffsred with '20 mM of a "Good" organic 
zr (HEPPS-pk = 8.0) along with the HC03 buf- 
while the other set was left buffered only 
the HC03. Hence, in the set without che 

lrganic buffer uptake of inorganic carbon led to 
I destruction of the buffer system via the reac- 
:ions: 

HC03 -P C02 + OH- (2) 

~nd a corresponding rise in pH. 'Depending on how 
re11 the particular species grew there would be a 
.orresponding'rise in pH above the medium pH 
.alue,s. A s  seen in Table 1. only two species. 
'haeodactylum tricornutum ( a  diaiom) anh ~unaii- 
:lla tertiolecta (a green alga), grew in the 
ledium lackinn the organic buffer. raisine the pH - - - 
,espectively to 9.4 and 9.0. The other species 
ailed to maintain a steady state and washed out 
~f the culture units. In contrast, when the cul- 
ure pH values were maintained at 7.9 all five 
pecies grew well, and both P. tricornutum and 2. 
ertiolecta grew better than at the higher pH 
.slues. 

,ecause of the low biomass present, it is highly 
nlikely that there was a rate bottleneck in 
quations 1 and 2. Thus, even if any of the spe- 
ies were obligate CO2 users, this sl~ould not 
eve influenced the results as HC0: simply could 
ave acted as a carbon reservoir for the supply 
~f C02 to the algae. These results, hence, 
lrovide some good circumstantial evidence that 
ertain marine%algae are very sensitive to pH 
hanges. P. tricornutum typically has been the 
ominant species in large-scale outdoor cultures 
n which pH was not controlled, reaching values 
s high as 10.3 during mid-day [LO, 121. Hence, 
t may well bk that the ability of 2. tricornutum 
o tolerate very high pH values gives it a compe- 
itive edge over other species, thus allowing it 
o win out in competition as the pH rises in cul- 
ures buffered primarily by HCO?. 

9- as a carbon source: Because 2. tricornutum 
as excellent growth characteristics over a wide 
'H range, further experiments with this species 
nvolving HCO? as the sole carbon source were 
erformed. Employing the same environmental con- 
itions and eliminating the gas phase as in the 
revious experiments, P. tricornutum was grown in 
ontinuous culture with varying levels of HC03 
s the sole limiting nutrient. Culture pH values 
ere controlled with up to 40 mM of the HEPPS 
uffer. All other nutrients were added in excess 
e.g., NHZ, p0z3, trace metals) and HCO? 
,as added in the range 6-108 mg.!L-' total inor- 
anic carbon. At the higher HCO? additions (and 
orresponding higher biomass levels) OH' pro- 
uction via reaction 2 was so great that culture 
H values rose to as high as 9.0 even with 40 mM 
f the HEPPS buffer present. Even with this 
arying pH, there was a linear relationship be- 
ween steady state biomass level and HCOj addi- 
ion at e fixed dilution rate of 0.5 day-l (Fig. 

Moreover, the efficiency of dissolbed ino;- 
carbon conversion to algal organic carbon - 

INFLUENT TOTAL NVORGAN/C CARBON, CTo -1nqC.1-' 

Fig. 4. Steady State Biomass of P. &- 
cornutum as a Function of Influent Inor- 
ganic Carbon Concentration as HC03 
Added to Medium. Culture Buffered with 40 
mM HEPPS and Dilution Rate Fixed at 0.5 
day-I. 

via photosynthesis - varied from virtually lOOX 
at low HCO? additions to over 90% at the 
highest levels. 

Above 80 mg-.L-l added inorganic carbon some 
chemical precipitation was observed, and it sus- 
.petted that the solubility product of CaC03 
and/or other compounds was exceeded. In some 
experiments at these high HCO? additions the 
cultures would deteriorate over several days, 
probably due to the relative slow formation of 
the inorganic precipitates. 

The results of this experiment conclusively show 
that,marine species such as P. tricornutum can 
utilize inorganic carbon from HCOj at concentra- 
tions over four times that present in natural 
seawater and at very high efficiencies when the 
pH is controlled below 9. Similar experiments 
without the organic buffer will be required to 
determine the effects of high pH on the relation 
ship between HCO? addition and biomass produc- 
tion. 

It is interesting to compare these results with 
those from previous outdoor mass culture experi- 
ments with marine microalgae [lo, 111. In those 
experiments 2. tricornutum was one of several 
diatoms that dominated at times through natural 
selection. The bell-shaped curves of 
yield (gr dry ~ t - m - ~ . d a ~ ~ ~ )  vs growth rate (= 
dilution rate) are summarized in Figs. 13 and 14 
of Goldman [71. Peak yields up to 25 gr dry 
~ t * m - ~ - d a ~ - l  occurred at growth rates of 0.75- 
1.00 day- . Considering that the depth of the 
culture units was 50 cm and that the cultured 
algae contained 45% organic carbon of the ash- 
free dry weight, then,. according to the simple 
formula: 



in which P is the yield per unit area, the 
growth rate, d the depth, and X the standing 
crop, for the above conditions a standing crop of 
20-30 mg*2-l orgaaic carbon was required for 
maximizing yields. As seen from the results in 
Fig. 4, marine algae can easily convert that much 
HCOj to organic matter. Thus the key to optimi- 
zation of inorganic carbon supply may be in pH 
control to allow full utilization of available 
HCO3 which in seawater and many freshwaters is 
1-2 mM (12-24 mg-!2-lc). 

Kinetics of inorganic carbon-limited algal 
growth: The kinetics of inorganic carbon limited 
algal growth of two freshwater green algal Scene- 
desmus obliwus and Chlorella vulgaris, species 
commonly found in intensive outdoor cultures, 
have been investigated. Both species were cul- 
tured in an artificial freshwater medium with 
inorganic carbon supplied to the continuous cu - 
tures at a limiting concentration of 10 mg -tC 
as HCOj [ 9 ] .  Once again, no gas phase was pre- 
sent. Mixing was accomplished by magnetic bar 
stirring. Other nutrients were added in excess 
and the pH was maintained at 7.1-7.2 with a 10 mM 
phosphate buffer (equi- molar di- and monophos- 
phace) . 
Steady state measurements of biomass and residual 
inorganic carbon were made at various growth 
rates spanning a range from less than 0.2 day-' 
to cell washout. As seen in Fig. 5a, at all 

SPECIFIC GROWTH RATE, ,n .day-1 

Fig. 5. Growth Kinetics of Scenedesmus &- 
' liguus in Inorganic Carbon-limited Continu- 

ous Cultures. pH Kept at 7.1-7.2. 3a - . 
Steady State Biomass as Particulate Carbon 
Concentration as a Function of Growth Rate; 
3b - Yield of Particulate Carbon as a Func- 
tion of Growth Rate. 

growth rates up to the maximum rate, there was 
virtually 100% utilization of available inorganic 
carbon for 2. obliguus. As the maximum growth 
rate was approached there was a rapid drop-off in 
steady state biomass. Translated to production 
of organic carbon (Fig. 5b), there was a linear 
increese in yield with growth rate up to peak 
yield just before cell washout at a1.65 daye1. 
The results for 5. vulgaris were identical except 
that the maximum growth rate of this species was 

somewhat higher (a 2.20 dayq1). 

The carbon cell quota (carbon content per cell) 
was measured as a function of growth rate (Fig. 
6). There was over a three-fold increase (7.5-25 
pg C-cell'l) in this parameter with increasing 

Fig. 6. Carbon Cell Ounta nf Sr~nsrleamus 
obliguus as a.Function of Growth Rate in In- 
organic Carbon-limited Continuous Culture. 
pH Kept at 7.1-7.2. 
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growth rate for 2. obliguus. For 5. vulgaris, 
the trend was similar, but the increase (2.9-10.4 
pg C cell-I), although in approximately the same 
proportion as with 2. obliguus, reflects the'con- 
siderably smaller size of this species. 
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The overall results to date suggest that for both 
freshwater and marine microalgae HCOj is a suit- 
able carbon source provided that the pH is con- . 
trolled. The efficiency of inorganic carbon uti- 
lization under these conditions is virtually 100%. 

SPEClFlC GROWTH RAT6 p ,doy-' 

Effect of carbon source on maximum growth rates: 
To establish the relative response of C. vulgaris 
and S.  nhl.?.guus to different i n ~ r m i c  carbon 
sources, both species were grown in batch culture 
on enriched medium. Inorganic carbon was sup- 
plied either as HCOj added directly to the . 
medium ( 6  or 10 mM), or as a gas mixture of Cop 
and air bubbled into the cultures at a rate of 
0.03 m3.hz-l ( o e d ) .  .The inixt~ic~ iucluJed 7.007; 
air (0.03% CO?), 1, 5 and 100% C02. A phos- 
phate buffer (25 mM) was used to maintain the pH 
between 6 (100% ~ 0 2 )  and 7.7 (10 mM HCOj). 
Continuous light (-0.06 ly.min-l) and 20°C tem- 
perature were established. Each culture was in- 
oculated with the reopcctive species obtained 
froin an inorganic carbon-limited continuous cul- 
turc oimilar to'those descrileil i r ~  t1ie previous 
experiment. 

As seen in Table 2, under batch culture condi- 
tions C. vul aris grew at a maximum rate (p = 
2.1-2.2 d*gardless of whether the inor- 
ganic carhnn snilrcs w s a  HCOj (6-10 mM) or gaocouo 
C02 (0.03-1% C02). At 5% C02 P was reduced one- 
haJf and with 100% C02 complete inhibition 
occurred. S. obliguus, in contrast, was main- 
tained at Q-( 1.6-1.7 day-1) when gaseous C02 
in the range 0.03-5% was added: but with HC0j 
the carbon source there was increasing growth 



"-ble 2. EFFECT OF DIFFERENT INORGANIC CARBON 
SOURCES ON TEE MAXIMOP! GROWTH RATES OF TWO 
FRESHWATER GREEN ALGAE GROWN IN LABORATORY 
CULTmES . 

MA% I W M  
I NORGAN I c GROWTH RATE (DAY- ' )  

CARBON SOURCE CHLORELLA SCENEDESMUS 

BATCH GROWTH 

HCC13-(rn M 1 

C 0 2  A1 R MIXTURE (% C021 

CONT I NUOUS CULTURE (WASHOUT) 

HC03- (rnM)-l ND* 1.65 

* ND - NOT DEKRM l NED AS OF YET 

inhibition with increasing HCO? in the ranne - d - 
5-10 mM. As with C. vulgaris, no growth occurred 
~ith 100% C02. 

l'he major conclusion from these data, is that the 
rate of supply of inorganic carbon as gaseous 
>02, rather than the concentration of Cog in the 
gas mixture, is the critical factor controlling 
:he availability of inorganic carbon for algal 
growth. With proper pH control, air alone is an 
adequate source of inorganic carbon as long as 
:he supply rate, in terms of a mass transfer 
:ate, is maintained at an optimum level. In 
addition, at least for some species like C. %- 
&, HC03 is as good a carbon source as gase- 
,us cog. 

In their recent cost analysis of large-scale bio- 
nass systems for bioconversion of energy Ashare 
!t al. 1 in~estigated the requirements for 
:02 supply to a 100 square m'ile freshwater algal 
~ystem. They considered both atmospheric air sup- 
>ly (.0.03% Cop) and power plant stack gas with a 
:02 content of s 10% as poter~ticil aoilrcsa of inor- 
ganic carbon. They arrived at the startling con- 
:lusion that inorganic carbon supply via a net- 
pork of pipes, headers, and sparging units placed 
lntermittently in the large-scale culture units , 
gould be prohibitively expensive even with en- 
riched power plant exhaust gases. The analysis 
gas based on a number of assumptions, many of 
hich were criticized by Oswald and Benemann [161. 

b main point of the analyses (and the subse- 

quent discussion of this analysis) is that very 
little information is available upon which to 
estimate rationally the carbon requirements of 
large-scsle a l g a l  cultures and to design supply 
systems accordingly. For example, the analvsis 
of Ashare et al. [I] did not include considera- 
tion of the aqueous chemistry of inorganic carbon 
(i.e., pH, alkalinity, and HC03 concentration). 
Carbon requirements were treated as purely a gas 
transfer problem with no consideration given to 
the chemical reactivity of C02 with HC03 and 
c0j2, the fact that pH plays a crucial role in 
controlling the C02 gradient between the gas- 
liquid phase, and that algal species differ con- 
siderably in their ability to tolerate pH varia- 
tions and to utilize different inorganic carbon 
sources. Moreover, if Cog is supplied via gas 
transfer systems then the conditions for maximiz- 
ing the efficiency of C02 transfer and assimi- 
lation by algae are not necessarily the same as 
those required to maximize yields from the stand- 
point of forcing available sunlight to be the 
sole limiting growth factor. 

Based on our results to date, it appears that 
with proper pH control, HCO: is an adequate 
source of inorganic carbon for maximizing algal 
yields. The economics of supp1.ying FIC0-j as a 
salt versus a distribution system for gaseous Cog 
supply have not been investigated. A major fac- 
tor overriding such an analysis is that the crit- 
ical ,component is pR control. As seen from equa- 
tions 1 and 2, without a non-carbon buffer, pH in 
an algal culture is controlled by the bicarbonate 
alkalinity, the intensity of algal growth, and 
the rate of gaseous Cop supply. Whether HCOT 
additions alone can be used simultaneously for 
controlling pH and providing adequate inorganic 
carbon.in such a system have not been determined 
.as yet, but are included in my future research 
plans. 

FUTURE RESEARCH 

Research in the four areas described earlier is 
in various stages of progress. I originally 
hoped to complete by June, 1979 experiments in 
all four areas with a variety of algae (marine 
micro and macrn nnd freshwater micro species). 
This projection now appears to be'overly optimis- 
tic. 

As seen by the results to date, work is progress- 
ing well in the first two areas (growth kinetics 
and comparisons of different carbon sourcesl. 
Research in these areas will be continued during 
the remainder of this firet year (through May, 
1979) with the two freshwater and one marine spe- 
cies. Experiments will involve comparisons at 
varying pH of bubbled CO2 in varying mixtures 
with air and helium (up to 100% Cog) with 
HC05. In addition, it is hoped to repeat these 
experiments with other species. To be included 
are additional freshwater algae (the blue-green 
species Microcystis and ~pirulina), and several 
marine algae (Dunaliella tertiolecta and Thalas- 
siosira pseudonana - 3 ~ 1 .  All of these species 
appear to tolerate a reasonably wide pH range. 



Thus, a catalog of responses for representative 10. Goldman, J. C. and J. H. Ryther. Nutrient 
and typically dominant microalgae from -both transformations in mass cultures of marine 
freshwater and marine environments will be ob- algae. J. Environ. Engr. Div., American Society 
tained; of Civil Engineers: 101, 3: 351-364 (1975). 

In addition, work on the second two research 
areas, pH effects under non-carbon limiting con- 
ditions and mixing effects, will be initiated on 
both the freshwater and marine microalgae. Ex- 
perimental work on macroalgae, similar to that 
with the microalgae, will be postponed until 
later in the research program. All of the labor- 
atory research has been and will be carried out 
under rigid laboratory conditions in continuous 
cultures. 

This work was s~~ppnrted hy r:arltrs.ct lo. ET-78- 
502-4812 from the U.S. Department of Energy to 
the Woods Hole Oceanographic Institution. The. 
assistance of Dr. D. Peavep, S. Graham, H. 
Stanley, and.E. Ellis, who typed the manuscript, 
is gratefully appreciated. Contribution No. 4383 
from the Woods Hole Oceanographic Ins'titution. 
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BSTRACT 

ur pro jec t  seeks t o  develop a methodology f o r  
roducing p lant  biomass i n  surface oceanic envi- 
omnents f a r  from shore. Our research thus f a r  has 
r imar i l y  u t i l i z e d  giant  kelp, Macroc s t i s .  
acrocystis grows natura l ly  near -I+-- t e outer edge of 
he l i t t o r a l  zone, i t  can be coppiced, and has been 
arvested mechanically f o r  decades i n  Cal i fornia.  
ur  e a r l i e s t  f i e l d  studies demonstrated tha t  
acrocystis grew poorly i n  offshore surface water 
ue t o  scarc i ty  o f  nut r ien ts  such as phosphorus and 
itrogen. A proper balance o f  t race metals i s  a lso 
nportant. Seawater from 1000 o r  more f e e t  deep i s  
i c h  i n  nutr ients and proved superior t o  enriched 
urface water i n  supporting ke lp  growth. We also 
nvestigated elementary requirements o f  Macrocystis 
nd amaunts needed o f  the most c r i t i c a l  micro- 
u t r ien ts .  We are presently extending the scope o f  
ur  research t o  include assessments o f  biomass 
i e lds  obtainable from adu l t  p lants continuously 
e r t i  1 ized. 

ESCRIPTION OF TASK 

he general object ive o f  our pro jec t  i s  t o  develop 
methodology f o r  producing p lan t  biomass i n  the 

ast stretches o f  the world ocean, comprising about 
0 percent o f  the planetary surface. We have 
hosen g iant  kelp, Macroc s t i s ,  as the t e s t  organ- 
sm f o r  our basic s T X i Z h G c r o c y s t i s  i s  one o f  
he few seaweeds t h a t  can be coppiced, and i t  can 
e harvested mechanically, as shown by comnercial 
entures i n  Ca l i fo rn ia  tha t  have successful ly 
perated f o r  almost 50 years. 

ur  f i r s t  f i e l d  studies examined adu l t  Macrocystis 
ranspl anted t o  a r t i f i c i a l  structures anchored i n  
ffshore waters. These plants grew poorly o r  not 
t a1 1, p r imar i l y  because o f  scarc i ty  o f  mineral 
u t r i en ts  [I]. F e r t i l i z i n g  operations would 
l e a r l y  be needed on marine farms. We concluded 
hat a comprehensive understanding o f  Macroc s t l s  
u t r i t i o n  was a p r i o r i t y  f i e l d  o f  r e r e 6  
ave consequently devoted considerable e f f o r t  
owards determining the kinds and amounts o f  c r i t i -  
a1 elements required by g iant  kelp. From t h i s  
nformation we hope t o  devise an optimal f e r t i l -  
zing strategy. Su f f i c i en t  information has now 
een accumulated t o  permi t prel iminary f e r t i  1 i z i n g  
xperimentation i n  the f i e l d  and i n  large-scale 

studies. We are presently expanding 
cope o f  our program t o  include such f e r t i l -  

g invest igat ions w i th  a view toward gathering 

y i e l d  data from plants tha t  are adequately 
nourished on a continual basis. 

OBJECTIVES 

Our current objectives are threef  01 d: 
1. Determine kinds and amounts o f  elements 

c r i t i c a l  f o r  n u t r i t i o n  o f  Macrocystis under 
oceanic conditions. 

2. Devise an optimal f e r t i l i z i n g  strategy f o r  use 
on marine kelp farms. 

3. Assess harvesting y ie lds  from adu l t  Macrocystis 
plants t h a t  are continuously f e r t i l i z e d .  

APPROACH 

F ie ld  Studies 

Most o f  our f i e l d  work has been involved wi th  adu l t  
Macroc s t i s  transplanted t o  structures moored wel l  
--?-- away rom the coast t o  provide exposure t o  waters 
character is t ic  o f  oceanic environments [I]. The 
e a r l i e r  structures t y p i c a l l y  consisted o f  networks 
o r  gr ids of rope posit ioned about 40 t o  60 ft 
beneath the sea surface by appropriate use o f  buoys 
and cables. Studies a t  any one time u t i l i z e d  about 
10 t o  30 transplants. Most o f  the ear ly  f i e l d  work 
was conducted co l labora t ive ly  w i th  the Naval Ocean 
Systems Center o f  San Diego. During the past two 
years we have become associated as par t ic ipants  i n  
General E l e c t r i c  Co. ' s  Marine Biomass Program, 
whi le remaining under separate DOE funding . Global 
Marine Development, Inc. (GMDI ) , a subcontractor t o  
G.E., designed and supervised construction o f  a 
novel modular substrate f o r  an experimental oceanic 
kelp farm. The novel structure consists o f  a cen- 
t r a l  spar buoy tha t  provides f l o t a t i o n  f o r  the 
system and houses machinery and instrumentation 
(Fig: 1). The spar buoy i s  held i n  a three-point 
mooring tha t  attaches t o  a swivel near the base. 
Jus t  above the swivel, s i x  poles pro jec t  outward i n  
a symnetrical pattern. Circumferential cables j o i n  
the outer sections o f  the poles and serve as sub- 
s t ra te  f o r  transplanted kelp. A PVC pipe, 25" I.D. 
and 1500 ft long, i s  suspended from the base o f  the 
spar buoy, below the swivel . Three diesel-powered 
pumps i n  the spar buoy draw up about 10,000 GPM of 
nut r ien t - r ich  water from 1500 ft depths and dis-  
perse i t near the surface t o  f e r t i l i z e  the kelp 
canopies. The system also requires deployment of 
a peripheral cur ta in  j u s t  beyond the kelp canopies 



Fig. 1 Diagram o f  Test Farm w i th  transplanted kelp i n  place. Str iped cy l inder  i n  
center i s  machinery buoy tha t  provides f l o ta t i on .  

t o  prevent a l l  bu t  the strongest currents from 
removing the deep water before the kelp has had an 
opportunity t o  accumulate the dissolved nutr ients.  
G K I 1  i ns ta l l ed  the buoy and associated components 
dur ing fa1 1 1978 near our 1 aboratory headquarters 
i n  water 1800 ft deep. Our research group was 
responsible f o r  t ransplant ing Macroc s t i s  t o  t h i s  A Tpst  Farm, monitoring i t s  con ton, an assessing 
biomass y ie lds  by p e r l d a l t a l l y  harevesting tho 
canopy. We are also studying oceanography of the 
deep water I n  the region o f  the Test Farm, t o  
provide background information r e l a t i n g  t o  char- 
acter and composition o f  t h i s  c r i t i c a l  component of 
the  experiment. 

Adul t  Macroc s t i s  p lants may be 100 o r  more f e e t  
long an T-+ welg several hundred pounds. Me could 
not  accomnodate such giants i n  the laboratory 
facilities avai lable t o  us, so we have been con- 
stra ined t o  work w i th  juven i le  p lants t h a t  are 
usually one t o  twelve inches long. Most o f  our 
n u t r i t i o n a l  studies involve holding such small 
p lants i n  about ten a l lons  o f  seawater medium, i n  
special ized aquaria f2]. Typical experiments 
involve per iod ic  determinations o f  wet weights o f  
the  plants as a measure o f  growth. Usually t e s t  
plants i n  seawater supplemented w i th  chemicals 
under study are compared t o  controls i n  unenriched 
seawater o r  i n  seawater enriched only w i th  a 

mininnun o f  elements (e.g. N and P) a t  standardized 
concentrations t o  ensure tha t  a t  leas t  some growth 
occurs. Most o f  the juven i le  p lants used i n  our 
experiments have come from loca l  natural papula- 
t ions  o r  from mater ia l  we have raised i n  culture. 
Qu i te  recent ly we have been fortunate i n  securing 
genet ical ly  uniform specimens raised f o r  us i n  the 
laboratory o f  Dr. Michael Neushul a t  the Universi ty 
o f  Ca I i fnrni  a. Santa Barbara. 

I n  another phase o f  our laboratory research, we 
have been attempting t o  cu l tu re  tlacrocystis 
gametophytes and small sporophytes i n  a completely 
defined a r t i f i c f a l  seawater named Aquil by the 
designers r3f .  A major advantage o f  using a com- 
p le te l y  defined medium such as AquSl is tha t  the 
spacloC5on of i t s  chemical compnnents can be Cal- 
cul  ated using the computer program REDEQLZ [a]. 
Free ion  concentratSons o f  t race metals are o f  
pa r t i cu la r  in teres t .  We prepare and use Aquil 
under scrupulously clean chemical condf t ions  t o  
avoid p o s s i b i l i t i e s  o f  contamination. 

ACCOMPLISHMENTS 

F ie ld  Studies 

We introduced 103 adu l t  Macrocysti s transplants 
the Test Farm during l a t e  November and ear ly  
December 1978. A number o f  unanticipated 



ional d i f f i cu l t i e s  developed with the Test 
quipment. For example, the protective cur- 

,,, ..as l o s t ,  so that  dwell time of the deep water 
~und the kei p canopies was. inadequate. Nitrogen 
i tents of canopy fronds were in the range of 2.5 
3.0 percent of the dry weight while the curtain 
; in place (usual values are  in the neighborhood 
1.0 to 1.5 percent). Consequently, we be1 ieve 

~t design of the system i s  sui table ,  since the 
~ n t s  were apparently able to accumulate nutrients 
)m the dispersed deep water. Unlike juvenile 
snts in enriched water in the laboratory, we 
:orded no growth stimulation among kelp fronds on 

Test Farm while the system was operating sa t i s -  
: tori ly.  Possibly adult t issues respond 
fferently to  nutrient  enhancement compared to  
~ e n i l e s .  The key to increased yields among adult  
~ n d s  may involve increasing the density of bio- 
;s in the water. Presumably higher concentra- 
Ins of nutrients would support higher biomass 
i s i t i e s .  The data, however, are s t i l l  few and 
:h more research must be conducted before con- 
~ s i o n s  can be drawn. Without the protective 
r ta in ,  storms and lack of nutrients led t o  com- 
? t e  losses of a l l  our transplants.  A replacement 
r tain i s  currently under design. We ant ic ipate  
r ther experimentation with Macrocystis trans- 
snts a f t e r  the new curtain i s  in place. 

welling processes occur seasonally in southern 
l i fo rn ia ,  bringing deep water toward the surface. 

Strong upwell i ng occurred locally in spring 1979. 
Probably t.his natural phenomcnon stimulated micro- 
scopic stages of Macrocystis tha t  developed on the 
Test Farm from spores l iberated by our transplants 
several months ea r l i e r .  We observed massive num- 
bers of juvenile plants on the solid structures of 
the Test Farm in April and May 1979. We are pre- 
sently monitoring these individuals to assess the i r  
fa tes .  Hopefully, the a r t i f i c i a l l y  upwelled deep 
water will encourage survival and growth of these 
recrui ts .  

Our oceanographic studies of deep water near the 
Test Farm have jus t  begun, so tha t  data are.  s t i l l  
sparse and do not yet  describe seasonal patterns. 
I t  i s  c lear ,  however, t ha t  conditions are complex, 
involving several water masses. 

Laboratory Studies 

Thus f a r  we have screened 21 di f ferent  substances 
for  potential as stimulators of kelp growth [5]. 
Very recently, one of us (James Kuwabara) success- 
fu l ly  carried cultures of microscopic stages of 
Macrocystis from se t t l ed  spores completely through 
the gametophytic phase to  embryonic sporophytes in 
a petri  dish culture.  Only nine elements were 
involved among the micronutrients used in formu- 
lat ing the successful medium (Table 1 ) .  All of the 
trace metals except Mn in t h i s  Aquil formulation 
were added a t  concentrations considerably above 

TABLE 1 

Nannomoles of nine micronutrients and of EDTA added to the completely defined 
a r t i f i c i a l  seawater Aquil t o  yield a medium that  sustained development by Macrocystis 
zoospores in petri  dish cultures completely through the gametophyte stage to  
embryonic sporophytes. 

Micronutri ent nM Free ion Major species 
used added conc. nM present and ( 2 )  

400 7x1 0-l1 FeEDTA ( 100) 

MnEDTA (65) 
MnClt ( 2 3 )  

cot2 40 0.04 CoEDTA (99) 

C U + ~  5 0.00002 CuEDTA (99) 

~ n + ~  250 0.1 ZnEDTA (100) 

6,000 0.00007 CaEDTA 
FeEDTA 



l e v e l s  repor ted  f o r  oceanic waters. The computed 
f r e e  i o n  concentrat ions,  however, were always low 
i n  Aqu i l  due t o  the  s t rong  complexing capac i t y  of 
t h e  c h e l a t i n g  agent used ( i  .e. EDTA). More than a 
hundred- fo ld  volume increase occurred from growth 
i n  some o f  these p lants ,  so i t  seems l i k e l y  t h a t  
any r e s i d u a l  elements c a r r i e d  i n  as components o f  
t h e  spores would be q u i t e  d i l u t e d  among the sporo- 
phytes i f  an element was n o t  a v a i l a b l e  from the 
medium. The c u l t u r e s  were run  f o r  o n l y  14 days. 
T h i s  span i s  q u i t e  s h o r t  f o r  complet ion o f  the  

gametophytic phase. I t  seems. u n l i k e l y  t h a t  any 
c r i t i c a l  element was l i m i t i n g  development i n  these 
cu l tu res .  I t  appears, ra ther ,  t h a t  the.micro-  
n u t r i e n t  l e v e l s  essen t ia l  f o r  gametophytic develop- 
ment were provided. These requirements may be 
s i m i l a r  f o r  the  sporophyte. 

Q u i t e  i n t e r e s t i n g l y ,  c r i t i c a l  elements such as N, 
P, and poss ib ly  Zn and Cu t h a t  may be scarce i n  
o f f shore  sur face water seem t o  be adequately abun- 
dant i n  deep water. Other elements t h a t  may occur 

. . TNOs - Control (surface water 
with N O 3 a n d  PO4) 

NO, Enrichment, then PO1 *--0 ('u'Ioc. *"I" 0"- 
riched 08,indicalod) 

Vert ical  lines indicate 95% confidence lntervola 

O6' ' " k '  ' ~ ' I ~ ' ~ ' ~ l ~ ~ ~ ' ~ ~ 0 '  ' . ' i s a - '  'do ' ,  , . ; s t ,  ' h:o'4":5a " '20 - ExDerlmentol P e ~ i ~ d  -- 
Preconditioning Postconditioning 

Days 

Fig. 2 .  Growth h i s t o r i e s  from groups o f  n ine  j u v e n i l e  Macrocyst is p lan ts ,  comparing 
growths by c o n t r o l s  t o  performances i n  unenri  ched, POq-suppl emented, and 
N03-supplemented sur face seawater. Concentrat ions used were 2 uM f o r  PO4 
30 uM f o r  NO3. 



,w concen t ra t i ons  i n  oceanic  deep water  
, Mn) a r e  p robab ly  p resen t  i n  q ~ l f f i c i e n t  
i t s  i n  su r face  water .  Consequently, app rop r i -  

~ t e  m ix tu res  o f  su r face  and deep water  appear t o  
: o n s t i t u t e  t h e  bes t  medium f o r  growth by 
l a c r o c y s t i s .  We s t i l l  need much more i n f o r m a t i o n ,  
iowever, on t r a c e  meta l  con ten ts  o f  deep water,  
) a r t i c u l a r l y  whether seasonal f l u c t u a t i o n s  occur  
~ n d  a v a i l a b i l i t i e s  o f  t h e  v a r i o u s  chemical  spec ies  
:o p l a n t s  such as Ftacrocyst is.  Trace meta l  con ten t  
~f su r face  water  near o u r  Tes t  Farm appears ade-. 
lua te  t o  suppor t  good growth a f t e r  i t  i s  supple- 
lented w i t h  N  and P  ( F i g .  2 ) .  But  t h e  s i t e  i s  o n l y  
'our m i l e s  f rom shore. I t seems p o s s i b l e  t h a t  
l a t e r  here  may be somewhat i n f l u e n c e d  by t h e  nearby 
: o n t i n e n t . .  A  d i f f e r e n t  f e r t i l i z i n g  s t r a t e g y  may be 
~eeded a t  a  s i t e  a  hundred o r  more m i l e s  f rom t h e  
:oast  where concen t ra t i ons  o f  elements such as Zn 
.nd Cu appear t o  be q u i t e  low i n  t h e  s u r f a c e  waters  
6,71. 

le a r e  p r e s e n t l y  i n v e s t i g a t i n g  r e l a t i o n s  between 
-uptake, growth, and l i g h t  i n t e n s i t y .  We have 
'ound t h a t  pho tosyn thes i s  among j u v e n i l e  
l a c r o c y s t i s  sporophytes f rom rope c u l t u r e s  grown i n  
lu r  c u l t u r e  r o  m s a t u r a t e s  i n  t h e  range 12,000 t o  S 5,000 ergs/cm /sec ( c o o l  w h i t e  f l u o r e s c e n t  l i g h t -  
ng) .  A  number o f  v a r i a b l e s  a f f e c t  n i t r o g e n  uptake 
nd metabol ism i n  Mac rocys t i s ,  and we a r e  hop ing t o  
ssemble s u f f i c i e n t  da ta  so t h a t  a  b a s i s  f o r  under- 
t a n d i n g  t h e  more impor tan t  r e l a t i o n s h i p s  i s  
chieved. 

UTURE PLANS 

u r  p lans  f o r - f u t u r e  work i n v o l v e  f o u r  ma jo r  areas 
f research:  c o n t i n u i n g  l a b o r a t o r y  s t u d i e s  o f  
u t r i t i o n a l  requ i rements  o f  ke lp ,  i n c l u d i n g  e x p e r i -  
e n t a t i o n  w i t h  comple te ly  d e f i n e d  media; l a b o r a t o r y  
t u d i e s  u s i n g  i n te rmed ia te -s i zed  k e l p  p l a n t s  i n  
arge tanks t o  s tudy  responses t o  n u t r i e n t - e n r i c h e d  
a t e r ;  c o n t i n u i n g  s t u d i e s  o f  f l u c t u a t i o r l s  by m ic ro -  
u t r i e n t s  i n  deep water  and causes t h e r e o f ;  and 
u r t h e r  s t u d i e s  u t i l i z i n g  t h e  Tes t  Farm s u b s t r a t e  
o  determine h a r v e s t  y i e l d s  f rom k e l p  p l a n t s  con- 
i n u a l l y  exposed t o  a r t i f i c i a l l y  upwel led water.  
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MEMBRANE PROCESSES OF SEPARATION AhTD CONCENTRATION IN BIOMASS 
HARVESTING, PRODUCTION AND REFINING 

Columbia University Harry P. Gregor, Professor 

BSTRACT 

ew developments in the application of 
embrane technologies to biomass produc- 
ion, harvesting and refining are sumar i- 
ed, including the use of ultrafiltration 
o harvest microscopic algae and single 
ell protein, to concentrate suspended and 
issolved solids in corn refining, and to 
emove and concentrate the constituents of 
eer and stillage resulting from the fer- 
entation of corn and molasses to ethanol. 
esearch activities involving the use of 
ew membranes for other biomass-related 
pplications are described and include: 
he use of alcohol-selective membrane per- 
eation systems for the removal of ethanol 
rom a recirculating beer; the use of com- 
arable water-selective membranes to en- 
ich distillates from 80% to 99.5% ethanol; 
he use of "tight" anion-selective electro- 
ialysis membranes to remove concentrated 
21 from acid-sugar mixtures to allow for 
he low-cost reuse and recycle of thata=id 
n the conversion of cellulose to sugars. 
ecause membrane systems consume 'little 
nergy and are highly efficient in effec- 
ing separation and concentration proces- 
es important in many phases of biomass 
xiversion systems, it is anticipated that 
heir applicability will prove significant 
n the overall effort. 

nis communication summarizes the work of 
ar laboratories relevant to the various 
issions of the Biomass Energy Systems 
rogrkm, Department,of Energy. Our labora- 
~ries have for several years emphasized 
esearch and development on the prepara- 
ion of new membranes, studies of their 
andamental properties and an examination 
C the .feasibility of membrane processes 
Dr a number of different industrial appli- 

A general review on membranes- 
embrane technologies summarizes the 
e of the art [l]. 

Membrane technologies have a unique place 
in the field of biomass production and re- 
fining because they are capable of carry- 
ing out sophisticated processes of concen- 
tration, separation and purification at 
minimal energy requirements. This is be- 
cause membrane devices can operate at 
practical rates while consuming only about 
3-4 times the thermodynamic, minimal ener- 
gy requirement. Conventional processes of 
distillation, as an example, require se- 
veral times that energy requirement. For 
example, the conventional quadruple effect 
evaporator (which delivers about 2.6-2.7 
plates), when used to dewater 1000 gallons 
(KG) of fermentation stillage consumes 
about $12 of fuel at today's prices. The 
additional costs for the device itself, 
labor, etc., is of the order of about$u.50/ 
KG. In contrast, we have shown [2] that 
membrane processes can effect the same 
separation at energy costs of about $0.50/ 
KG, with an additional cost for the de- 
vices and their operation of about $2.00/ 
KG. Because of high energy costs, new 
stills are coming into use, ones more effi- 
cient in their use of energy but more com- 
plex and expensive. The memhrane systems 
still appear to have an overall cost ad- 
vantage over distillation processes of 
about 2-3 fold at the present time, and 
this advantage should increase as fuel 
costs increase. 

Our programs have explored the application 
of membrane technologies to a wide range 
of food-related processes, including those 
of corn wet milling, sugar refining 
and soy processing, the operation of feed- 
lot and related facilities, and the fer- 
mentation industries' (acetic acid, ethanol), 
among others. Many of these applications 
are relevant to energy supply and produc- 
tion, and all of these help conserve signi- 
ficant amounts of process energy. For the 
past 15 years we have concentrated on the 
development of non-fouling membranes,as up 



t o  now the pr incipal  deterrent  t o  the wid& 
spread, low cost  u t i l i za t ion  of membranes 
has been fouling. We have developed a new 
kind of polymer formulation which can be 
applied a s  a coating o r  cas t  upon a porous 
support a s  a membrane; t h i s  formulation 
leads t o  a non-fouling material ,  one which 
has shown i t s e l f  t o  remain unaffected by 
process streams of natural  origin. We hase 
prepared membranes and surfaces i n  the 
following range of pore diameters: screens 
having openings of about 100 mesh o r  0.15 
rnm: microporous f i l t e r s  having pore diame- 
t e r s  of ahnut 0.1-0.3~; loose u l t r a f i l t r a -  
t i on  (UF)  membranes which separate high 
(>lo6 M )  from low (-3x10~ MW) proteins; 
t i g h t  UF membranes which pass small mole- 
cules  of. MW < 1000. 

Each of these systems has an important 
place i n  indus t r ia l  processing. Screens 
which can t r e a t  suspensions of coarse par- 
t i c l e s  a t  a very high f lux and low cos t  
w i l l  allow one t o  use sp i r a l  wound micro- 
f i l t e r s  and UF membranes, the only low 
cost  assembly which a l so  allows f o r  a 
su i tab le  cross-flaw. These microfi l ters  
could be used, i n  pr inciple ,  t o  remove and 
concentrate algae, bacter ia  and other m i -  
croorganisms, while the u l t ra - (or  nano- 
f i l t e r s )  remove, separate out and concen- 
t r a t e  proteins,  while a t  the same time 
preventing fouling of the f ine r  pore mem- 
branes of the e lec t rodia lys i s  ( aD) , r eve r~e  
osmosis (RO) and s imilar  types. The appro- 
ximate f lux of the latter systems a re  
given i n  Table 1. 

'I'able 1 FTLTnR, PIIGROPILTEB., DT-ITRAFILTER REVERSE OSMOSIS. SYSTEMS 

H-bond ing I 

urea, methanol . 
I I I 

ace t ic  acid i 
I I I . 

L O W  MW(< 1000.) i I I 
s a l t s ,  glucose I i a 

1 sucrose I I 

Dense 
RO 

none 

15 GPD 
-900 

LOW MW (104-lo5 
proteins 

LOW M W ( < l O O )  1 I I I 

RO 

. 
none 

15 GPD 
-400 

High ~ ~ ( 1 0 ~ - 1 0 ~ )  1 

proteins 1 I 

Tight 
U F  - . . . - . - - . - . .- . - .. 

1-2 nm 

25 GPD . 

-100 

~ i c r o p a r t i c l e s :  I I 1 
virus,  bacter ia  

I I i alga ( < 1 0 ~ )  
I I I 

Loose 
U F  

3-10 nm 

250 GPD 

Fine susp 
par t ic les  

susp solids -15 -100 

Micro- 
f i l t e r  
.l-.3nm 

5 GPM 

TYPe 

Opening 

solute,  Hyd Perm 

( i 150+) 
The attainment of the maximum flux fo r  a 
given separation is all-important i n  terms 
of costs;  i n  general, t o t a l  costs and f lux 
a r e  inversely proportional, other things 
being equal. A reasonable f lux and mem- 
brane l i f e  a r e  sine qua non fo r  prac t ica l  
membrane processes. 

Screen 

100 mesh 
.15 nun 

. . 

BIOMASS HARVESTING 

Finely divided, suspended so l id s  of an ad- 

I I ;I 
' herent nature ha-i;nally been 

d i f f i c u l t  and expensive t o  concentrate. 
This i s  par t icu lar ly  t rue  for  the micro- 
scopic algae having diameters of from 2- 
0 They are  the most rapid photosynthe- 
t i c  converters, but grow rapidly only t o  
the point when t h e i r  concentration i s  
about 100-200 m g / l ,  and they a r e  strongly 
adherent, rapidly blinding off the usual 
f i l t e r  and membrane systems. 
shown tha t  non-fouling sulfonic It acid has bd p 



-- membranes of the ultrafiltration (UF) substantial amounts of sewage sludge which 
are capable of harvesting each of a could be dewatered and thus become a prac- 
ety of fresh water and marine orga~i- tical biomass source. A salient example 
tested [ 3 ] .  Figure 1 shws results of the potency of membrane processes as 

,f typical dewatering processes carried applied to biomass harvesting can be found 
but at the laboratory scale with UF mem- in a recent study of Gregor and Lee [ 2 ]  on 
lranes of two different, high fluxes. . At the treatment of feedlot fermenter efflu- 
:he present time we are engaged in making ents. It has been shown by several inves- 
:mall modules incorporating loose UF mem- tigators, particularly Hashimoto et a1. [5 1, 
rranes and microfilters for field testing that when feedlot wastes are fermented for 
41 5-9 days the process converts most of the 

nitrogenous material present into single 
kmbranes useful for algal concentration cell protein, with methane as a byproduct. 
ust pass all dissolved solutes including This single cell protein is an excellent 
>ro tef ns , but collect all suspended solids animal feed, but ordinary centrifugation 
.ncluding bacteria, viral bodies andalgae; is too expensive and recovers only 20% of 
:hey must also show high fluxes because of that available. Our studies have shown 
:he stringent economic consideraticns that feedlot digester effluents can be 
rhich obtain. We have estimated that the treated by membrane systems as follows: 
:ost of a large scale algal harvesting 
rocess of this kind can be about 5 c / K G .  

0 I I I 1 d 7 n 00 60 B u rdo 
% Water Recovery 

Fig. 2 UF of Scenedesmus (6x19~) and 
Solenastrum (6x6~) from-115 mg/l to 
3.9 and 0.94% TS respectively, at 50 psi 
in laboratory cell [3] . 

Processes having these kinds of capabili- 
:ies and costs can be competitive with the 
:oagulation-flocculation systems used in 
~iological treatment processes, sewage 
treatment and the like, with widespread 
spplications to several biomass harvesting 
systems. For example, they could be used 
to process and concentrate starch result- 
ing from the processing of potatoes and 
e wet milling of corn. There are also b .  

first by screens to remove gross particu- 
lates, and then by ultrafiltration to re- 
move all dissolved constituents of W<1000 
(containing ammonium salts among others), 
while producing a concentrate of about 17% 
total solids for direct refeeding. The 
salts in the permeate can be used directly 
as fertilizer, with or without concentra- 
tion by RO. This study showed that all of 
these processes could be carried out at 
reasonable fluxes, and that no fouling of 
the RO membranes was observed once the pre 
UF process (operating at about 20 GFD) had 
taken place. 

The economic advantages of this membrane- 
controlled process are impressive. For a 
10,000 cattle feedlot producing about 200 
K GPD of effluent, the total daily process 
costs for screening, UF and RO was estima- 
ted at current prices for investment,labor 
power, etc. at about $330, the value of 
the methane recovered about $540 and the 
cost of the fermentation process itself 
(exclusive Of the membrane process) at 
approximately $270. Thus, the value of 
the methane produced does not substantiay 
offset the cost of the fermentation. How- 
ever, the byproduct refeed credit was esti- 
mated to be about $6000; this makes this a 
process which could approximately double 
the profitability of feedlots. 

These studies also showed that these di- 
gester effluents which foul conventional 
membranes in short order could be ultra- 
filtered adequately by the non-foulingsul- 
fonic acid UF membranes, and once this had 
been accomplished, that the other membrane 
processes of RO and ED, each of which is 
highly susceptible to membrane fouling, 



could be carried out without any evidence 
of that phenomenon. 

Comparable studies on biomass harvesting 
were carried out under the sponsorship of 
the Corn Refiners Association on the two 
major process streams of the corn wet mill- 
ing industry, namely high solubles process 
water and oxidized starch filtrate. The 
former is a process stream of about 3% to- 
tal solids containing substantial amounts 
of finely divided sus-pended matter, dena- 
tured protein and the like; the oxidized 
starch filtrate contains w e r  1% susp. so- 
lids as finely divided starch granules, 
notorious for membrane fouling. In every 
case tested the former could be treated by 
non-fouling UF up to 99% water recovery, 
the latter up to 980k water recovery with a 
high level of solids concentration; their 
permeates could be further concentrated 
RO or the salts and other electrolytes re- 
moved by ED without problem [2]. An e c o m  
mic analysis shows that in a conventional 
plant producing about 280 K GPD of high 
solubles process water, the total membrane 
treatment including RO would cost about 
$700 per day as contrasted with about $3000 
per day for the fuel alone for evaporative 
processes; the byproduct credit (as animal 
feed) here was about $3000. 

B IOrnSS REFINING 

Membranes have manifold applications in the 
refining of biomass. Certain of the more 
salient areas of application which are un- 
der study in our laboratories are described 

The processes of fermentation as carried 
out in the conventional manner involve 
feeding the appropriate amount and concen- 
tration of feedstock into the fermenter and 
allowing the fermentation process to take 
place until the point of maximum conver- 
sion and concentration of the product, at 
which point product inhibition of the orga- 
nism makes the process stop. Then the fer- 
menter contents or beer is refined to re- 
move the final product and concentrate the 
byproducts as stillage. -While continuous 
or semi-continuous fermentation processes 
have been described frequently in the li- 
terature, none of these has as yet been 
adopted. 

Our approach to the problem has been to em- 
ploy membrane ultrafiltration (using mem- 
branes selectively permeable to solutes of 

molecular weight 41000) to remove the pro- 
ducts of fermentation, while in the concer 
trate stream the suspended solids and call 
are recycled or wasted. Our earlier stu- 
dies were on the fermentation of glucose 
to methane and the organic acids [6] ; more 
recently we have concentrated on the fer- 
mentation of glucose and other sugars to 
acetic acid. Figure 2 is a schematic of 
the general system employed, with the ion- 
ic products converted by water-splitting 
(WS) into their constituent acids and 
bases, where solvent extraction (SE) mem- 
branes remove the organic acids as their 
salts and RO concentrates the final pro- 
ducts. We have achieved rates of conver- 
sion very much higher than those attained 
heretofore, at the same time obtaining 
high concentrations of products [7]. 

Under IJUE-ANL sponsu~slliy we are applying 
similar techniques to the fermentation of 
sewage sludge for the general purposes of 
its environmentally acceptable disposal 
and the production of organic acids, ammo- 
nia, methane and fertilizer [8] . 
When applied to the fermentation of sugars 
to ethanol by yeasts, the ultrafiltration 
process could reduce the time of fermenta- 
tion by a factor of 2-3 by maintaining the 
concentration of alcohol in the product 
stream at not greater than 6%, a level at 
which little product inhibition is present 
A semi-continuous fermentation could be 
carried out where periodically the process 
is terminated to minimize problems associ- 
ated with foreign orga'nisms. 

We have carried out a series of laboratory 
studies on the membrane treatment of beer 
and stillage resulting from the fementa- 
tiorl of dortr arid rnolas~e~ to ebhonol. Both 
corn and molasses stillage could betreated 
effectively by UF, followed directly by RO 
in the case of corn stillage and with sub- 
sequent evaporation to raise the concen- 
trate to 50% total solids, at which point 
the dissolved and suspended solids are 
suitabie fox use as animal keed. k'or aorn 
stillage the total membrane process and 
evaporator fuel costs amounted to $3.53/KG; 
when evaporation alone is used, the fuel 
cost for the evaporator is approximately 
$12/KG. The byproduct credit for the 
animal feed a m o w  to about $20/K~. In tht 
case of molasses stillage which is high in 
ash and thus unsuitable for animal feed 
when subjected to conventional 
processes, ED was employed following th 
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Fig. 2 Membrane-controlled fermentation process employing ultrafiltration to concentrate 
the feed and to remove cells and products from the fermenter, a water-splitting (WS-ED) 
process to convert all salts into acids and bases, and a solvent membrane extraction 
system to recover organic acids (as their salts) from the produst stream [7]. 

step; no membrane fouling was encountered 
and a feed credit of $32fK~ could be reali- 
zed where none was available before; the 
total process cost here would be approxi- 
mately $3.50/KG. 

Subsequent experiments showed that fermen- 
ter beer itself could be equally well 
-treated by UF to remove all protein and 
suspended solids, producing the ,animal 
feed concentrate directly: the clear per- 
meate was passed directly into a beer still 
where it could be evaporated at relatively 
low fuel costs. The stillage in this case 
(from corn) was found to be largely a m i x -  
-ture of 1actic.acid and its salts at the 
21,000 mg/l COD level, suitable for furth- 
er concentration by ED, if so desired. 

NEW REFINING PROCESSES 

We have currently under development two 
new systems of the membrane permeation ( M e )  
type. These contain membranes selectively 
permeable to one o f  two solvents present 
and are im-permeable to most if not all of 
the other dissolved solutes present. MP 
processes are driven by imposing a vapor 
pressure gradient across the membrane, in 
effect distilling across it. We have .con- 
ntrated u-oon G o  new kinds of membrane Q 

permeation systems, one selectively per- 
meable to ethanol in the presence of water 
at low ethanol concentrations, the other 
selectively permeable to water in the pre- 
sence of ethanol at high ethanol concen- 
trations. 

At the present time many organizations de- 
sire to enter the field of biomass conver- 
sion to make ethanol, using as feeds such 
diverse materials as corn, juice concen- 
trates from cane, beet or sorghum, cull 
potatoes, etc. They plan to purchase con- 
ventional fermenters, beer stills and eva- 
porators, and plan to improve and expand 
their plant capacities and capabilities as 
new technologies become available. Our 
program is designed to make available "ad& 
on" membrane devices to achieve these ends. 
The flaw diagram for the system we envision 
is shown in Fig. 3. First, one adds UF to 
the fermenter to treat the beer prior to 
the beer still, and also installs ED 
(where needed) and RO capacity to reduce 
the energy requirements of evaporation. 
The UF system will subsequently be emploqed 
to allow for the recycle of all low mole- 
cular weight solutes and products so as to 
increase fermenter capacity. We have al- 
ready achieved some success in removing 
ethanol from the UF permeate at the 6% le- 
vel and raising it to the 12% level in the 
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Fig. 3 Membrane-controlled fermentation of sugars to ethanol. 

MP permeate, but fluxes are not yet at the 
desirable levels. If other organisms are 
employed which show ethanol inhibition at 
the 2% ethanol level, we expect to have MP 
systems to raise ethanol from that concen- 
tration to at least 6-8"k in the MP perme- 
ate. 

It has already been shown that distilla- 
tian of fhe ethanol-water system from 6-807 
ethanol to about the 75-80% level can be 
achieved at low cost both in terms of en- 
gy and equi-pment, but distillation to the 
azeotrope at 95% and further dehydrationto 
gasohol (99.5%) are relatively expensive 
and energy-consuming. The conventional RO 
membranes, being selectively permeable to 
water as opposed to other solutes, can be 
used in the MP processes to reach and 
break the azeotro-pe, but their selectivi- 
ties are relatively low as are their flu- 
xes. We are making membranes specifically 
designed for the task, and expect to be 
able to lower both energy and investment 
costs for "he dehydration process. The 
complete system shown in Fig. 3 should al- 
low for the reduction in process costs 
from the present value of 60-70C/gal [9] Lo 
about 15C /gal. 

Fie have also been turning our attention to 
the conversion of cellulose into sugars. 
Of particular interest in our program is 

the Bergius process [lo] for wood hydroly- 
sis, based upon the classical studies of 
~illstatter who showed that 35% hydrochlo- 
ric acid dissolved hemicellulose into pen- 
tane sugars rapidly at room temperature 
and made the structure porous, so when 
followed by 41% HC1 the hexose sugars (as 
oligomers) became soluble. The Bergius 
process was o-perated at several large 
plants between the two World Wars, and 
subsequentlft was abanrlorled because of the 
high cost of separating the acid and su- 
gar components of the digestion liquors. 
Much of the acid could be removed by 
flash evaporation, but the remainder (ap- 
proximately 24%) defied a convenient and 
inexpensive separation from the 40% su- 
gars. This separation should be able to 
be accomplished now by the use of extreme- 
ly "tight" ED membranes capable of remov- 
iug the 249136 IICl from thc reaofion and con- 
centrating it to at least 35% EIC1. Earli- 
er studies on the ED concentration of sul- 
furic acid from sulfuric acid-water mix- 
tures [ll] showed that extremely tight ED 
membranes could accoi~~plish this kind of 
separation for hydrochloric acid but not 
for sulfuric acid S e ~ a u s o  of the re.7-a.tive 
sizes of the bisulfate and chloride anions 
compared to that of the hydrogen ion. 

We are also studying the use of enzyme- 
couple6 vF membranes 1121 and affinity- 



~rption membranes [la] for the production 
- ~urification of the cellulase and cel- 
Ise enzymes and their utilization in 
:onvcrsion of cellulose inLo ylucuse. 

_ ..~s already been demonstrated that en- 
pe-coupled E.co1i galactosidase UF reac- 
Drs are highly efficient for the conver- 
ion of lactose into glucose; it is antici- 
lted that a comparable cellobiase reactor 
~uld serve for the conversion of cellobi- 
3e. An ultrafiltration-assisted sacchari- 
ication process is under study employing 
le new Rut 3C-30 strain of Trichoderma 
?esei, with cellulose fed to the organism 
I a growth and hydrolysis reactor where 
removes the cellobiose and glucose in 

le permeate and cells and enzymes in the 
ncentrate. The cells are filtered off 
ld the extracellular enzymes fed into a 
iccharification reactor (at 50°c) to pro- 
Ice glucose in the permeate [14]. 

le latter studies which involve the esta- 
Lishment of the feasibility of treating 
?er and stillage by UF,RO,ED and MP sys- 
Zms, the dehydration of distillates by MP, 
ie separation of acid-sugar mixtures and 
ie use of membranes to facilitate cellu- 
ise action are being supported, in part, 
7 a new DOE-SERI program [15]. 

LOMASS PRODUCTION 

Zmbrane technologies will play an impor- 
~ n t  role in most biomass production sys- 
?ms because they allow for the complete 
rcycle of all dissolved salts and nutri-. 
its. In alcohol production from corn or 
)lasses, as an example, all of the inorga- 
.c nutrients remain in the stillage con- 
rntrates at concentrations which make 
leir return to the local soil convenient. 
le same. applies to the,convers%gn of wood 
ito ethanol, by either the acid or enzy- 
 tic digestion process. Since most bio- 
LSS conversion systems are by their nature 
.te-specific, the local distribution of 
rrtilizer values is convenient. 

rveral studies, particularly those by 
3ldman [16], have shown clearly that if 
irge scale biomass production is to become 
reality, the amounts of fertilizer re- 
iired will exceed Ulat now produced in the 
~ited States by one or two orders of mag- 
itude, aside from unacceptable cost consi- 
?rations. The availability of low-cost 
artilizer is of particular importance in 
iomass production by silviculture and 

marginally productive lands. If thin 

soil such as is present in rain forest 
areas is to be utilized, closed-cycle, fer- 
tilizer-return systems are necessary. 
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INCREASING '?'HE BIOK4SS PRODUCTION OF SHORT ROTATION COPPICE FORESTS 

Klaus Steinbeck 

Associate Professor, School of Forest Resources 
University of Georgia, Athens, Georgia 30602 

I overview of the research project supported by 
mtract #EG-77-S-09-1015 between the U.S. 
?partment of Energy and the University of Georgia 
j presented. The objective of this project is to 
~aluate various ways of increasing the biomass 
.elds from short-rotation coppice forests estab- 
.shed for energy production. To this end several 
irdwood species are being evaluated for their 
)tential as biomass producers and growth responses 
) weed control, mechanical cultivation, fertili- 
ition and irrigation determined. Desirable prove- 
knces and individuals of candidate species are 
ilectcd and tissue culture techniques for mass 
.oning are being developed. 

ro 16 hectare plantations have been established on 
rntrasting sites with soils that may be available 
tr short-rotation forestry. Platanus occiden- 
G, Liquidambar styraciflua, Ainus glutinosa and 
~binia pseudoacacia were planted in early 1978 and 
179 either inpure stands or in mixtures of 
.atanus or Liquidambar with one of the other two' 
~ecies, which are nitrogen fixers. The growth, 
kergy input-output and nutrient status of these 
.antations is monitored. First seedling harvests 
.e expected in 1981 and coppice rotations will 
ten be initiated. 

iis paper presents an overview of the 
~ort-rotation research supported by contract 
:G77-S-09-1015 between the U.S .  nepartmant of 
lergy and the University of Georgia. This con- 
.act became effective on 16 June, 1977. 

iJECTIVE AND APPROACH 

le ~bjective of this project is to evaluate 
lrious ways of increasing the biomass yields from 
~ort-rotation coppice forests established f ~ r  
t e L  yy yroduCtion. The major approaches to meeting 
 is objective involve: 

.) Species Screening. Several hardwood species 
 enable to short-rotation forestry are being 
.anted. Species are being selected on the basis 
' their juvenile growth rates, their capacity to 
.educe vigorous stump sprouts, their resistance to 

and wildlife damage and their adaptedness to 
ation management. 

(2) Cultural Treatments. Growth responses to 
cultivation, mechanical and chemical weed control, 
fertilization and irrigation are being evaluted. 
This involves the establishment of test planta- 
tions on soils in Georgia which might be availa- 
ble for energy-and fiber production and data col- 
lection over at least a five-year period. 

(3) Genetic Improvement. Superior individuals 
and provenances of the most promising species will 
be selected and propagated. Selection will be 
based on biomass production rates, adaptability to 
a variety of sites, pest resistance and ease of 
multiplication. Tissue culture techniques for 
hardwoods are being developed with a view towards 
practical systems of mass cloning as well as rapid 
screening of the growth potential of clones. 

(4) Speciesllixtures. The energy input-output bal- 
ance of plantations might be improved with reduced 
fertilizer inputs. Therefore, the biomass pro- 
duction of nitrogen fixing, woody species grown 
either in pure or.mixed stands is being 
determined. 

(5) Ecological Assessment. The test plantations 
offer an opportunity to compare the susceptibility 
of pure and mixed stands to pests. No formal 
treatments are planned in this regard and compari- 
sons will only become possible where the appor- 
tuniry arises naturally. Changes in soil fer- 
tility and organic matter status under pure and 
mixed stands, however, will be followed in a sys- 
tematic fashion. 

PROGRESS 

The focal point of this project are two 16 hectare 
plantatiulls in which American sycamore (Platanus 
occidentalis), sweetgum (Liquidambar styraciflua), 
European black alder (e glutinosa) and black 
locust (Robinia pseudoacacia) were planted in pure 
and mixed plots (Fig. 1). 

Both plantations were established on soils which 
might be available for short-rotation forestry. 
One of them is located in the Piedmont province of 
Georgia (Putnam County) on soils in the Cecil 
series with a small portion in the closely related 
Davidsull series. tloth of these soils series are 



wfdely distributed in the Piedmont. Soil texture 
ranges from clay loam to sandy clay in the A and B 
horizons. Slopes range from 2 to 15 percent and 
are generally around 5 percent. 

The second plantation is located in the eastern 
part of the Middle Coastal Plain and close.to the 
Atlantic Coastal Flatwoods Region of Georgia 
(Tattnall County). The soils on this site probably 
are mostly in the Stilson series. They are moder- 
ately well drained, low to moderate in natural fer- 
tility and acid throughout. They are of loamy sand 
texture and the site is essentially flat. 

P1anti.ng ~f seedlings.commenced in January, 1978 
but lack of commercially available seedlings pre- 
vented completion. Therefore, approximately half 
of both plantations were. not planted until early 
1979. There was considerable variation among 
species in seedling size at planting (Table 1). 
Sycamore and alderwere taller in both years than 
sweetgum and locust. Planting speed of a single 
row, modified wildland planter drawn by a Case 850 
crawler averaged about 900 seedlings per hour at a 
1.3 x 2.4 m spacing. This included turn around 
time, seedling loading, and breakdowns. Sometimes 
the Coastal Plain site became so wet that machine 
travel was impossible. Under such adverse con- 
ditions hand planting rates averaged about 500 
seedlings per man day. 

TABLE 1. HEIGHTS AND ROOT COLLAR DIAMETERS OF 
SEEDLINGS AT PLANTING - 

Species Plantirig 
Season Sycamore Sweetgum Alder Locust 

tit. Dia. Ht. Ma. Ht, Dia. Ht. Dia. 

Fertilization on both sites was deldyed until the 
summer after planting so that the seedlings had a 
chance to develop a root-system and could therefore 
utllize the zipplied nutrients better. In July 
1918 ,  '100 kp/lw I-,f 10-10-10 f~rri.lizer was banded 
in 90 cm wlde strips over the seedling row8. This 
was followed in September with a banded topdressing 
of 135 kg of elemental nitrogen per hectare in the 
Piedmont and 90 kg of elemental phosphorus per 
hectare in the Coastal Plain. This topdressing was 
applied to half-plots (Fig. 1 shows topdressed 
half-plots in piedmont). 

The two piantations posed contrasting weed control 
problems which were in large part due to the dif- 
ference in :he past land use of the two areas. The 
Piedmont site had supported a fully stocked stand 
of an upland pine-hardwood mixture in which 30- and 
60-year age classes predominated. Weed competition 

in the new plantation was not severe and consistec 
mainly of sprouts from hardwood roots not removed 
during site preparation, vines of grcenbriar 
(Smilax sp) and passion flower (Passiflora 
incarnata), scattered individuals of poke weed 
(Phytolacca americana) and beggar ticks (Desmodium 
sp). Weeds were controlled on this site by single 
pass, between row harrowing on two occasions dur- 
ing the growing season and some hand-hoeing within 
the rows. 

The Coastal Plain site, on the other hand, was an 
old soybean field and an abandoned Christmas tree 
plantation in the past. The weed community was 
much more herbaceous than on the Piedmont site. 
Numerous species grew, the most competitive among 
them were Johnson grass (Su~pllum halopenoe) , 
Bermuda grass (Cvnodon dactylon), nutgrass 
(Cypcruls roti~ndlls) and ragweed. Control attempts 
included mowing between the rows on two dates aid 
rototilling, also on two occasions. Handspraying 
of the heaviest grass infestations with Roundup 
(Tradel~dlur of Monsanto Ch~.mical, Co., active in- 
gredient an isopropylamine salt of glyphosphate) 
controlled the grasses well but also proved fatal 
to the trees, even though the spray had been 
directed away from them. The growth of ragweed 
became so rank that locating the trees from the 
tractor seat became impossible and control 
attempts were abandoned after early August. 

In 1979, Princep (Trademark of CIBA - GEIGY, active 
ingredient simazine, 2-chloro-4,6 bis (ethy1amino)- 
s-triazene) was broadcast sprayed over the Coastal 
Plain site and over the 1979 planted portion of the 
Piedmont site. This pre-emergence herbicide was 
applied as the buds of the seedlings began to 
swell at the rate of 4.0 kg/ha of active ingredi- 
ent (n.i.) in the Coastal Plain and 3.7 kg/ha a.i. 
in the Piedmont. Some seedlings, especially black 
locust, showed herbicide damage (leaf scorch) but 
few (lcss than 1'% overall) srcre killeti. As of May 
1979 the simazine trearnu~!~ ia still a f f w r f v ~ .  a ~ l d  
may continue to last into July or August, dependinj 
on the weather. 

A portion of the Piedmont plantation (Fig. 1) was 
iiirlgacr~l w l L l i  n oolf-prnp~lled water cannon durii~l 
the droughty summer of 1975. An average of 2.5 cm 
water was applied on each of 10 different dates. 
This first year irrigation resulted in small heighl 
and diameter growth increases, but did not affect 
survival in any consistent way (Table 2, end of 
text). The Coastal Plain site was not irrigated 
because the, water holding pond dried up. 

Black locust grew from the smallest tree at plant- 
ing (Table 1) to the largest at the end of the 
first season (Table 2). All species grew less in 
the Coastal Plain, this was in part due to the 
severe weed competition and also partly to site 
differences. Only half of the European alders 
survived after the first growing season in the 
Coastal Plain. 

The energy input-output balance is of critical 
portance for any biomass for energy project. 

tion and cultural operations are recorded and 
a this project direct energy inputs for site prepa 



e 3 (end of text) lists some diesel fuel in- 
in our cultural operations. These figures 

uld be regarded as a very rough approximation 1 
cause they originate from two small scale opera- 
.ons with not necessarily optimum equipment sizes. 
.anting consumed the highest quantity of diesel 
lel and the 11 liter/ha difference between the 
ro sites reflects soil texture (sandy clay vs. 
lamy sand) and slope (2 to 15% vs. flat) differ- 
ices. The same equipment and crew planted both 
.tes. If one assumed a first year cultural 
.hedule of planting, one fertilization, one her- 
.cide spray and two single pass harrowings as 
masonable, a direct 62 diesel fuel input to drive 
ie machinery during these operations of SO 
terslha on heavy soils and 40 literalha on light 
~xtured soils may serve as a first approximation. 
rigation expenditures should be less dependent 
. soil texture, but were high at nearly 33 
.terslha used to a&ly 25 cm of water. These 
lergy inputs will decrease to near zero in the 
llowing seasons until harvest. 

. the genetic improvement program, seedlots of 
erican sycamore were collected from various 
ands in Georgia in order to identify provenances 
th desirable characteristica, 

iq tissue culture techniques, root and bud 
fferentiation of several hardwood species was 
tained. Plantlets of sweetgum and black locust 
ve been grown. However, the use of solid media 
. single culture tubes restricted the number of 
plants that could be handled at one time. There- 
re the feasibility of mass cloning in liquid 
.lture to bring about controlled differentiation 
nusterous intact plants in single containers is 
ing investigated. 

TUN3 PLANS 

restry research involves long lived organiems 
d therefore requires time. In 1981 the fir~t 
xvest will take place and the coppice rotations 
11 be initiated. The yields from this harvest 
11 not be as high as thoae that can be expected 
om subaequont cop pic^. The growth ronpoaooe and 
rrient status of the plantations will continue 
be monitored and additional species screening 
ials will be e~tabliehed on various sites, The 
arch for superior genetic material in promising 
ndidate species w i l l  be extended and their maes 
oning techniques developed. In 1981,we hope to 
tablish an outplanting with plantlets produced in 
ssue culture. The energy input-output of short 
tation forests, the effects of harvesting at 
rious seasoas of the year on subsequent sprout 
owth and the storage properties of harvested 
serial all are ui lnLrreut. 





TABLE 2. AVERAGE HEIGHTS AND DIAMETERS OF THE TREES 
A 1  I H E  END UF THE FIRST GROWIIqG SEASON 

Species 

Sycamore Sweet gum Alder Locust Site 
Sur. Ht. Dia.- Sur. Ht. Dia. Sur. Ht. Dia. Sur. Ht. Dia. 

Piedmont 

Irrigated . 80 133 2.0 . 77 59 0.9 84 76 1.2 8 4  2 2 1  2.7 

Coastal Plain 

L1~urvival in percent, heights and diameters (15 cm above groundline) in cm. 

TABLE 3. DIRECT FUEL EXPENDITURES FOR CULTURAL OPERATIONS 
DURING THE INITIAL GROWING SEASON (1978) 

Operation 
(Equipment Used) 

Number of Site 
timesfyr Piedmont Coastal'Plain 

Planting 
(Case 850 crawler, single row planter) 

Total liters of 1 2  diesellha 

Fertilizer spreading 
(70 SAE hp tractor, modified spinner) 2  7.3 7.1 

Mowing 
I 

(70 SAE hp tractor, 6' rotary cutter) 

Rototilling 
(70 SAE hp tractor, 6' wide tiller) 

Harrowing 
(GO SAE hp tractor, light harrow) 

Irrigation - 2 . 5  cm H20/application 
(Pump driven by, 70 SAE hp motor) 

11 Herbicide 
(70 SAE hp. tractor, 30' boom) 

- - - - - - - - - 

"Herbicide was sprayed in second season (1979). 





FUELS FROM MICROALGAE 

John R.  Benemann 
Sanitary Engineering Research Laboratory 

University of California, Berkeley 
Berkeley, California 94720 

BSTRACT 

wo microalgal systems fo r  the production of fuels 
e re  studied: methane fermentations of sewage- 
rown mi croal gal biomass and biophotolysis, 
s ing bl ue-green a1 gae. A1 though mi croal gal 
onds have been used in wastewater treatment fo r  
everal decades, the high cost  of harvesting micro- 
lgae i s  l imiting the applications of sewage oxi- 
ation ponds. A novel, low-cost process fo r  micro- 
1 gal harvesting, based on bioflocculation in a 
atch se t t l i ng  pond, has been demonstrated over the 
a s t  year a t  the p i lo t  quarter-acre (0.1 hectare) 
cale using a shallow, paddle wheel-mixed pond. I t  
ppears that  such a process can meet both the re- 
uirements of wastewater treatment, t ha t  i s ,  an 
verage 85% removal of suspended algal solids and 
f low-cost mi croal gal biomass production. The 
?y technical problems In designing large-scale 
icroal gal biomass systems fo r  fuels-chemicals pro- 
~ c t i o n  are discussed. The production of hydrogen 
rom water by ni trogen-fixi ng heterocystous blue- 
reen algae has been demonstrated in both the labora- 
Iry and with an outdoor converter; the re la t ive  
jvantages of a l ternat ive  biophotosynthesis systems 
*e considered. 

JTRODUCT ION 

ie f i r s t  report. t ha t  blue-green a1 gae produce 
fdrogen dates to  the end of the l a s t  Century (1) .  . 
icroalgal cult ivation fo r  the production of methane 
iel was f i r s t  suggested over twenty-five years 
go (2) .  Thus, l i ke  most ideas in the fuels from 
.omass area, the use of microalgae fo r  solar  
iergy conversion i s  not a new one. Indeed, an 
cperimental demonstration and conceptual analysis 

an algal-methane system was carried out twenty 
!ars ago by Oswald and Golueke (3,4) in the f i r s t  
! tai led presentation of an "energy farming" 
-0posa1. Work on the production of fuels from 
croalgae was resumed i n  the mid-1970's (5-8), 
lder N.S.F., E .R .D .A ,  and D.O.E.  sponsorship,by 
*ofessor Oswald and the author and ass is ted  by a 
~mber of graduate students. Last year ' s  pre- 
,ntation a t  t h i s  meeting reviews the progress up 
I then (9 ) .  The key objective of t h i s  research 
s to  develop microalgal systems fo r  fuel and 
r t i l i z e r  production, integrated with wastewater 
~eatment. Such a system would have near-term 
plications.  Longer-term applications of micro- 
gae in photosynthetic hydrogen production-- 
iophotolysis" (10 , l l )  and 1 arge-scale production 
fuels  and chemicals (12)--were a lso  pursued by 

i s  research group. A br ief  update of recent 
a s s  i s  presented, based on data reported 

during the past year (13,14,15). The key technical 
problems in  mi croal gal biomass-fuel production are 
discussed, based on a recent assessment by the 
author (16). 

HARVESTING SEWAGE-GROWN MICROALGAL BIOMASS 

The objective of the research in microalgal biomass 
production was to  demonstrate maximum, sustainable 
productivit ies and low-cost harvesting technology 
with pi 1 o t  quarter-acre scale (0.1 hectare) ponds. 
Prior research (5,7) used small, shallow, paddle- 
wheel -mixed, sewage-fed a1 gal ponds t o  t e s t  micro- 
s t r a ine r s  ( f ine  mesh, rotat ing screens with back- 
wash) as a harvesting technology fo r  the micro- 
algae. The objective had been to  es tabl ish  which 
pond operating parameters would r e su l t  in the 
establishment of large colonial microal gal popul a- 
t ions tha t  were readily harvested by 26 vm opening 
screens, selected as the most ef fec t ive  mesh size.  
The resul t  of t h i s  research demonstrated , t ha t  the 
pond operations--primarily long detention times-- 
which resulted in microstrainable algal populations 
a lso  resulted in low biomass productivi t i e s .  
Also, the small-scale ponds used in most experi- 
ments, 3 t o  10 mZ in s i ze ,  proved to  be highly 
susceptible to  zooplankton predation and, thus, 
resulted in unstable cultures.  Such instabi  1 i t i e s  
appeared t o  be less  frequent in the large-scale 
two-thirds acre (0.25 hectare) pond operated a t  
the same time. A detailed cost  analysis of micro- 
s t r a ine r  harvesting revealed tha t ,  even i f  the 
problems of culture ins t ab i l i t y  and low pro- 
ductivi t y  could be overcome, i t  would s t i l l  be too 
expensive f o r  low-cost mi croal gal biomass production 
in absence of wastewater treatment credi ts .  

For these reseasons the research e f f o r t  was 
redirected to  developing a simple biofloccul ation- 
s e t t l i n g  process using a 2-day detention time, 
batch-isolation pond, which was demonstrably of 
low eno,ugh cost t o  a1 low inexpensive microal gal 
biomass production (12). Prior work on a longer 
(2 week) isolation pond process fo r  microalgal 
removal from conventional (deep, unmixed) sewage 
oxidation ponds had. indicated tha t  ef f luents  from 
"high-rate" (shallow, mi xed) ponds would flocculate 
and s e t t l e  very rapidly (17). Experiments with 
small (10 m2) ponds demonstrated a rapid, spon- 
taneous flocculation and se t t l i ng  of microal gae, 
with removal ef f ic iencies  above 95% (on a chloro- 
phyll basis)  a f t e r  one day in a one- l i te r  Imhoff 
cone. Removal ef f ic iencies  were affected by 
detention times, with short detention times 



correlat ing with poor s e t t l i n g  (14). Nevertheless, 
the detention times required for  obtaining good 
removal by s e t t l i n g  s t i l l  gave f a i r l y  high pro- 
duct iv i t ies .  Indeed, in the s u r m r  and f a l l  
achieve'ment of good floccul at ion-sett l  ing did not 
appear to  require a s igni f icant  compromise with 
productivity. 

To avoid the  above-discussed problems of culture 
ins t ab i l i t y  in small-scale ponds, subsequent to 
August 1978, a l l  experiments were carried out with 
two 0.1 hectare paddle wheel -mixed ponds. These 
have been operated since tha t  time under varying 
conditions of detention time, depth, and mixing 
speed to es tabl ish  the optimal conditions to 
achieve both a readily f locculating culture and 
high biomass productivity. Results obtained with 
one of the 0.1-hectare ponds during September- 
October 1978 are shown in Table 1. A very high 
degree of algal removal was observed, even though 
a low detention time was used and a re la t ive ly  
high productivi t was achieved (13). The observa- 
t ions with a 24- i r Imhoff cone s e t t l i n g  correlated 
qui te  well w i t h  those made with a 32,000-liter 
48-hr p i l o t  s e t t l i n g  pond. These data indicate 
the  basic f eas ib i l i t y  of t h i s  process. I t  must 
be pointed out, however, t ha t  during the winter 
of 1978-79 the s e t t l i n g  process was not con- 
tinuously ef fec t ive ,  with some periods of upset 
experienced (18). The proper pond operating con- 
di t ions f o r  year-round e f fec t i  ve performance of 
such a microalgal removal process are not yet  
established,  a1 though exis t ing  experience would 
indicate t h a t  i t  i s  feasible.  This should be 
established by the ongoing experimental program 
(18). A1 though re l iable  and ef fec t ive  (approxi- 
mately 85% removal), year-round performance of the 

microalgal separation process i s  c r i t i ca l  in a 
wastewater treatment system, otherwise ef f luent  
standards (30 mglL suspended sol ids)  will not' be 
met; i t  i s  of l e s se r  importance in a biomass-fuel 
production system where wintertime operations would 
be of re la t ive ly  l i t t l e  in t e res t  and where ef f luent  
recycle would be required to  conserve water and 
nutrient  resources. 

The microal gal sludge accumulated in the 32,000- 
l i t e r  s e t t l i ng  pond contained 1-1.5% vola t i le  sus- 
pended solids.  This i s  a very low concentration 
fo r  normal anaerobic digestion operations. Never- 
the1 ess ,  laboratory digestion studies were carried 
out to determine the su i t ab i l i t y  of freshly har- 
vested microalgae as a feedstock fo r  methane pro- 
duction (19). The resul ts  indicate tha t  microal gae 
digest  a t  about the same rate and extent as primary 
sewage sludge. To overcome the drawback of the 
low sludge concentration, e i the r  an anaerobic 
f i  1 ter-type process o r  a low-cost, covered-1 i ned, 
unmixed earthwork digester  must be designed and 
tested. In sawayr tlvabient applications i t  may 
be cost-effective to  further concentrate the micro- 
algal sludge, but t h i s  may not be possible for  
large-scale biomass-fuel systems. 

The wastewater treatment process studied with the 
above system i s  only the f i r s t ,  but currently the 
only required, s tep  in the cleanup of wastewaters. 
Although effec t ive  biological oxygen demand (BOD) 
and suspended solids removal could be achieved 
by such a system, the remaining nutrients in the 
wastewaters would s t i  11 cause a s igni f icant  amount 
of a1 gal growth and eutrophication in any open 
body of water receiving such effluents.  Pond 
systems are generally ef fec t ive  in nitrogen removal 

TABLE 1 . 

SUMNARY OF SEPTEMBER-OCTOBER 1978 OPERATIONS OF THE WEST 0.1 HA POND 

Parameter 
Date 9/3-919 9110-9/16 9117-9/23 9/24-9130 1011-10/7 10/8-10114 10/15-10121 10/22-10/28 

Detention Time (days) 2.8 2.6 2.7 2.7 -- 2.7 2.4 2.4 

Pond VSS, mg/~  224 I Y I  111 21 7 211 188 204 102 

% Chl. a, (of VSS) 1.93 1.42 1.75 2.04 1.55 1.33 1.76 1.67 

Total VSS Production 16.6 14.8 1 3 . 3  16.2 - - 13.9 17.2 14.9 g/sq mlday of VSS 

21-hr Set t l ing  Cone 
% VSS removal 89 92 88 95 98 92 85 30 

% chl. removal 92 94 96 9 7 99 80 91 98 

32 ,000-L Set t l ing  Pond 
% VSS removal - - 9 2 - - 92 - - 92 -70 ' 78 

% chl . 5 removal - - 9 3 - - 9 7 - - 9 3 7 1 7 5 

Pond operations were carried out with a 100 m2 high-rate pond fed with se t t l ed  domestic sewage during the 
daytime and mixed with paddle wheels (about 15 cm/sec). Operating depth was 20 cm. Data are average of 
two, data points per week. The 32,000-li t e r  s e t t l i ng  pond was operated on a batch basis with a 2-day 
detention time. 



I outgassing of ammonia and uptake of nitrogen 
gal ce l l  mass. However, phosphate removal 
I& i b  r lu l  cul~~plele,  and th i s  I s  the l lmltlng 

.,, , a t  for  the nitrogen-fixing blue-green algae 
iich are the largest  problem in eutrophication. 
? i s  project  has investigated the controlled cul- 
Jre of ni trogen-fi xing bl ue-green a1 gae fo r  phos- 
late removal from wastewaters (6, 7, 19). The 
?suits indicated tha t  such a " ter t iary"  treatment 
-ocess i s  feasible (19). However, expected pro- 
~ c t i  vi t y  of the ni trogen-fi xi ng mi croal gae would 
i ly be about half of tha t  achievable with green 
lgae (14). Temperature i s  a c r i t i ca l  parameter 
i the cult ivation of th i s  type of microalgae. 

ZRGE-SCALE MICROALGAL BIOMASS SYSTEMS 

recent assessment by the author (16) of the U.S. 
, tent ia l  of energy from municipal - industrial  
nstewater aquaculture systems concluded tha t  to ta l  
~ng-term energy impacts from t e r t i a r y  treatment 
,stems would be limited to  approximately 1 x 10'" 
TU/yr (current U.S. energy consumption i s  almost 
x 10l6 BTUIyr). This re la t ive ly  low impact 
; due, in part ,  t o  the assumptions underlying 
!is estimate: geographic res t r ic t ion  of such 
(stems to  half of the U.S. population, maximum 
lrket penetration of 50% due to  a l ternat ive  
jmpeting waste treatment technologies, a sub- 
:antial decrease in per capita phosphate detergent 
~nsumption, and only a minor contribution from 
 dustr rial wastewater flows. In par t icular ,  agri - 
ultural, confined animal, and food processing 
~ s t e s  were excluded from t h i s  assessment, as they 
!re estimated to  have greater applications to  
moductions of animal feed than fuels.  Neverthe- 
!ss, a 1 x lo1' BTUlyr energy contribution from 
~stewater  aquaculture systems i s  probably an 
)per bound fo r  any r e a l i s t i c  long-term imple- 
!ntation plan. Despite t h i s  l imitat ion,  waste- 
~ t e r  aquaculture systems are the most immediate 
~p l i ca t ions  fo r  aquatic plant  biomass-energy 
Istems. More importantly, the potential economic 
~d environmental benefits of such systems f a r  
~tweigh t h e i r  energy contributions (16). However, 
~ch limited energy impacts do not ju s t i fy  a major 
~phasis on wastewater aquaculture systems by D.O.E. 
~d an examination of the potential of microalgal 
omass systems designed speci f i  call  y f o r  energy 
,oduction i s  of importance. 

~e objective f o r  the development of any biomass- 
ergy system should be an optimization of yteld 
,rsus cost. With microalgae, the high capital 
lsts of even the simplest algal production pond 
d harvesting system (12) r e su l t  in high fixed 
s t s  and, thus, make yie ld  the most important 
ctor.  A detailed review of the theory of 
.peri ence with mi croal gal bi omass production has 
en published (20) and need not be covered here. 
a t  review demonstrates an almost to t a l  lack of 
t a  fo r  microal gal productivity under defined con- 
t ions  in  suff ic ient ly  1 ong-term experiments and 
rge-scale systems. The best data i s  with sewage 
idation ponds in which conditions of nut r ient  
mitations and other 1 imiting factors ( turbidi ty)  

be excluded. Data from the large-scale 
se  microalgal production systems i s  second 

hand. The theoretical  analysis i s  limited by the 
paucity of 1 i  gnt-saturation data fo r  mi croal gae. 
However, y ie lds  between 25 and 50 tonslacrelyr (55 
and 110 metric tons/hectare/yr) can be forecast  
fo r  favorable U .  S. locations,  based on practical  
experience and theoreti  cal consi derati ons. These 
are very high productivi t i e s  when compared to  land- 
based biomass production systems. They have not 
yet  been achieved in low-cost production systems 
and, in practice,  only the lower end of th i s  range 
may be actual l y obtai nab1 e . 
The cost of mi croal gal biomass production was e s t i  - 
mated in some deta i l  a year ago by the author (12) ,  
an estimate which formed the basis fo r  the land- 
based portion of a D.0.E.-sponsored cost analysis 
of aquatic biomass systems (21). The key assumption 
made in tha t  exercise was a microalgal harvesting 
system, based on a two-day batch flocculation- 
s e t t l i n g  process; a process which was a t  t h a t  time 
completely speculative but has since been demon- 
s t r a t ed  in practice,  as discussed above. Thus, i t  
may appear tha t  the resul t  of tha t  cost analysis,  
which estimated mi croal gal bi omass production costs 
of as low as S501ton (dry weight), could be appli- 
cable a t  present. However, there were a large 
number of other favorable assumptions, from very 
wide channels to  very low mixing power inputs, whose 
combined e f f e c t  was to make tha t  estimate rather . 
unreal i s t i  c. A greater e f f o r t  a t  engineering 
design and cost  analysis may be jus t i f ied  to allow 
arriving a t  a more r e a l i s t i c  figure fo r  the cost  
of mi croal gal biomass production. However, f i r s t ,  
several speci f ic  uncertainties must be resolved. 

One of the most important issues in microalgal 
biomass production concerns nutrient  supply. The 
principal nutrient  i s  carbon. Unlike other plant 
systems, microalgae in mass culture cannot take up 
suff ic ient  carbon dioxide from a i r  due to  the 
l imitat ions of mass t ransfer  across a water in ter -  
face. Power requirements f o r  carbon dioxide supply 
to  an algal culture by sparging a i r  through i t  would 
be prohibitive (21 ) . Thus, an enriched source of 
carbon dioxide i s  required, a f a c t  which will l imi t  
microal gal biomass production to  s i tua t ions  where 
such i s  available a t  l i t t l e  or  no cost. Although 
stat ionary f lue  gas (about 10% COz) sources are 
p lent i fu l ,  the matching of these, in both location 
.or s i ze ,  with the requirements of microalgal bio- 
mass systems may be d i f f i cu l t .  This problem led 
to the consideration of the potential of the 
"Photosynthetic Energy Factory," in which combusti on 
of a land-based energy crop provides the carbon 
dioxide required by an algal pond (8). 

A key question i s  how to  introduce the carbon dioxide 
into .a pond system by the most cost-effective route. 
Active o r  passive t ransfer  may both be considered, 
in one case a power consumption penalty, in the other 
increased capital  costs are paid. One suggestion 
was to  cover the paddle wheel combining the two 
approaches (12). The t ransfer  coeffieient  f o r  the 
system cannot be determined a p r io r i ,  as i t  cannot 
even be fo r  owgen t ransfer  in conventional fer -  
mentation systems--a much bet ter  studied s i tua t ion.  
However, i t  does not appear tha t  carbon dioxide 
t ransfer  i s  a s igni f icant  technical o r  economic 
problem. This issue should not be confused with the 



quest ion o f  carbon d i o x i d e  supply t o  t h e  photo- 
s y n t h e t i c  apparatus o f  t h e  algae. I n t r a c e l l u l a r l y  
a1 gae possess carbonic  anhydrase--the e.nzyme w i t h  
the  l a r g e s t  tu rnover  number known--which i s  a b l e  
t o  mainta in  the e q u i l i b r i u m  carbon d iox ide  l e v e l s  
d i c t a t e d  by i n t r a c e l  l u l a r  pH and a1 k a l i n i  t y .  
E x t r a c e l l  u l a r l y ,  pond a1 k a l  i n i  t y  and pH d i c t a t e  
t h e  b icarbonate and carbon d iox ide  concentrat ions.  
By p r o p e r l y  r e g u l a t i n g  t h e  r a t e  o f  carbon d iox ide  
supply, pH c o n t r o l  can be achieved and thus opt imal  
growth cond i t i ons  mainta ined f o r  the  algae under 
c u l t i v a t i o n ,  w i t h i n  the  1 i m i t a t i o n s  o f  the  growth 
medium used. Thus, carbon supply i s  n o t  a ques t ion  
o f  a l g a l  phys io logy b u t  s t r i c t l y  an engineer ing 
problem; one which can be r e a d i l y  so lved wherever 
a carbon d i o x i d e  supply i s  ava i lab le .  It should be 
noted t h a t  pH c o n t r o l  i s  a l so  d e s i r a b l e  t o  prevent  
undue ammonia v o l  a t i  1 i z a t i o n  o r  phosphate p r e c l p i  t a -  
t i u n .  Illdeed, ttle Ir,iylr c o ~ ~ c c n t r e t i o n ~  o f  n i t r o g e n  
and phosphorus i n  microalgae i s  l i k e l y  t o  make t h e i r  
supply, r a t h e r  than t h a t  o f  carbon, economi c a l l  y 
1 i m i  t i n g  i n  m ic roa l  ga l  biomass product ion.  

The above are o n l y  some o f  the systems engineer ing 
considerat ions i n  des igning a large-scale a1 gal 
biomass system. U n t i l  they, and many others, are 
addressed, a more r e a l i s t i c  cos t  ana lys is  w i l l  n o t  
be poss ib le .  A t  present,  a minimum produc t ion  c o s t  
o f  about $200-$300/ton d r y  weight i s  l i k e l y  (16), 
the  p o t e n t i a l  f o r  reducing t h i s  cos t  by f u t u r e  
s c i e n t i  f i c / e n g i n e e r i n g  advances i s  under ta in .  How- 
ever, even w i t h i n  t h i s  c o s t  range i t  may be p r a c t i c a l  
t o  produce mi c roa l  gal biomass f o r  i t s  energy content,  
as long  as a s i g n i f i c a n t  f r a c t i o n  o f  the biomass 
produced i s  i n  the form o f  r e l a t i v e l y  va luable 
petrochemical subs t i tu tes .  Indeed, t h e  a b i l i t y  o f  
mi croal  gae t o  produce a v a r i e t y  o f  comnerci a l l y  
i n t e r e s t i n g ,  energy- in tens ive products  i s  one o f  the 
pr imary reasons t h a t  mi c roa l  gal biomass systems have 
s i g n i f i c a n t  near- t o  mid-term p o t e n t i a l .  Among the 
a1 gal products o f  i n t e r e s t  are f a t s  and o i l s ,  
p o l  yo1 s ( i n c l u d i n g  g l y c e r o l  ) , and po l  ysacchar i  des. 
A g rea te r  e f f o r t  i s  r e q u i r e d  t o  develop chemicals 
product ion from mi croalgae c u l t i v a t e d  on b rack ish  
o r  s a l i n e  waters which a r e  n o t  s u i t a b l e  f o r  con- 
vent ional  a g r i c u l t u r e .  The a b i l i t y  o f  mi c roa l  gae 
t o  t o l e r a t e  h igh  and vary ing  s a l t  concentrat ions 
i s  one o f  t h e i r  impor tan t  a t t r i b u t e s .  I n  both these 
respects, s a l t  to lerance and chemicals product ion, 
microalgae have advantages over o t h e r  aquat ic  p l a n t s  
(e. g. water  hyacinths, marsh p l a n t s )  whose chemical 
composit ion i s  n o t  as v a r i a b l e  and s a l i n i t y  t o l e r -  
ances n o t  as broad. I t should a lso  be recognized , 

t h a t  the abi1i t .y o f  such emergent aqua t i c  p l a n t s  
t o  e x t r a c t  carbon d iox ide  from the  a i r  i s  coupled 
t o  a h igh  r a t e  o f  water  evaporati6rl, whlch may be 
a l i f t i n g  f a c t o r  i n  t h e i r  product ion.  

I f  the key technical/economic issues surrounding 
mi croal  ga l  biomass product ion were resolved, t h e i r  
p o t e n t i a l  c o n t r i b u t i o n  t o  U.S. energy suppl ies would 
s t i l l  be uncer ta in ,  as t h e  app l i cab le  water and l a n d  
resources have n o t  been estimated. I n  C a l i f o r n i a  
alone about 100,000 acres o f  m ic roa lga l  ponds cou ld  
be operated us ing a g r i c u l t u r a l  drainage waters, 
whose use and d isposal  would accrue a s i g n i f i c a n t  
c r e d i t  (16).  Throughout the  southwest, where 
c l imate  i s  s u i t a b l e  and land  ava i lab le ,  s i g n i f i c a n t  
amounts o f  b rack ish  w a t e r .  e x i s t ,  which may be used 

i n  microalgal  c u l t i v a t i o n .  However, the p o t e n t i  
resource base i s  uncer ta in ,  and microalgae must 
considered, on the whole, a minor, though n o t  
n e g l i g i b l e ,  f u t u r e  energy source. 

HYDROGEN PRODUCTION WITH MICROALGAE 

The p o s s i b i l i t y  o f  producing hydrogen f u e l  from 
water and s u n l i g h t  us ing a b i o l o g i c a l  c a t a l y s t  
( "b iopho to lys i  s " )  has been s tud ied  f o r  about s i x  
years. The o n l y  system taken, thus f a r ,  t o  a s ta!  
where a t r u l y  b i o p h o t o l y t i c  r e a c t i o n  has been 
demonstrated i s  based on n i t rogen-starved,  hetero. 
cystous, blue-green algae (10 , l l ) .  The bas is  o f  
t h i s  system i s  t h e  oxygen p ro tec ted  n i t rogenase 
r e a c t i o n  l o c a l i z e d  i n  the heterocysts  o f  these ,311 
As i s  w e l l  known, n i t rogenase w i l l  produce hydrogc 
i n  the absenco o f  molecular n i t rogen;  t h M ,  i t i s  
r e l a t i v e l y  simple t o  show hydrogren product ion (b: 
heterocysts  ) and s i  mu1 taneous oxygen product ion 
(by vege ta t i ve  c e l l s )  when a c u l t u r e  o f  such algal 
i s  sparged w i t h  argon. By ma in ta in ing  such a c u l  
t u r e  f o r  prolonged per iods o f  t ime under argon, 
hydrogen and oxygen are produced cont inuously ,  
and c a t a l y t i c a l l y ,  f o r  severa l  weeks, both i n  the  
l a b o r a t o r y  (22) and outdoors (23). A small  amoun 
o f  n i t r o g e n  ( N 2 )  helps mainta in  c u l t u r e  s t a b i l i t y  
Achieved photosynthet ic  e f f i c i e n c i e s  have been up 
t o  3% i n  the  l a b o r a t o r y  and 0.2% outdoors (11 , 15 
The development o f  t h i s  system w i l l  r e q u i r e  a 
comprehensive understanding o f  biochemical path- 
ways and phys io log ica l  adaptat ions o f  these o r -  
ganisms. Studies c a r r i e d  o u t  by t h i s  p r o j e c t  
i nvo lved  the p u r i f i c a t i o n  o f  n i  trogenase and 
hydrogenase, ni:trogenase r e g u l a t i o n  and l o c a l  i za- 
t i o n ,  and the mechanisms o f  oxygen p r o t e c t i o n  o f  
n i  trogenase. Eventual ly ,  species s e l e c t i o n  (par-  
ti cu l  a r l y  o f  thermophi l  i c  s t r a i n s )  (24) and genet 
improvements w i l l  be necessary. The achievement 
a 3% conversion e f f i c i e n c y  outdoors should be 
achievable, and i s  the minimum t h a t  can be con- 
s ide red  f o r  p r a c t i c a l  app l i ca t ions .  

A v e r t i c a l  a r ray  o f  glass tubes has been proposed 
as a poss ib le  b i o p h o t o l y s i s  conver ter  (15). The 
algae would remain suspended by gas mixing, w i t h  
the i n e r t  gas r e c i r c u l a t e d  u n t i l  enough hydrogen 
has b u i l t  up i n  the  gas phase and recyc led  a f t e r  
the hydrogen (and oxygen) have been used o r  
separated. The design o f  such a system i s  
t e c h n i c a l l y  f a i r l y  s t r a i g h t  forward. However, i t  
economics w i l l  be, a t  best ,  marginal.  A1 though 
the  m a t e r i a l s  requ i red  are o f  low cos t  ( t h e  glass 
tubes, themselves, cos t  l e s s  than $2/m2) the va lu 
o f  the hydroyen pr-oduced i s  a'lso low ( l e s s  than 
$1/m2/yr), r e s u l t i n g  i n  on ly  very minimal allowah 
assembly, i n s t a l l  a t ion ,  and operat ional  costs f o r  
the  converters. For t h i s  reason a1 t e r n a t i v e  
systems o f  b iopho to lys is  are o f  i n t e r e s t ,  systems 
capable o f  producing a h igher  value f u e l - - t h a t  i s  
pure hydrogen n o t  mi xed w i t h  oxygen--or more 
hydrogen p e r  u n i t  area. A number o f  such systems 
have been proposed (25) and t h e i r  r e l a t i v e  w r i t s  
r e c e n t l y  discussed (26). The use o f  photosynthei 
b a c t e r i a  f o r  the breakdown and "photofermentat ior 
o f  low n i t r o g e n  wastes has the nearest term 
t e n t i a l .  Rates o f  hydrogen product ion from a 
organic  subs t ra te  would be about ten  times h i g  



per unit area, then hydrogen production from water. 8. 
.ddition, sow waste t r e a t m n t  credi ts  would 
ue t o  surh zy%tems. Two approaches are pos- 
e: selection for  o r  genetic construction of 
.otosynthetic bacterium tha t  i s  capable of 

breaking down and metabolizing the organic wastes 
or  the establishment of a mixed microbial culture ' 9. 
tha t  can accomplish the same in a symbiotic associa- 
t ion.  Some i n i t i a l  work in th i s  area has been 
carried out (15). Other concepts include separating 
the oxygen and hydrogen reactions spat ia l ly  o r  
temporally. The advantage of such systems i s  
tha t  a pure hydrogen stream would be generated, . ,  

which has a higher use and value than a mixed 
H2/02 gas phase. Biophotolysis i s  a long-term 10. 
research option. 
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NELS FROM FERMENTATION OF BIOMASS 

Henry R. Bungay 
Rensselaer  To ly techn ic  I n s t i t u t e  

Troy, New York 12181 

s t  of t h e  people  working on fe rmen ta t ion  of bio- 
s s  f e e l  t h a t  o t h e r  t echno log ies  a r e  b e t t e r  f o r  
rge c e n t r a l  power s t a t i o n s  b u t  biomass i s  t h e  
i n  hope f o r  t h e  f u t u r e  f o r  a l coho l  f u e l s  and f o r  
t rochemical  s u b s t i t u t e s .  I n  o t h e r  words, c o a l  
p h o t o v o l t a i c  dev ices  o r  windmil ls  o r  something 

s e  may curn ou t  b e t t e r  on a d o l l a r  p e r  BTU b a s i s ,  
i l e  biomass w i l l  be  t h e  winner f o r  high-value 
a n s p o r t a t i o n  f u e l s  and chemicals.  

me biomass components ferment  e a s i l y  and o t h e r s  
s t  f i r s t  be hydrolyzed. S ta rchy  p l a n t s  such a s  
r n ,  manioc, and p o t a t o  a r e  r e a d i l y  e x t r a c t e d  f o r  
a rch  which can be  fermented by microorganisms. 
garcane,  sugar  b e e t s ,  and sweet sorghum have 
gary j u i c e s  whic l~  are e x c e l l e n t  f e rmen ta t ion  sub- 
r a t e s .  The c o s t  of s t a r c h e s  and of fermentable  
i c e s  i s  high because of t h e i r  use i n  foods  o r  in 
nven t iona l  f e rmen ta t ions ,  t h u s  l i g n o c e l l u l o s i c  
t e r i a l s  have been given prime c o n s i d e r a t i o n  a s  
eds tocks  f o r  biomass f u e l s .  However, t h e  pro- 
s a l  by Lipinsky t o  ferment  sweet sorghum j u i c e s  
d t o  t a k e  byproduct c r e d i t s  f o r  i t s  e x c e l l e n t  
be r  i s  l e a d i n g  t o  more emphasis on sugary p l a n t s .  
e Purdue group h a s  an analogous i d e a  f o r  ex t rac -  
ng pen tose  sugar s  from corn s t o v e r  and using t h e  
s i d u e  f o r  f u e l  o r  feed. 

g n o c e l l u l o s i c  m a t e r i a l s  may come from s o l i d  
s t e s  o r  any crop s t a l k s  and branches .  Readily 
a i l a b l e  sources  a r e  t r e e s  and corn s t o v e r .  A 
ugh a n a l y s i s  of a t y p i c a l  m a t e r i a l  i s  shown i n  
g. 1. Using only  t h e  c e l l u l o s e  i n  biomass i s  
onomically u n a t t r a c t i v e  because raw m a t e r i a l  
s c s  a r e  t o o  h igh  f o r  producing e t h a n o l  at  a com- 
t i t i v e  p r i c e  and expensive waste  t r ea tmen t  would 

r e q u i r e d  f o r  hemice l lu lose . and  l i g n i n .  I f  good 
e s  can b e  found f o r  t h e  o t h e r  components, l igno-  
l l u l o s i c  biomass w i l l  b e  a h i g h l y  a t t r a c t i v e  
eds tock .  There i s  s o  much l i g n o c e l l u l o s e  from 

many d i v e r s e  sources  t h a t  p r i c e .  s t a b i l i t y  is  
su red .  

l l u l o s e  i s  d i f f i c u l t  t o  hydrolyze because it i s  
o t e c t e d  by l i g n i n  and h a s  a h i g h l y  o r d e r  c r y s t a l -  
ne s t r u c t u r e .  P re t r ea tmen t  is e s s e n t i a l  t o  g e t  
od h y d r o l y s i s - y i e l d s .  The main types  of pre- 
eatment a r e  i n  Fig. 2. Acid h y d r o l y s i s  was 
ough t o  b e  l i m i t e d  t o  y i e l d s  of about  55 p e r  cen t  
cause of competing r e a c t i o n s  f o r  decomposition of 
e sugar .  Enzymatic h y d r o l y s i s  can g i v e  almost 
a n t i t a t i v e  y i e l d s  of g lucose .  However, p r e t r e a t -  
n t  h e l p s  a c i d  h y d r o l y s i s  a lmost  as w e l l  as i t  does  

b 

enzymatic h y d r o l y s i s .  For i n i t i a l  ven tu res  f o r  
biomass f u e l s ,  i t  may be b e t t e r  t o  employ a c i d  
h y d r o l y s i s  and l a t e r  on t o  use enzymes a lone  o r  
i n  con junc t ion  wi th  ac id .  U n t i l  t h e  r ecen t  ad- 
vances by D.O.E. c o n t r a c t o r s  i n  ach iev ing  h igh  
t i t e r s  of c e l l u l a s e  enzymes, enzyme c o s t  was a 
main i t e m  i n  conver t ing  biomass t o  a l coho l  f u e l s .  
There a r e  now many runs  i n  shake f l a s k s  and i n  
s t i r r e d  f e rmen te r s  wi th  enzyme titers of 1 0  times 
those  of two y e a r s  ago, and c o s t  of enzyme i s  be- 
coming q u i t e  reasonable .  

Perhaps t h e  b e s t  way of providing an  overview of 
t h e  DOE fe rmen ta t ion  program is  t o  show what i s  
ready f o r  commercia l izat ion,  what i s  being t e s t e d ,  
and what r e sea rch  should be i n i t i a t e i .  A f a c t o r y ,  
b u i l t  now t o  be  compe t i t ive  wi th  petroleum-based 
e t h a n o l  should n o t  use  l i g n o c e l l u l o s i c  biomass 
because t h e r e  a r e  no r e l i a b l e  markets  f o r  hemi- 
c e l l u l o s e  and l i g n i n  i n  t h e  q u a n t i t i e s  t h a t  would 
be produced. The f a c t o r y  could use  corn g r a i n ,  
molasses ,  o r  any e a s i l y  fermentable  carbohydrate ,  
bu t  t h e  f u e l  a l c o h o l  w i l l  c o s t  ove r  $1.50 .per 
ga l lon .  Looking through t h e  D.O.E. c o n t r a c t o r  
r e p o r t s ,  t h e r e  a r e  n o t  many i d e a s  t h a t  a r e  ready 
r i g h t  now t o  l o v e r  t h i s  c o s t .  Groups a t  B a t t e l l e  
and at Purdue have po in ted  ou t  ways t o  g e t  cheap 
sugar s  from sweet sorghup o r  from o t h e r  b iomass .  
by t a k i n g  t h e  e a s i l y  e x t r a c t a b l e  m a t e r i a l  and 
f i n d i n g  uses  f o r  t h e  i n s o l u b l e  r e s i d u e s .  S ince  
raw m a t e r i a l s  make up a t  least 213 of t h e  c o s t  of 
manufactur ing e t h a n o l ,  t hese  sugges t ions  could 
impact r a p i d l y  on t h e  economics of f u e l  a l coho l .  

Turning a t t e n t i o n  t o  what i s  a lmost  ready, t h e  
e f f o r t s  of D.O.E. c o n t r a c t o r s  seem remarkable.  
The o r d e r  of d i s c u s s i o n  w i l l  t r y  t o  approximate 
t h e  probable  ch rono log ica l  sequence of commercial- 
i z a t i o n .  A ve ry  new and pregnant  obse rva t ion  a t  
Purdue h a s  g r e a t  promise and o v e r r i d i n g  importance. 
They have an a l c o h o l  recovery scheme t h a t  may cu t  
d i s t i l l a t i o n  energy requirements  t o  one-tenth of 
t h a t  of t o d a y ' s  f a c t o r i e s .  This i s  based on us ing  
a s h o r t  column t o  d i s t i l l  t o  an i n t e r m e d i a t e  
e t h a n o l  concen t ra t ion  and removing t h e  r e s t  of t h e  
wa te r  wi th  d ry ing  agen t s .  Th i s  w i l l  d i s p e l &  che 
c r i t i c i s m  t h a t  f u e l  a l c o h o l  p rocess ing  t akes  about 
a s  much f o s s i l  f u e l  energy as t h e  energy con ten t  
of t h e  product .  E a r l i e r  schemes depended on burn- 
i n g  r e s i d u e s  t o  g e n e r a t e  p rocess  h e a t ,  bu t  a break- 
through i n  recovery of e t h a n o l  w i l l  a l low u s  t o  
f i n d  b e t t e r  u s e s  than burn ing  f o r  s i d e  f r a c t i o n s .  



Another chance f o r  e a r l y  commercia l izat ion is f e r -  
mentat ion o f  t h e  sugar s  from hemicel lulose . '  Sever- 
a l  c o n t r a c t o r s  have developed p rocesses  f o r  fermen- 
t a t i o n  of pen tose  s u g a r s  t o  o rgan ic  chemicals  such 
a s  e t h a n o l ,  ace tone ,  bu tano l ,  and 2,3-butanediol.  
Common strains of y e a s t  do n o t .  f e rmen t .pen toses ,  
b u t  o t h e r  organisms u t i l i z e  t h e s e . s u g a r s ~ w e l 1 .  The 
ace tone lbu tan01  fe rmen ta t ion  does n o t  g i v e  h igh  
y i e l d s  because b u t a n o l  i s  t o x i c ;  recovery c o s t s  
a r e  too  h igh  because t h e  s o l u t i o n s  a r e  d i l u t e .  
Ethanol  f rom.pen toses  is  beginning t o  r each  good 
y i e l d s ,  and a c o k e r c i a l  p rocess  may b e  nea r .  

Hydrolysis  of c e l l u l o s e  t o  glucose  f o r  f e rmen ta t ion  
works q u i t e  w e l l  and needs s c a l e  up re sea rch  mainly 
on t h e  p re t r ea tmen t  s t e p .  A d e c i s i o n  on which pre- 
trPi7trnp.n~ is b e s t  may be ~ o s s i b l e  w i t h i n  a yea r .  
Byproduct c r e d i t s  a r e  c r u c i a l  t o  a l c o h o l  f u e l s  
from biomass,  thus  s e v e r a l  th ings  must f a l l  i n t o  
p l a c e  b e f o r e  a f a c t o r y  should be b u i l t .  

Rea l ly  o u t s t a n d i n g  p rogress  has  been made i n  im- 
proving c e l l u l a s e  enzyme ' t i t e r s .  However, a c i d  
h y d r o l y s i s  h a s  a l s o  been improved s o  t h a t  a c i d  is  
a c l e a r  cho ice  f o r  e a r l y  commercia l izat ion.  For 
t h e  longer  range,  enzymat ic  h y d r o l y s i s  seems q u i t e  
probable .  

Taking t h e  long range t o  b e  5 y e a r s ,  t h e  most ex- 
c i t i n g  development is  d i r e c t  f e rmen ta t ion  of c e l l u -  
l o s e .  Already, e t h a n o l  concentration i s  approach- 
i n g  2 pe r  c e n t  i n  exper iments  a t  MIT. Th i s  cou ld  
r ender  s e p a r a t e  h y d r o l y s i s  obso le te .  Other p ro j -  
e c t s  a r e  d e a l i n g  wi th  r e a c t o r  des ign ,  new methods 
f o r  recovery of p roduc t s ,  and p rocesses  f o r  o t h e r  
pe t rochemica l  s u b s t i t u t e s .  MIT a l s o  h a s  l e a d s  on 
us ing  l i g n i n  a s  a fermentat5on s u b s t r a t e .  

There a r e  many.ways o f  spending-more money on f e r -  
mentat ion researc'n and development, b u t  t h e  most 
c o s t - e f f e c t i v e  p r o j e c t s  must be g iven  h i g h e s t . p r i -  
o r i t y .  The program has  an  excellent spectrum of 
p r o j e c t s  on h y d r o l y s i s  and p re t r ea tmen t ;  only  a 
s l i g h t  expansion of t h i s  work can be  j u s t i f i e d .  
However, t h e r e  i s  n o t  enough s tudy  of innova t ion  
and cos t  r e d u c t i o n  of obtaining cheap ' f e rmen tab le  
sugar s  and conver t ing  them t o  a l c o h o l  f u e l s .  There 
should be  a f a l l -back  p o s i t i o n  i f  t h e  Purdue i d e a  
f o r  sav ing  energy i n  a l c o h o l  recovery does n o t  work 
and analo.gous energy e f f i c i e n t  schemes a r e  needed 
f o r  recovery of o t h e r  products. 

Component Appruximate Use 
Percentage 

C e l l u l o s e  35 Hydrolyze t o  
glucose  

Hemicel lulose  30 Hydrolyze t o  
mixed sugar s  

Lignin 25 Burning 

P r o t e i n ,  o rgan ics  5 None b u t  may he lp  
f e rmen ta t ion  

Ash 5 Recycle t o  s o i l  

F ig .  1. composi t ion and Uses of Biomass 

1. Weak H2S04 a t  180DC 

2. Alcohol ic  removal of l i g n i n  

3. Grinding t o  a f i n e  powder 

4. ,Solvents  f o r  c e l l u l o s e  

5. Explosive  decompression 

Fig .  2.  P re t r ea tmen t  Options 

A very impress ive  program of R and D on a l c o h o l  
f u e l s  by fe rmen ta t ion  should unfold  a t  t h i s  meeting. 
S u g g e s t i o ~ s w o c l d  be  h i g h l y  welcome. The r a p i d  r a t e  
of p rogress  makes i t  l i k e l y  t h a t  product ion of 
a l cono l  f u e l s  a d  petrochemical  s u b s t i t u t e s  trodl 
biomass can  soon become a very l a r g e  s c a l e  opera- 
t i o n  i n  t h e  Uni ted S t a t e s .  



DIRECT MICROBIOLOGICAL CONVERSION OF CELLULOSIC BIOMASS TO ETHANOL 

aniel I. C. Wang, Ivka Biocic, Hung-Yuan Fang and Sy-Dar Wang, Department of Nutrition and Food Science, 
.I.T., Cambridge, MA 02139. 

ne of the major objectives of this project is to 
:hieve the direct microbiological conversion of 
ellulosic biomass to a liquid fuel, ethanol. 
ithin the scope of this objective, it is also 
2e intent to maximize the conversion efficiency 
E ethanol production from biomass. This can be 
:hieved through the effective utilization of both 
Ie celiulosic (6-carbon sugar) and hemicellulosic 
5-carbon sugar) in biomass. The degradation of 
sllulosic biomass is achieved through the use of 
thermophilic and anaerobic bacterium, Clostrid- 
thermocellum. This microorganism is quite 

~ique in that it is able to hydrolyse both the 
~llulosic and hemicellulosic fractions of biomass 
lt, unfortunately, it is not able to metabolize 
1e pentoses. Therefore, to achieve total utili- 
ntion of biomass, a second thermophilic and 
laerobic microorganism, Clostridium thermosac- 
~arolyticum, has been.under study due to its 
,ility to convert pentoses to ethanol. Mutation, 
clection and adaptation programs have yielded 
chanol tolerant strains of both organisms. 
astSy, mixed culture fermentations using these 
io organisms show environmental and biological 
>mpatibilities to convert cellulosic biomass to 
:hanol. 

ITRODUCTION 

~llulosic biomass represents a renewable resource 
, 

rtentially convertable to Li~uid fnpl such a6 
:hanol. ~ifferent techniques are being consid- 
red to achieve this conversion. These include 
:id or enzymatic hydrolysis of the biomass fol- 
)wed by fermentation using soluble sugars to pro- 
Ice ethanol. This approach generally uses the 
bast, Saccharomyces cerevisiae, due to its ferm- 
itative ability,for the production of ethanol. 
lfortunately, this yeast is unable to metabolize 
.ve carbon sugars such as xylose. It has been 
itablished that the major production of ethanol 
,rough biological conversion processes in the 
,st for the feedstock [l]. The inability to 
.ilize the hemicellulosic fraction in biomass de- 
,acts to a certain extent such a technique for 
omass conversion. 

I searching for novel bioconversion processes for 
:hano1 production, the M.I.T. group has beer] ex- 

- - 

a different concept from those stated 

above. It was rationalized that a single step 
conversion of cellulosic biomass to ethanol 
could offer potential economical advantages over 
those using multiple processes. Within this sin- 
gle step conversion scheme, it was also the in- 
tent to utilize both the cellulosic (6-carbon 
sugars) and hemicellulosic (5-carbon sugars) 
fractions in biomass to produce ethanol. To 
achieve these objectives, we have focused our 
attention on an anaerobic and thermophilic 
(Temp = 60°C) bacterium, Clostridium thermocellum, 
which is able to hydrolyse cellulose and hemi- 
cellulose in biomass. This microorganism is also 
able to catabolize the six carbon sugars to pro- 
duce ethanol and other organic acids. However, 
it is not able to metabolize five carbon sugars 
such as xylose. Therefore, a second anaerobic 
and thermophilic (Temp = 60°C) bacterium, E- 
tridium thermosaccharolyticum, is being examined 
for the conversion of the hemicellulosic fraction 
to ethanol. The overall goal is to use a mixed 
culture fermentation for the direct conversion of 
biomass to ethanol. 

MATERIALS AND METHODS 

The microorganisms used in the studies were e- 
tridium thermocellum ATCC 27405 (American Type 
Culture Collection, Rockville, MD) and Clostrid- 
ium thermosaccharolyticum isolated and identified - 
ill our ldboratory. Medium composition, equipment 
and the associated analytical procedures have 
been presented previously [2,31 and will not be 
repeated. We would like to, however, present our 
adaptation and isolation procedure for the selec- 
tion of ethanol tolerant strains of C. thermocel- 
lum and C. thermosaccharolyticum. Tine organisms - 
were grown using a soluble carbon source such as 
cellobiose (for C. thermocellum) and xylose (for 
C. thermosaccharolyticum) containing initially 
10 g/l of ethanol. Serial transfers of the cul- 
ture were then performed and the ethanol concen- 
tration was increased step-wise at 2 g/l each 
time. At each concentration of ethanol, the 
cellulolytic activity of C. thermocellum was also 
tested by examining its ability to grow on cellu- 
lose. The total number of transfers with progres- 
sively higher ethanol concentrations varied be- 
tween 40 to 65. After these numbers of trans- 
fers, an isolate which pOSSeSSeS Cell~l~lytl~ 



activity as well as being able to grow in the grade cellulose ar~d produce soluble sugars, eth- 
presence of high ethanol concentration was selec- an01 and acetic acid. Analysis of the biochemi- 
ted for subsequent studies. cal pathway in the catabolism of cellulose by & 

thermocellum indicates the natural products are 
RESULTS AND DISCUSSION equimolar formation of ethanol and acetic acid [ 3 ]  

Therefore, if a liquid fuel, ethanol, is the prim- 
The growth of the parent strain Clostridium ary product of interest, the accumulation of 
thermocellm ATCC 27405 on Solka floc is shown in acetic acid must be eliminated. Furthermore, the 
Figure 1. Since high concentration of cellulose concentration of the end products must also be in- 

creased. 

0L ok Ib 20 ;o 40 ;o QdO 
Time ( hours) 

rig. 1. Groath and P r n d ~ ~ c t  F~mation by C, 
thermocellum, ATCC 27405 (Parent) 
Using Batch Feeding of Cellulose 
(Solka floc) 

cannot be easily agitated in a fermentor, Solka 
floc had to be fed in a batch-wise fashion. This 
can be seen in Fig. 1 as the "saw-tooth" noted as 
residual cellulose. Cell growth accompanio~ the 
utilization of cellulose up to an optical density 
of 500 Klett unit (330 Klett = 1 g/l cell concen- 
tration). A decline in the cell concentration was 
noted and this is due to the adsorption of cells 
onto the cellulose. Xeducing sugars are produced 
as a resi.1l.t of cgllulose degradation up to about ' 
8 g/l. Previous quantitative and qualitative 
analyses through high performance liquid chromatog- 
raphy have shown the reducing sugars are mainly 
glucose, cellobiose and xylose [21. Catabolic pro- 
ducts consisting of ethanol and acetic acid were 
accumulated at equal concentrations of 4 g/l. These 
results show that C. thermocellum is able to de- 

In order to increase the ethanol concentration by 
C. thermocellum, its tolerance to this product 
was examined. Adaptation and selection programs 
were also performed to increase C. thermocellum's 
growth tultrrallce to ethanol. Thc results from 
these studies are shown in Fig. 2. The growth of 

Fig. 2. .Comparison of ~thanol Tolerance for 
Different Strains of C. thermocellum 
(ATCC-27405 -+ 5-4 + S-6 T S-B) 

parental strain of C. thermocellum is highly in- 
hibited by low conc@ntratiurls of ethanol. For: ex- 
ample, a 1% (v/v) of ethanol, growth inhibition to 
40% of maximum resulted. From our selection pro- 
cedure, three isolates, designated as S-4, 5-6 and 
S-B, were obtained. All of these isolates can be 
seen from Fig. 2 and have higher tolerance to eth- 
anol than the parent (ATCC 27405). The properties 
of these isolates will now be presented. 

The fermentation behaviors of the new ethanol tol- 
erant strain, S-4, are shown in Fig. 3. Here 
again, the cellulose used was Solka floc. 
initial cellulose concentration of 15 g/l, nea 
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'ig. 3.. Fermentation Profile of C. thermocellum 
(S-4) on Solka floc 

.otal degradation occurred. Reducing sugars were 
cckulated to a final concentration of 4.5 g/l. 
'he most interesting and amazing behavior of this 
ew strain is the high ratio of ethanol formation 
n comparison to acetic acid. From Fig. 3, it can 
e seen that about 3.2 g/l of ethanol was formed 
ut less than 0.5 g/l of acetic acid accumulated. 
t is hypothesized that this new strain, S-4, not 
nly is it able 'to 'tolerate hi'jher coricaitrations 
f ethanol, but its metabolism has also been al- 
ered. This is possible if one considers the cata- 
olic pathway of this organism with respect to 
thanol and acetate formation. For example, the 
onventional catabolic reactions leading to eth- 
no1 and acetic acid can be represented as 141: 

n this case, one would expect equimolar ratios of 
thanol and acetic acid as well as H2 and CO . On 
he other hand, when carbon and oxidation-reiuction 
alances were performed using the results in Fig. 
, the reaction shown in Equation (1) was shown to 
a no longer valid. It is postulated that the new 
train, 5-4, produces very little hydrogen gas and 
5arly all of the reducing power.gsnerated was 
sed to produce NADH and thus increasing the ratio 

P hanol to acetic acid formation. 

Further adaptation and selection of Strain S-4 to 
increase its ethanol tolerance resulted in the 
isolation of strain S-6. Tne fermentation charac- 
teristics of this strain are shown in Fig. 4. In 
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Fig. 4. Fermentation Profile of C. thermocellum 
(S- 6) on Solka floc 

this experiment, 35 g/l of cellulose (Solka floc) 
was used. A t  the end of the fermentation, no 
residual cellulose was found thus showing 100% 
cellulose degradation. From an initial 35 g/l of 
cellulose, the fermentation products were: 
cells = 1.2 g/l, ethanol = 8 g/l, acetic acid = 
1.0 g/l and reducing sugars = 6 g/l. These re- 
sults again show that this new strain (5-6) still 
maintains the favorably high ethanol to acetic 
acid production ratio, as well as having a high 
efficiency of cellulose degradation, The conver- 
sion yield of products from cellulose is also ex- 
cellent. For example, the overall yield including 
all catabolic and degradative products was calcu- 
lated to be 0.44 grams of product per gram of 
cellulose. Since the conversion efficiency from 
feedstock is of primary importance, these results 
show an excellent potential in the use of C, 
thermocellum for biomass conversion. 

The ability of Clostridium thermocellum to de- 
grade natural biomass has also been examined. 



Dried corn stover (kindly furnished by A.E. Staley 
Co., Decatur, IL) was first hammer milled (U.S. 
Army Natick Labs, Natick, MA) to an average diam- 
eter of about 2mm. This material was then tested 
using the new isolate, strain S-6, of C. thermo- 
cellum. The initial corn stover concentration was 
35 g/l. The results from these studies are shown 
in Fig. 5. The final corn stover after degrada- 

Fig. 5. Fermentation Profile of C. thermocellum 
( 5 - 6 )  on torn Stover - ' ' 

tion was about 10 g/l, representing a degradation 
efficiency of about 70%. The degradation products 
were 5.2 g/l of reducing sugar, 4 g/l of ethanol 
and 1.0 g/l of acetic acid. These results show 
that C. thermocellum is able to effectively de- 
grade a natural biomass, corn stover, and still 
maintain a favorable ethanol to acetic acid pro- 
duction ratio. 

The ability to convert the cellulosic (6-carbon 
sugars) fraction of biomass to useful products 
represent only one-half of the overall problem. 
This is because most natxral biomass such as corn 
stover contains about an equal amount of hemicel- 
lulose (5-carbon sugars) and cellulose. If the 
hemicellulose cannot be effectively utilized, 'the 
overall conversion efficiency would be quite un- 
favorable with respect to process economics. 
Therefore, an eqtially important segment of our 
project has been on the conversion of xylose to 
ethanol. We have shown in our laboratory that the 

cellulase enzyme complex from clostridium thermo. 
cellum is equally effective in the hydrolysis of 
hemicellulose in biomass to xylose as compared to 
cellulose hydrolysis. Unfortunately, C. thermo- 
cellum cannot metabolize pentoses. Therefore, to 
effectively utilize the five carbon sugars, we 
have been examining the capability of another 
anaerobic thermophile. This organism was isola- 
ted and identified in our laboratory to be e- 
tridium thermosaccharolyticum. The uniquenesses 
of this organism are its xylose catabolism as 
well as being environmentally and biologically 
compatible as a mixed culture with C. thermocel- 
lum. The hehaviors of - 
in pure and mixed culture will be presented. 

Our immediate efforts with C. thermosacchnrolyti- 
cum were to characterize its growth tolerance as - 
well as selection to increase its tolerance to- 
ward~ cthanol. uoing 'the adaptation tachnique, 
a higher tolerant Strain of this organism was 
selected and its behavior compared with the 
parent in shown in Fig. 6. The parental strain 

E t M  concentration ( % V/V ' 

Fig..6. Comparison of Ethanol Tolerance for 
Different Strains of C. thermosac- 
charolyticum (Parent: AG-2 + HG-3) 

(HG-2) is more resistant to ethanol than e- 
tridium therm6cellum. For example, for the 
parent (HG-2), 50% growth inhibition occurred at 
an ethanol concentration of about 3% (V/V). The 
new strain, AG-3, was found to be more resistant 
to ethanol as can be seen in Fig: 6. For examplc 
50% growth inhibition for strain AG-3 has now 
been increased to an ethanol concentration 4% 
(V7V). These results are encouraging since th Cb 
demonstrate the selection procedure established 



thermocellm caii be readily adapce6 rtu 
microorganisms. We are confident that fur- 

ler increased tolerance to ethanol is still 
:tainable through this adaptation and serial 
ransf er technique. 

le behavior of Clostridium thermosacch+rolyticum, 
:rain HG-3, as a pure culture using xylose as the 
trbon source 1s shown in Fig. 7. Cell growth is 

Tlme (hours) 

.g. 7. Fermentation Profile of C. thermosac- 
charolyticum (HG-3) on Xylose 

~ite excellent attaining a maximum value of 2.4 
'1. Xylose was fed in a batch-wise fashion since 
Ir earlier studies have shown high concentrations 
' xylose is not desireable. In this fed-batch 
!mentation, xylose was maintained between 5 to 
I g/l. The catabolic products were ethanol 
,.5 9/11, lactic acid (16 g/l) and acetic acid 
.O g/l). It should be mentioned that the ratio 
' ethanol to acetic acid of the new ethanol tol- 
'ant strain (HG-3) is increased similarly to that 
)served for C. thermocellum. For example, the 
rental strain ( H G - 7 )  prod~~ned equal concentra- 
ons of ethanol and acetate whereas the new 
rain (HG3) has an ethanol to acetate ratio of 
2. A total of 57.8gof xylose was consumed in 
le fermentation as shown in Fig. 7. This repre- 
nts a total product (ethanol, acetic, lactic) 
nversion efficiency of 68.8%! This is quite en- 
uraging since it shows that C. thermosaccharoly- 
cum is already quite efficient with respect to - 
s catabolism from xylose. 

has been assumed in our overall program scope 
at a mixed culture of C. thermocellum.and & 
ermosaccharolyticum can be compatibly estab- 
shed that will lead to simultaneous cellulose 
gradatiodand product formation. To te.st the 
lidity of this 'assumption, a mixed culture ferm- 
tation was performed using Solka floc (30 g/l) 
the carbon source. The results from this ex- 
riment are Shown in Fig. 8. Cell growth was 

rapid, although we were not able to differen- 
the relative proportion of,tine two microbial 
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Fig. 8. Mixed-culture of C. thermocellum (5-4) 
and C. thermosaccharolyticum (HG-3) on 
Solka floc 

populations. The catabolic products were ethanol 
(9 g/l) , acetic (3.5 9/11 and lactic (2 g/l) acid. 
No detectable reducing sugars were formed during 
the fermentation. These results are extremely 
encoursqinq since they attest to our hypothesis 
that these two microorganisms can grow compatibly 
in mixed culture to degrade cellulose and produce 
useful products. 

As a further demonstration of using the concept of 
mixed cultures, experiments were also performed 
using the ethanol tolerant strain S-B which was 
isolated and reported earlier (see 'Fig. 2) in this 
paper. Strain S-B was isolated as a derivative of 
Strain S-6 of C. thermocellum during our adapta- 
tion program to increase ethanol tolerance. There 
were a number of interesting properties with 
Strain S-B in addition to its increased tolerance 
to ethanol. These include its ability to grow on , 

cellulose, glucose, cellobiose and xylose. In 
particular, strain S-B was transferred eight times 
sequentially using xylose as the carbon source and 
subsequently transferred to grow oh Solka floc and 
still exhibited its cellulolytic capabilities. 
Careful biochemical and morphological examinations 
have convinced us that Strain S-B is a stable 



mixed =ulture of C. thermocellum and C. thermosac- 
charolyticum. A mixed culture of these two organ- 
isms is easily conceivable to have been obtained 
since both are being studied in the same labora- 
tory. 1 t . i ~  not fortuitious, however, to have 
hypothesized that such a stable mixed culture can 
be so easily derived. 

The fermentation profile of this mixed isolate S- 
B when grown on an initial concentration of 35 
g/l Solka floc is shown in Fig. 9. As one would 
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Fig. 9. Mixed-Culture (s-B) of C. thermocellum 
and C. thermosaccharolyticum on Solka 
f loc 

expect, no reducing sugars accumulated since C. - 
thermosaccharolyticum can' readily metabolize 
these suaars from cellulose. From an initial 35 ---- - 

g/l ot cellulose, 1.004 degradation resulted. 'The 
catabolic products were ethanol (15 g/l) and ace- 
tic acid ( 5  g/l) . This high concentration of 
ethanol (15 g/l = 1.9% (V/V)) began to show prom- 
ise of our approach for liquid, fuel production 
from cellulose. We believe the cessation of prod- 
uct formation was a result of cellulose depletion. 
Unfortunately, to obtain high initial concentration 
of cellulose in fermentors is extremely difficult 
due to its rheological properties. The conversion 
efficiency from this fermentation '&as calculated 
to be 0.57 gram of product per gram of cellulose. 
These results continue to give us encouragement in 
the realization of our overall concept. 

The last experiment to be presented in this pape 
is the behavior of this stable mixed culture, S-D, 
when grown on corn stover., The results are shown 
in Fig. 10. From an initial corn stover concen- 
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Fig. 10. Mixed-Culture (S-B) of C. thermocellum 
and C. thermosaccharolyticum on Corn 
Stover 

tration of 35 g/l, 718 degradation resulted. Fro1 
the data in Fig. 10, it can be seen that only 
small amount (less than 1 g/l) of reducing sugars 
accumulated. Here again, the main catabolic prod, 
ucts were ethanol (4 g/l) and acetic acid (2 g/l) 

The results from these studies show that the con- 
cept for the direct microbial conversion from 
cellulosic biomass to ethanol is sound. The use 
of an anaerobic and themophilic bacterium, e- - 
tridium thermocellum, to degrade cellulose and to -- 
~roduce ethanol can be achieved. Mutation and se 
lection program to increase ethanol tolerance has 
been possible. An isolate which has higher tol- 
erance towards ethanol as well as being able to 
produce ethanol in favor of acetic acid has been 
obtained. To effectively utilize the degradation 
products from hemicellulose, a second anaerobic 
and thermophilic bacterium, Clostridium thermo- 
saccharolyticum, has been isolated. This organis 
can grow compatibly with C. thermocellum which ca 
simultaneously degrade cellulose and produce use- 
ful products. 



'he authors wish to acknowledge the support from 
:he Department of Energy, Fuels from Biomass Pro- 
!ram under Contract Number EG-77-S-02-4198. 

.. Mitre Corporation, Comparative Economic 
Assessment of Ethanol from Biomass, Report 
Number HcP/ET-2854, September, 1978, The 
Mitre corporation, Metrek Division, McLean, 
Virginia. 

. Wang, D.I.C. st. Anaerobic Biomass Degra- 
dation to Produce Sugars, Fuels and Chenicals, 
Proceedings of the Second Annual Symposium on 
Fuels from Biomass, G, 537, 1978. 

. Wang, S-D. Production'of Ethanol from Cellu- 
lose by Clostridium thermocellum, S.M. Thesis, 
M.I.T., Cambridge, Em, 1979. 

. Weiner, P.J. and J.G. Zeikus. Fermentation of 
Cellulose and Cellobiose by Clostridium E- 

' 

mocellum in the Absence and Presence of e- 
anobacterium thermoautotrophicum, Appl. Env. 
Microbiol. 33, 289 (1977). 





PRODUCTION OF LIQiiID FUELS FROM CELLULOSIC BIOMASS 

U.S. DOE Contract # EY-76-S-02-4070 
(Original S t a r t i n g  Date September 15, 1976) 

EI 'Kenda l l  Pye 
Depai-tment of  Biochemistry & Biophysics 

Univers i ty  of Pennsylvania 
Phi ladelphia,  PA 19104. 

STRACT 

novel,  e levated temperature proces; f o r  t h e  t o t a l  
,nversion of c e l l u l o s i c  biomass t o  l i q u i d  f u e l s  
s been devised and shown t o  be t e c h n i c a l l y  feas -  
l e  by our research  group. I t  has severa l  unique 
a t u r e s  which allow reduced process energy c o s t s  

t h e  simultaneous production of two l i q u i d  f u e l s -  
e thanol  f o r  use  a s  a gaso l ine  extender and octane 
hancer, and a bu tanol / l ign in  s l u r r y  f o r  use  a s  a 
mpable furnace o r  d i e s e l  f u e l .  The process  r e l i e s  

a hot aqueous butanol pretreatment  of  t h e  bio-  
s s  t o  y ie ld  an enzyme-degradable c e l l u l o s e  f r a c -  
on, a high q u a l i t y  polymer-,grade l i g n i n  f r a c t i o n ,  
p a r t i a l l y  degraded hemicel lulose f r a c t i o n  f o r  
rmentation t o  butanol ,  and a bu tanol / l ign in  
u r r y  f o r  use a s  a f u e l .  The c e l l u l o s e  i s  f e r -  
nted t o  ethanol e i t h e r  by an elevated temperature 

60°C) simultaneous saccharification/vacuum 
rmentation s t e p  using c e l l u l a s e  from Thermoactin- 
yces, and t h e  anaerobic bacterium C .  thermocellum; 

by hydrolyzing it t o  a high glucose syrup (>20%) 
t h  Thermoactinomyces c e l l u l a s e  f o r  use  i n  a 
andard yeas t  fermentation. The process i s  cur -  
n t l y  being t e s t e d  and optimized with wood chips 
om f a s t  growing poplar t r e e s ,  but it a l s o  appears 
t r a c t i v e  f o r  conversion of  municipal s o l i d  waste 
d a g r i c u l t u r a l  res idues .  Production c o s t s  f o r  
hanol appear t o  be about 70-80$/gallon, depending 

biomass c o s t s ,  y i e l d s  and byproduct c r e d i t s .  

SCRIPTION OF TASK 

e experiences o f  Spring 1979 with supply r e s t r i c -  
ons and r a p i d l y  r i s i n g  p r i c e s  f o r  gaso l ine ,  
e s e l  f u e l  and heat ing o i l  have served t o  emphas- 
e t h e  dangers t o  t h e  U.S. economy of a continued 
pendence on fore ign  sources f o r  a major f r a c t i o n  
i t s  o i l  supply. Further  p o l i t i c a l  i n s t a b i l i t y  
t h e  major o i l  exporting count r ies  could lead a t  

y time t o  add i t iona l  reduc t ions  i n  t h e  a v a i l a -  
l i t y  of  o i l  on t h e  world market, r e s u l t i n g  almost 
r t a i n l y  i n  dramatic p r i c e  increases  and poss ib ly  
vas ta t ing  e f f e c t s  on t h e  U.S., Western European 
3 Japanese economies. To defend i t s e l f  aga ins t  
i s  continuing t h r e a t  t h e  U.S. must r a p i d l y  reduce 
s dependence on fore ign  o i l  by s u b s t i t u t i n g  
n e s t i c  resources t o  power i t s  cur ren t  t ranspor ta -  
Dn, heat ing and much of  i t s  e l e c t r i c i t y  generat.- 

systems. Of t h e  resources a v a i l a b l e ,  increased 

b i c  o i l  production i s  now poss ib le  because t h e  
cur ren t  p r i c e s  f o r  o i l  make some forms of  

~ d u c t i o n ,  such a s  low producing wel l s  and 

Arthur E .  Humphrey 
School of Engineering & Applied Science 

Universi ty  of Pennsylvania 
,Phi ladelphia,  PA 19104. 

t e r t i a r y  recovery,  economically f e a s i b l e .  But it 
must be recognized t h a t  t h i s  i s  a t  bes t  only a 
temporary s i t u a t i o n  which u l t i m a t e l y  w i l l  d e c l i n e  
i n  t h e  not too  d i s t a n t  f u t u r e  toge ther  with our 
o v e r a l l  r ese rves  o f  crude o i l .  In  order  t o  allow 
continued use of our l iqu id  fuel-dependent systems 
we need t o  generate  compatible s u b s t i t u t e s  from 
our more abundant f o s s i l  energy rese rves ,  such a s  
c o a l ,  o r  renewable resources,  such a s  biomass. 

.Biomass a s  an energy source hes many appealing 
f e a t u r e s  including t h e  f a c t  t h a t  it i s  renewable 
over t h e  shor t  term, it i s  capable of  being s to red ,  
it i s  environmentally r e l a t i v e l y  inof fens ive ,  it 
is  f r e e  of  horrendous hazard p o t e n t i a l ,  it i s  
a v a i l a b l e  i n  one form o r  another throughout t h e  
U.S., it i s  t o l e r a b l y  pr iced ,  i t  i s  produced by 
c u r r e n t l y  a v a i l a b l e  technology, it can be developed 
r a p i d l y  with t h e  manpower and mate r ia l  resources 
a l ready  a v a i l a b l e ,  and it i s  high i n  thermodynamic 
a v a i l a b i l i t y  [ I ] .  In  a d d i t i o n ,  t h e  U.S., because 
of  i t s  l a r g e  land mass and g r e a t  a g r i c u l t u r a l  capa- 
c i t y  has t h e  p o t e n t i a l  t o  make biomass a major 
con t r ibu tor  t o  t h e  na t ions  energy resources ,  pro- 
v id ing  a t  l e a s t  10% [2] ,  and poss ib ly  much g r e a t e r ,  
of  our t o t a l  energy needs. 

The problem, however, i s  how t o  e f f i c i e n t l y  con- 
v e r t  any o r  a l l  of  t h e  a v a i l a b l e  forms of  biomass 
i n t o  o i l - spar ing  l i q u i d  f u e l s  o r  chemical feed- 
s tocks .  Technology a l ready  e x i s t s  f o r  converting 
many a g r i c u l t u r a l  products ,  such a s  whole g r a i n ,  
sugar, molasses and s t a r c h  i n t o  organic so lven ts  
and chemical feedstocks.  Also, ethanol f o r  use a s  
a motor f u e l  i n  t h e  form of Gasohol, i s  a l ready  
being produced from t h e s e  m a t e r i a l s  a t  a r a p i d l y  
expanding r a t e ,  s i g n i f i c a n t l y  s t imulated by recen t  
government f i n a n c i a l  incen t ives ,  t h e  lessened 
ec0nomi.c competition from higher-priced gasol ine 
and gaso l ine  supply r e s t r i c t i o n s .  However, by f a r  
t h e  l a r g e s t  biomass resources a r e  c e l l u l o s i c  i n  
na ture ,  a s  a r e  many r e a d i l y  a v a i l a b l e  waste mater- 
i a l s  such a s  f o r e s t r y  r e s i d u e s ,  municipal s o l i d  
waste, c a t t l e  feed- lo t  res idues  and a g r i c u l t u r a l  
res idues  such a s  corn s tover  and bagasse. In 
add i t ion ,  a major new indus t ry  could develop around 
s i l v a c u l t u r e  pyantat ions f o r  r a p i d  production of 
woody biomass. 

The advantages of these,woody biomass resources a r e  
t h e i r  enormous presen t  and p o t e n t i a l  volumes, 
r e l a t i v e l y  cheap c o s t ,  non-competition with food 



uses ,  r e l a t i v e l y  cheap c u l t u r a l  requirements, and, 
i n  many cases ,  year-round a v a i l a b i l i t y .  The pro- 
blem l i e s  i n  t h e  lack o f  an a v a i l a b l e  technology 
f o r  t h e i r  e f f i c i e n t  conversion t o  t h e  most d e s i r -  
a b l e  l i q u i d  f u e l s  and chemical feedstocks a t  a 
p r i c e  which i s  competi t ive with todays hydrocarbon 
f u e l s .  

OBJECTIVES/COST AND PERFORMANCE TARGETS 

In  l i g h t  of  t h e  s i t u a t i o n  described above, t h e  
o b j e c t i v e s  o f  t h i s  p a r t i c u l a r  p r o j e c t  a r e  t o  design 
a . p r o c e s s  f o r  t h e  e f f i c i e n t  conversion of woody 
biomass t o  o i l - spar ing  chemical feed-srocks and 
l i q u i d  f u e l s .  The process  should have t h e  follow- 
ing  fea tures ,  

' I t  should produce t h e  most-needed products 
including s u b s t i t u t e s  o r  extenders  of  gaso- 
l i n e ,  ' d i e s e l  f u e l  and heat ing o i l ,  a s  well 
a s  chemical feed-stocks.  

I t  should provide f o r  t o t a l  biomass u t i l i z a -  
t i o n  i n  o rder  t o  be c o s t  e f f i c i e n t  s ince  bio- 
mass c o s t  i s  t h e  major component i n  t h e  c o s t  
of t h e  f i n a l  products .  

I t  should produce no noxious wastes o r  by- 
products ,  i n  o rder  t o  be environmentally 
compatible and eco log icaI ly  acceptable .  

I t  should use  a s  l i t t l e  process energy a s  
poss ib le ,  a s  one way of  reducing c o s t s .  

I t  should be capable o f  using a v a r i e t y  o f  
t h e  mos t ' ava i lab le  woody biomass materials. .  

I t  should be  r e l a t i v e l y  simple and a s  low i n  
c a p i t a l  and operat ing c o s t s  a s  poss ib le .  

Such a process  should be capable of generat ing pro- 
duc ts  competi t ive i n  p r i c e  with those  derived from 
o i l  within 3 - 5 years ,  t h e  time required t o  develop 
and t e s t  such a process .  I n  t h i s  regard ,  it is  
d i f f i c u l t  t o  i d e n t i f y  t h e  exact c o s t  t a r g e t s  be- 
cause of t h e  r e c e n t  rap id  r i s e  i n  crude o i l  p r i c e s  
and pro jec t ions  f o r  such p r i c e  r i s e s  i n  t h e  f u t u r e .  
However, because o f  t h e  immediate use  o f  ethanol 
i n  Gasohol, where t h e  v a l u e  of t h e  ethanol ,  because 
of  i t s  octane enhancing p r o p e r t i e s ,  is  much g r e a t e r  
than i t s  BTU content  a lone,  it appears t h a t  ethanol 
produced f o r  approximately $ l / g a l l o n  would be high- 
l y  competitive a t  t h i s  rlme. The process Lu be 
described appears t o  be capable o f  meeting t h i s  
c o s t  t a r g e t ,  

Performance t a r g e t s  being s e t  a r e  those  c u r r e n t l y  
achieved i n  well developed fermentation processes 
using s t a r c b  or  sugar a s  feed-stocks,  which approach 
process e f f i c i e n c i e s  .of 90 - 95%. 

APPROACH 

The approach we have taken i s  t o  design a process 
which converts  woody biomass mainly i n t o  two l i q u i d  
f u e l s  -- 1) ethanol f o r  u s e  as  a gaso l ine  extender 

and oc.tane enhancer, and 2) a butanol / l ignin s l u r ?  
f o r  use  a s  a pumpable furnace f u e l ,  o r  even a s  a 
d i e s e l  o r  t u r b i n e  f u e l .  In  a d d i t i o n  t h e  process 
can generate  high va lue  by-products such a s  poly- 
mer grade lPgnin,acetone, c a t t l e  feed and h i g h .  
p u r i t y  xylose. However, t h e  process economics i n  
no way r e l y  on t h e  value o f  these  by-products, 
although t h e  e a r l y  in t roduc t ion  of  t h e  process 
could be enhanced by t h e i r  value.  The major 
reason f o r  designing t h e  process f o r  t o t a l  produc- ' 

t i o n  of  o i l - spar ing  f u e l s  and .feedstocks is  t o  
e l imina te  t h e  economic problems assoc ia ted  with 
t h e  va lue  and s a l e  o f  by-products once l a r g e  number: 
of  such f a c i l i t i e s  come on stream. 

The Penn/G.E. Process f o r  Total Biomass Utilization 

The process ,  shown i n  Fig.  1. appears t o  meet most, 
i f  not a l l ,  o f  t h e  c r i t e r i a  s e t  ou t  above, through 
t h e  use  of severa l  novel o r  unique process s t e p s .  
As w i l l  be described l a r e r ,  the  Tru11C end of  t h c  
process  is a l s o  capable o f  being used t o  genera te  
concentrated syrups (>20% glucose) f o r  immediate 
app l ica t ion  i n  conventional fermentation systems 
using yeas t s .  

Fig. 1: The Penn/G.E. Process f o r  Total  Biomass 
U t i l i z a t i o n .  

The unique f e a t u r e s  of  t h e  process include t h e  use 
of  hot D ~ U C O U S  -busan01 protreatment t o  r le l ignify 
t h e  biomass and t o  y i e l d  1) a s o l i d  phase of 
c e l l u l o s e ,  which i s  highly degradable by c e i l u l a s e  
enzymes, 2) an aqueous phase of p a r t i a l l y  degraded 
hemicellulose from which can be recovered a r e l a -  
t i v e l y  pure xylan f o r  xylose production, t h e  remair 
ing mate r ia l  being fermented by 5. acetobutylicum 
t o  v i e l d  butanol and some acetone.  and 3)  a 
butanol phase From which can be recovered a high- 
q u a l i t y  polymer grade l i g n i n  f o r  use  i n  thermo- 
p l a s t i c s  and o t h e r  app l ica t ions .  The remaining 
l i g n i n  p r e c i p i t a t e s  from t h e  butanol a s  it cools  
t o  y i e l d  a butanol / l ignin s l u r r y  which can be u 
a s  a pumpable furnace f u e l ,  d i e s e l  f u e l  o r  t u r b  
f u e l .  Since l i g n i n  has a high BTU content  t h i s  

a 



iill have g r e a t e r  heat ing va lue  than butanol 

nother unique f e a t u r e  of t h i s  process is  i t s  use  
f e levated temperature fermentat ions.  The thermo- 
hy l ic  c e l l u l o l y t i c  organism Thermoactinomyces 
roduces a c e l l u l a s e  having e x r r a c e l l u l a r  endo- 
nd exo-glucanases of exce l len t  thermal s t a b i l i t y  
31. In  add i t ion  t h e  organism, when cu l tu red  on 
e l l u l o s e  a t  60' - 6S°C, w i l l  y ie ld  i t s  maximum 
e l l u l a s e  a c t i v i t y  i n  l e s s  than 24 h r s  of  growth. 
hus i t s  produc t iv i ty  i s  very high,  even though it 
oes not  yet  produce t h e  high c e l l u l a s e  a c t i v i t i e s  
btained with L. r e e s e i  [ 4 ] .  The B-glucosidase, of 
h i s  organism i s  found i n t r a c e l l u l a r l y ,  but it i s  
z~t p a r t i c u l a r l y  s t a b l e  a t  higher  temperatures. 

he high thermal s t a b i l i t y  of t h e  Thermoactinomyces 
KO- and endo-glucanases allow t h e s e  enzymes t o  be 
sed i n  coniunct ion with t h e  anaerobic bacterium 
. thermocellum i n  a s ing le ,  combined, high temper- 
t u r e  saccharification/fermentation s t e p  from 
hich ethanol i s  removed continuously by a mild 
acuum (- 170 mm mercury). The advantages t o  t h i s  
r e  numerous. 

C .  thermocellum metabolizes t h e  d i sacchar ide  - 
ce l lob iose ,  t h e  p r i n c i p a l  product of  t h e  
a c t i o n  of t h e  Thcrmoactinomyccs e x t r n c e l l u l a r  
c e l l u l a s e s  on c e l l u l o s e .  The continuous 
removal of ce l lob iose  by t h e  C. thermocellum 
t h e r e f o r e  does not allow ce l lob iose ,  a 
potent  i n h i b i t o r  of c e l l u l a s e s ,  t o  bu i ld  up 
t o  a s u f f i c i e n t  concentrat ion t o  s i g n i f i c a n t -  
l y  reduce t h e  r a t e  of f u r t h e r  c e l l u l o s e  
breakdown. 

A t  60°C, with a concentrat ion of ~ 3 %  ethanol  
i n  t h e  fermentor and a p ressure  of  170 m,  
t h e  heat  removed from t h e f e r m e n t o r  approxi- 
mately equals t h e  heat  generated during t h e  
fermentat ion.  Consequently t h e  fermentor 
opera tes  i n  an ad iaba t ic  mode. Also t h e  
composition of t h e  condensed vapor 'phase i s  
approximately 27 - 30% ethanol .  Therefore 
the.need f o r  a beer s t i l l  i s  e l iminated.  
This ,  p lus  t h e  el iminat ion of  t h e  need f o r  
cool ing t h e  feimearar ,  s i g n i f i c a n t l y  reduces 
energy use  and c o s t s  i n  t h i s  s tep .  

The vacuum would not be pul led on t h e  fermen- 
t o r  a s . a  who.le, but r a t h e r  on a s i d e  arm. 
171is allows CO2 and H2 t o  be removed a t  atmo- 
spher ic  p ressure  and al lows,  through a 50% 
reduc t ion  i n  vapor handling, a major reduc t ion  
i n  t h e  s i z e ,  c o s t  and capac i ty  of t h e  com- 
pressors .  The C02/H2 gas stream is  s u f f i c i e n -  
t l y  r i c h  i n  H z  t o  allow it t o  be burned and 
used a s  a source of process  heat  i n  t h e  
f a c i l i t y .  

The u s e  o f  e levated temperatures and thermo- 
phyl ic  organisms g r e a t l y  r e d u c e s , t h e  poss ib i -  
l i t i e s  f o r  contamination of t h e  c u l t u r e .  

~ t a n o l / a c e t o n e  production i s  achieved i n  a 30'~ 
----ntation employing simultaneous sacchar i f i ca -  

and f e r s ~ a ~ ~ t a t i u ~ ~  of tllr  l l s ~ ~ ~ i c e l l u l o s e  f r a c t i o n .  

Again enzymes from Thermoactinomyces a r e  employed . , 

h t t h e  fermentat ive organism i s  C. acetobutylicum. 
Because t h e  c o s t s  of  recovering butanol by simple 
d i s t i l l a t i o n  a r e  so .h igh ,  t h e  concept of  ex t rac-  
t i v e  fermentation i s  employed. In  t h i s  concept a 
l i q u i d  e x t r a c t a n t ,  which i s  immiscible with water, 
i s  contacted with t h e  fermentation bro th ,  e i t h e r  
d i r e c t l y  o r  separated by a membrane. The e x t r a c t -  
a n t  absorbs t h e  butanol (or e thanol)  and i s  t r a n s A  
f e r r e d  t o  a f l a s h  hea te r  where t h e  butanol i s  
f lashed from t h e  e x t r a c t a n t ,  which, upon cool ing,  
r e t u r n s  t o  t h e  b ro th .  A s u i t a b l e  ex t rac tan t  must 
have t h e  following p r o p e r t i e s .  

I t  must be non-toxic t o  t h e  fermentat ion 
organism.' 

I t  must be cheap. 

I t  must have a very high bo i l ing  point  and 
low vapor pressure.  

I t  should have a high d i s t r i b u t i o n  co- 
e f f i c i e n t  f o r  t h e  compound t o  be ex t rac ted .  

I t  should be s e l e c t i v e  f o r  t h e  required 
compound. 

KEY RESULTS/ACCOMPLISHMENTS 

The process  described above has been t e s t e d  f o r  
t echnica l  and economical f e a s i b i l i t y .  Each of t h e  
key process  s t e p s  i s  now undergoing opt imizat ion 
s t u d i e s  t o  improve y i e l d s ,  reduce energy input  and 
reduce c o s t s .  

Current ly t h e  process  i s  undergoing development 
using wood chips from f a s t  growing poplar  t rees ,  
(hybrid poplar ,  c lone  388). This  biomass source i s  
of i n t e r e s t  f o r  severa l  reasons. 

I t  can grow i n  p r a c t i c a l l y  every s t a t e .  

I t  can grow well even on marginal land. 

I t  can be harvested every 4 years ,  chipped 
on s i t e  and t ranspor ted  i n  chipped form. 

I t  does not  r e q u i r e  rep lan t ing .  

I t  i s . p r o j e c t e d  t h a t  it w i l l  y i e l d  up t o  
8 - 10 ODT/acre/year. 

i t s  composition i s  i n  t h e  range of glucan 
50 - 57%, xylan 16 - 25%, l i g n i n  16 - 26%, 
o ther  organics  6-10% and ash 0.2 - 0.4%. 

I t  can be harvested year round. 
'4 

Pretreatment  

Preliminary t r i a l s  of  t h e  hot aqueous butanol pre-  
t reatment  have ind ica ted  t h a t  t h e  bes t  d i g e s t i o n  
condit ions a r e  i n  t h e  range of 150 - 17S°C f o r  
15-30 min. Lower temperaturc condit ions remove 



l e s s  than optimal amounts of l i g n i n .  The s o l i d  
c e l l u l o s e  f r a c t i o n  obtained _from t h i s  pretreatment  
s t e p  i s  h igh ly  degradable by t h e  Thermoactinomyces 
c e l l u l a s e s ,  a s  shown i n  Fig.  2. 

$ 2 3 4 5 ' 6  

nouns  

Fig. 2 .  Hydrolysis o f  Poplar Chips by Extra- - 
c k ~  1u1Hr c e l  l u l a i e  of  ~hermoac t inom~ces  

. 2 5  d r y  grams c h i p s l l i t e r .  
Chips wet-mi.lled i n  hlendor before 

In  order  t o  thoroughly t e s t  t h e  numerous v a r i a b l e s  
f o r  opt imizat ion o f  t h e  butanol pretreatment  pro- 
c e s s ,  a  h igh ly  v e r s a t i l e  apparatus  has been b u i l t  
which w i l l  allow c o l l e c t i o n  of  a l l  gaseous and 
l iqu id  phases. This  apparatus ,  shown i n  Fig. 3 ,  
is  c u r r e n t l y  undergoing t r i a l s .  

Production of High Concentration Glucose Sy~-ups 
(> 20%). 

The major product of c e l l u l o s e  hydrolysis  by 
'Theraoactinomyces e x t r a c e l l u l a r  c e l l u l a s e s  i s  
t h e  d i sacchar ide  c e l l o b i o s e  [ S ] .  This i s  because 
t h e  B-glucosidase i n  t h i s  organism i s  e n t i r e l y  
i n t r a c e l l u l a r  [ 3 ] .  As with o ther  c e l l u l a s e  sys- 
tems c e l l o b i o s e  i s  a  potent  i n h i b i t o r  of f u r t h e r  
c e l l u l a s e  ac t ion .  This  i s  i l l u s t r a t e d  i n  F ig .  4. 
I t  can be seen t h a t  a t  concentrat ions o f  c e l l o -  
biose of 5% t h e  Thermoactinomyces e x t r a c e l l u l a r  
c e l l u l a s e  i s  more than 70% i n h i b i t e d .  However, 
glucose i s  f a r  l e s s  i n h i b i t o r y .  Therefore con- 
version t o  glucose by t h e  combined c e l l u l a s e  
( including i n t a c t  c e l l s  o f  Thennoactinomyces) gives 
reasonable r s t e s  of production of  glucose from 
c e l l u l o s e .  This i s  shown i n  Fig. 5 .  i n  uhi.ch a  

Fig.  3. Experimental Del ign i f ica t ion  Apparatus. 
Key: 1. Reactor; 2 .  Basket; 3. Meter 
Pump; 4. Recycle Pump; 5. Rotameter; 
6. VOl l l fnet rPC F18SK K e S e r v o i r ;  7 .  Flash 
Chamber; 8. Condenser; 9. Back Pressure 
Regulator; 10. Safe ty  Rel ief  Valve; 
11. Pressure Guage; 12. Y-Type S t r a i n e r ;  
13. S igh t  Glass; 14. Quick Disconnect; 
15. Sample Bot t l e ;  16. Platinum Resistance 
Temperature Probe; 17. Proport ional  
Temperature Cont ro l le r ;  18. Heating Tape. 

syrup containing c l o s e  t o  20% glucose i s  produced 
from swollen c e l l u l o s e  by t h e  ac t ion  of the com- 
bined c e l l u l a s e s  of Thermoactinomyces. The 
p r a o t i a n l  purposc of t h i s  dcmon3tration i 3  t h a t  it :  
concentrated glucose syrups can be produced from 
c e l l u l o s e ,  then they can be employed i n  convention- 
a l  fermentat ions using y e a s t s ,  thus making a 
cheaper sugar source a v a i l a b l e  f o r  fermentations 
now. This ~1011ld allow cheap c e l l u l o s e  t o  become 
a fermentat ion resource even before t h e  r e s t  of 
t h e  technology i s  ready f o r  commercialization. 

I n t e r e s t i n g l y  enough t h e  Thermoactinomyces 3 -  
glucosidase shows remarkably l i t t l e  i n h i b i t i o n  by 
t h e  product of i t s  ac t ion ,  glucose. This f e a t u r e  
of  t h e  enzyme makes it i d e a l l y  su i ted  f o r  produ 
t i o n  of high glucose syrups. Fig. 6 ,  which sho a 



g. 4. Cel lobiose I n h i b i t i o n  of  Thermoactinomyces 
c e l l u l a s e  ac t ing  on 2% acid-swollen 
c e l l u l o s e .  

t h e  breakdown of  ce l lob iose  i n  t h e  presence of 
var ious concentrat ions of glucose,  by Thermoactino- 
mvces 6-glucosidase,demonstrates how l i t t l e  t h i s  
enzyme a c t i v i t y  i s  e f fec ted  by glucose concentra- 
t i o n .  

Unfortunately, t h e  6-glucosidase i s  r e l a t i v e l y  un- 
s t a b l e  a t  higher temperatures a s  shown by Fig.  7 .  
Consequently, t h e  production of concentrated 
glucose syrups would have t o  be performed a t  lower 
temperatures o r  with an enzyme poss ib ly  s t a b i l i z e d  
by immobilization. Immobilization of  Thermoactino- 
myces 6-glucosidase has been success fu l ly  accom- 
p l i shed ,us ing  Tic14 a s  a coupling agent . to  cont-  
r o l l e d  pore g l a s s  beads. Although >30% of t h e  
a c t i v i t y  was re ta ined  on immobilization a more 
s t a b l e  enzyme d id  not  r e s u l t .  

Elapsed Time (hours) 

.g. 5. Glucose Syrup Production from Cellulose.  
Incubation temperature 50°C; f r e s h  enzyme 
added and c e l l u l o s e  added every 24 hours. 

Fig. 7 .  Crude 6-Glucosidase, Temperature 
S t a b i l i t y .  (pNpBG a c t i v i t y ) .  

Ethanol Production by Combined.Saccharification/ 
Fermentation 

A completely s y n t h e t i c  medium f o r  t h e  a c t i v e  , 

growth of severa l  i n t e r e s t i n g  s t r a i n s  of  C. 
thermocellum has been devised. The use  of t h i s  
medium and s i m p l i f i c a t i o n s  o f  it w i l l  s i g n i f i c a n t l y  
reduce t h e  cos t  of  t h e  saccharification/fermentation 
s t e p .  

I n i t i a l l y  i t  was found t h a t  e x t r a c e l l u l a r  enzyme 
prepara t ions  from some s t r a i n s  o f  Thermoactinomyces 

-=-- were i n h i b i t o r y t o  t h e  growth of  C. thermocellum. ---_ --o . Some s t r a i n s  of  Thermoactinomyces w-ich 
did not produce t h i s  inhibi tor ,which was found t o  

2 be a heat  l a b i l e  p ro te in .  Mow t h i s  problem has 
J : 0.2 

been resolved with t h e  f ind ing  t h a t  small amounts 
of a c t i v a t e d  charcoal  w i l l  s e l e c t i v e l y  remove t h e  
i n h i b i t o r  from t h e  c e l l u l a s e  enzyme prepara t ion  

n from Thermoactinomyces. 
- .  

O lo la , I 6  Ext rac t iveFermenta t ion  
INITIAL GLUCOSE ( O/o 1 

a . I n h i b i t o r y  Ef fec t  of Glucose on Cel lobiose A l a r g e  number of p o t e n t i a l l y  i n t e r e s t i n g  extrac-  , 

t e n t s  have been t e s t e d  f o r  t h e  continuous recovery 
Hydrolysis by Thermoactinomyces Cel l -So l ids  



of butanol from C. acetobutylicum fermentation 
bro ths .  One of t h e  most i n t e r e s t i n g  has proved 
t o  be  d ibu ty l -ph tha la te  (DBP). I t  c o s t s  40$/lb, 
has  a  b o i l i n g  p o i n t  of  340°C, does not i n h i b i t  t h e  
growth of t h e  organism and has a  d i s t r i b u t i o n  co- 
e f f i c i e n t  o f  1.8 f o r  butanol i n  water. Also, no 
emulsion forms i n  t h e  fermentor l iquor .  Fig. 8 
shows the  vapor p ressure  of DBP a s  a  func t ion  o f  
temperature. The b o i l i n g  po in t s  o f  acetone,  ethanol 
and butanol a t  1  atmosphere a r e  given f o r  compari- 
son. I t  can be seen t h a t  DBP f u l f i l s  t h e  requ i re -  
ments of a  s u i t a b l e  e x t r a c t a n t .  

I .  1 

1 5 0  ; aoa a 5 0  380 350 

a Temperacure ( O C )  

Ll 

Fig. 8. Vapor Pressure of Solvent and Extractant  
(DRP). Roiling Pnintl a t  1 atm: 
Acetone 5 6 . 2 ' ~ ;  Ethanol 78.5"C; Butanol 
117.7OC. 

An economic evaluat ion o f  t h e  Penn/G.E. 
ind ica tes  t h a t  t h e  manufacturing p r i c e  of  ethanol 
made by t h i s  process i s  highly dependent on process  
y i e l d  and by-product c r e d i t s .  Fig. 9  shows t h e  
dependence of  ethanol manufacturing cos t  on t h e s e  
parameters. I t  can be seen t h a t  with a  y i e l d  of  
95% of t h e o r e t i c a l  ( fo r  both c e l l u l o s e  and hemi- 
c e l l u l o s e )  and f u l l  by-product c r e d i t s ,  manufactur- 
ing  cos t s  can be a s  low a s  65 - 70$/gallon 95% 

ethanol .  This  is  based on a  25 rd:i.llion gal lon/  
year f a c i l i t y ' w i t h  biomass c o s t s  of $11.25 ODT. 
The assessment includes c a p i t a l  r e l a t e d  c o s t s ,  rs  
mate r ia l s  and chemicals,  u t i l i t i e s ,  labor  and 
maintenance. 

Fig. 9. Manufacturing Cost of Ethanol by Enzyme 
Hydrolysis.  Yearly Production: 25 
Mil l ion Gallons (95%). 

FUTURE PLANS 

Every s t e p  i n  t h e  process i s  being inves t iga ted  i n  
o rder  t o  optimize it from a y i e l d ,  energy and 
economical s tandpoint .  This process w i l l  continue 
f o r  some time, but within one year we hope t o  . 
demonstrate t h e  in tegra ted  process on a  bench 
sca le .  Major emphasis w i l l  a l s o  be placed on 
optimizing t h e  production of  concentrated glucose 
syrups,  'on increasing t h e  y ie ld  of  enzyme fro111 
Themnartinnmyces hy m u t a f i ~ n a l  and c u l t u r a l  
modif icat ion,  and on t e s t i n g  o ther  bion~ass sources 
e s p e c i a l l y  waste c e l l u l o s e ,  with t h e  process .  
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SCRIPTION OF TASK 

l l u l o s i c  m a t e r i a l s  such as c o r n s t a l k s  used i n  con- The Purdue P r o j e c t  supported by t h e  DOE Fue l  From 
r s i o n  p rocesses  a r e  u s u a l l y  made of t h r e e  major Biomass Program was s t a r t e d  i n  January 1, 1978 w i t h  
mponents: c e l l u l o s e ,  hemice l lu lose  and l i g n i n .  a  12-month funding of $210,000. On January 1, 1979, 

u t i l i z a t i o n  of such c rude  mix tu res ,  f r a c t i o n a t i o n  t h e  c o n t r a c t  was renewed f o r  ano the r  yea r  wi th  
t h e  raw m a t e r i a l s  i n t o  pure  components u s u a l l y  support  of $230,000. Our t a r g e t  i s  t o  complete our 

11 r e s u l t  i n  upgrading t h e  va lue .  C e l l u l o s e ,  i n  p rocess  r e s e a r c h  by t h e  end of 1982. The o v e r a l l  
c t ,  is d i f f i c u l t  t o  hydrolyze due t o  two m a i n  p rocess  w i l l  i n c l u d e  s i x  sub-areas; 
s t a c l e s ,  one of which i s  t h e  p resence  and t h e  
t e r f e r e n c e  of l i g n i n  that cements c e l l u l o s e  f i b e r s  
g e t h e r .  The o t h e r  f a c t o r  that makes c e l l u l o s e  
s i s t a n t  t o  h y d r o l y s i s  i s  t h e  h igh ly  ordered 
y s t a l l i n e  s t r u c t u r e  of c e l l u l o s e .  I n  o r d e r  t o  
ercome t h e  two o b s t a c l e s ,  Purdue r e s e a r c h e r s  have 
ployed s o l v e n t s  t o  d i s s o l v e  c e l l u l o s e .  Once it  

d i s s o l v e d  i n t o  a  l i q u i d ,  t h e r e  is no longer  
y s t a l l i n e  s t r u c t u r e  nor  t h e  i n t e r f e r e n c e  by 
gnin .  Consequently,  t h e  t r e a t e d  c e l l u l o s e  becomes 
s i l y  hydro lyzab le  by e i t h e r  a c i d s  and enzymes t o  
ucose  i n  h igh  y i e l d s  a t  a  f a s t  r e a c t i o n  r a t e .  

o t h e r  important  f e a t u r e  of t h e  Purdue Program is  
s heavy emphasis on t h e  u t i l i z a t i o n  of hemi- 
l l u l o s e  hydro lysa te .  I n  c o r n s t a l k s ,  t h e r e  i s  
t u a l l y  more hemice l lu lose  t h a n  c e l l u l o s e .  Unless 

can g e t  a  r easonab le  by-product c r e d i t  from hemi- 
l l u l o s e ,  c e l l u l o s e  a l o n e  cannot y i e l d  a l c o h o l  a t  
low c o s t .  We recognized t h i s  f a c t  v e r y  e a r l y  i n  
r program, when everyone e l s e  was paying 
t e n t i o n  only  t o  c e l l u l o s e  h y d r o l y s i s  and fermen- 
t i o n  o f  g lucose .  The Purdue Program a c t u a l l y  was 
a r t e d  a s  a  s tudy  of f e rmen ta t ion  of pen toses  from 
m i c e l l u l a s e .  we are now i n v e s t i g a t i n g  t h e  
oduct ion of b u t a n e d i o l ,  d i a c e t y l ,  methyl  e t h y l  
tone ,  e t h a n o l ,  l a c t i c  a c i d  and pyruvic  a c i d  from 
m i c e l l u l o s e  hydro lysa te .  

JECTIVE /COST AND PERFORMAhlCE TARGETS 

e  long term o b j e c t i v e  of t h e  Purdue Program i s  t o  
oduce l i q u i d  f u e l  and petroleum,  s u b s t i r u t i n g  
emicals  from c e l l u l o s i c  m a t e r i a l s ,  and t h u s  r educe  
e  United S t a t e s  dependence on imported o i l .  To 
h i e v e  such a  long term o b j e c t i v e ,  we need t o  have 
wide spectrum of r e s e a r c h  a c t i v i t i e s .  Purdue 's  
f o r t  is t o  use  s o l v e n t s  t o  h e l p  f r a c t i o n a t e  t h e  
omass i n t o  i ts t h r e e  major components and h e l p  t o  
ing  f a s t  convers ion of c e l l u l o s e  i n t o  g lucose  i n  
high y i e l d .  I n  a d d i t i o n ,  we want t o  make s u r e  
at  we w i l l  s u c c e s s f u l l y  develop a  number of a l t e r -  

p rocesses  f o r  u t i l i z i n g  hemice l lu lose  hydr- 

(1)  Hydrolysis  of c e l l u l o s e  - (2)  Fe rmenta t ion 'o f  ' c e l l u l o s e  hydro lysa te  
(3 )  Hydro lys i s  of hemice l lu lose  
(4) Fermentat ion of hemice l lu lose  hydro lysa te  
(5) Recovery of a l c o h o l  and o t h e r  p roduc t s  
(6)  Treatment of was te  l i q u o r s  i n  methane 

g e n e r a t i o n  

While t h e  l a b o r a t o r y  r e s e a r c h  i s  going on,  we a r e  
t r y i n g  t o  c a r r y  o u t  p i l o t  p l a n t  s c a l e  p rocess  
r e s e a r c h .  With funds  from t h e  Ind iana  S t a t e  General 
Assenbly, v e  have been a b l e  t o  purchase  and i n s t a l l  
some p i l o t  p l a n t  equipment. The t a r g e t  d a t e  i s  t h e  
l a t e r  p a r t  of 1980, by then  we hope t o  have a  b a s i c  
p rocess  ready f o r  des ign ing  a n  i n d u s t r i a l  s c a l e  
f a c t o r y .  The s imul taneous l a b o r a t o r y  p r o c e s s  
r e s e a r c h ,  meanwhile, w i l l  h e l p  t o  op t imize  t h e  
p rocess  c o n d i t i o n s .  By 1982, t h e  c o n s t r u c t i o n  of 
t h e  i n d u s t r i a l  s c a l e  f a c t o r y  i s  expected t o  be 
completed and by then ,  we should a l s o  have accumu- 
l a t e d  a  s u f f i c i e n t  amount of l a b o r a t o r y  d a t a  t o  
a s s i s t  i n  t h e  s t a r t - u p  and o p e r a t i o n  of t h e  l a r g e  
f a c t o r y .  

APPROACH 

(a )  Use of v a r i o u s  s o l v e n t s  t o  d e s t r o y  t h e  c e l l u -  
l o s i c  c r y s t a l l i n e  s t r u c t u r e  and f r a c t i o n a t e  t h e  
t h r e e  major components of c e l l u l o s i c  m a t e r i a l s .  
(b) Improvement of t echn iques  of r e c y c l i n g  t h e  
s o l v e n t s .  
( c )  Fermentat ion of pen toses  t o  y i e l d  a l c o h o l s  and 
o t h e r  u s e f u l  p roduc t s  t o  a'ssur.e a  good by-product 
c r e d i t  t o  h e l p  pay f o r  t h e  c o s t  of c e l l u l o s e  
.conversion i n t o  e thano l .  
(d)  Improvement of e t h a n o l  f e rmen ta t ion  from 
g lucose  by developing cont inuous,  mold, packed bed 
r e a c t o r s .  
(t) New method of recovery of a l c o h o l s  and o t h e r  
p roduc t s  w i t h  low energy c o s t  and high energy 
e f f i c i e n c y .  
( f )  Methane genera t ion  from a l c o h o l  s t i l l a g e  was tes  
t o  c r e a t e  a n  a d d i t i o n a l  energy source  from t h e  



o v e r a l l . p r o c e s s .  We do n o t  b e l i e v e  t h a t  d ry ing  t h e  
wastes  t o , p r o d u c e  s t i l l a g e  g r a i n  is energy e f f i c i e n t  
enough t o  be f e a s i b l e .  

KEY RESULTS 

( a )  Af te r  t h e  s o l v e n t  t r ea tment ,  c e i l u l o s e  has  been 
e a s i l y  hydrolyzed t o  g lucose  i n  90+% y i e l d s .  
(by Product ion of  bu taned io l  from pentoses  by 
fe rmenta t ion  has  been s u c c e s s f u l l y  done i n  90+% of  
t h e o r e t i c a l  y i e l d  i n  concen t ra t ions  of about  100 
grams per  l i t e r .  
(c) Between (a) and ( b ) ,  we e f f e c t i v e l y  increased 
t h e  l i q u i d  a l c o h o l  y i e l d  by n e a r l y  300%. 
I d )  Developed a  b a c t e r i a l  c u l t u r e  t h a t  can produce 
e thano l  o r  bu taned io l  o r  both from pentoses .  

FUTURE PLANS 

(a) Continua r l i r r en t  w ~ r k  on t h e  use  uf s o l v e n t s  
and pentost! f a a ~ ~ l a u t a t i o n .  
(b) Expand s u b s t a n t i a l l y  i n t o  a l c o h o l  recovery and 
dehydrat ion resea rch .  
(c)  Develop a  p l a n t  des ign  based upon t h e  o v e r a l l  
biomass u t i l i z a t i o n  inc lud ing  c e l l u l o s e ,  hemi- 
c e l l u l o s e  and l i g n i n .  
(d)  Develop a  p l a n t  des ign  based upon u t i l i z a t i o n  
of hemicel lulose  only.  Hemicellulose is s o  easy t o  
hydrolyze t h a t  t h e  pen tose  c o s t  can be v e r y  low. 
( e )  >todify fe rmenta t ion  processes  t o  y i e l d  products  
t h a t  a r e  e a s i l y  recoverable .  I n t e g r a t e  fermenta- 
t i o n  and product recovery i n  process  des ign  and 
research.  
( f )  Fermentation r e s e a r c h  and c u l t u r e  a d a p t a t i o n  
f o r  product ion of e t h a n o l  from pentoses  using 
b a c t e r i a l  and/or  mold c u l t u r e s .  



PROCESS DEVELOPMENT STUDIES ON T I I E  BIOCONVERSION OF CELLULOSE Ah' PRODGCTION OF ETHANOL 
(Contract W-7405-Eng-48) (Aug. 1, 1978) 

Charles R .  Wilke 
Hzrvey W.  Blanch 
Lawrence Berkeley Laboratory 

and 
Department of  Chemical Engineering 
Universi ty  of Ca l i fo rn ia  
Berkeley, Ca l i fo rn ia  

ABSTRACT 

i s  research program has inves t iga ted  t h e  hy- 
> l y s i s  of c e l l u l o s e  and hemicel lulose t o  sugars  
1 t h e i r  subsequent fermentation t o  ethsnol  f o r  

a s  a l i q u i d  f u e l .  Agr icu l tu ra l  res idues ,  
res t  product res idues  and whole t r e e  biomass have 
:n analyzed and assessed f o r  y i e l d s  of sugars  and 
~ a n o l  under various processing condit ions.  Pro- 
js ing concepts which have been inves t iga ted  
:lude both chemical pretreatment  and ac id  and 
rymatic hydrolyses of  c e l l u l o s e  and hemicel lulose 
glucose.and xylose, respec t ive ly .  These sugars 
: then converted t o  ethanol using h igh- ra te  
~ t i n u o u s  processes  i n  which ethanol  i s  removed 
>m t h e  fermentation broth.  

SCRIPTION OF TASK 

is research program i s  d i r e c t e d  toward t h e  con- 
rs ion of t h e  carbohydrate con ten t  of c e l l u l o s i c  
t e r i a l s  t o  produce ethanol  and o t h e r  energy 
ar ing products. A s  t h e  product o f  photosynthes i s  
rbohydrates may be viewed a s  a form of s t o r e d  
l a r  energy. Vast q u a n t i t i e s  of  c e l l u l o s e  i n  t h e  
rm of whole t r e e s ,  a g r i c u l t u r a l  and domestic . 
s t e s  a r e  ava i lab le ,  and a d d i t i o n a l  suppl ies  could 
s p e c i f i c a l l y  grown t o  provide biomass f o r  con- 

rs ion.  The Department of Energy program hr?s 
ncentrated on t h e  hydrolysis  of  c e l l u l o s e  t o  
gars ,  and t h e  subsequent fermentation of t h e s e  
ea rs  t o  ethanol ,  a p o t e n t i a l  l j q u i d  t ranspor -  
t i o n  f u e l .  

x e s s  development s t u d i e s  and p i l o t  p l a n t  s t u d i e s  
ve been concerned with various processing schemes 
r t h e  optimal economic production o f  eth?.nol, and 
ese  s t u d i e s  a r e  cont inuing t o  r e f i n e  t h e  o v e r a l l  
rkeley processing concept a s  fundamental in for -  
t i o n  becomes a v a i l a b l e  from research  supported by 
e Basic Energy Sciences Division of t h e  Dept. of 
ergy. 

P presen t  research  program has concentrated on 
e hydrolysis  o f  c e l l u l o s e  and hemicel lulose t o  
gars  and t h e i r  subsequent fermentat ion t o  ethanol  
r use a s  a l i q u i d  f u e l .  A range of candidate  
l l u l o s i c  mate r ia l s ,  mainly i n  t h e  form of  a g r i -  
l t u r a l  res idues ,  f o r e s t  product res idues  and 
31e t r e e  hiomass, have heen analyzed and assessed 

of  sugars  and ethanol  G d e r  var ious  
s ing  condit ions.  Processing concepts under 
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study include both chemical (acid)  pretreatment of  
these c e l l u l o s i c  mate r ia l s  t o  remove l i g n i n  and 
hemicel lulose,  enzymatic and chemical hydrolysis  
of a - c e l l u l o s e  t o  glucose, and conversion of 
pentose and hexose sugars  t o  ethanol by fermen- ' - .-.--- 
t a t i o n .  Fundamental problems r e l a t e d  t o  t h e  
development of optimal processing condit ions have 
been s tudied under t h e  auspices  of  t h e  B ~ s i c  
Energy Sciences while more appl ied aspec t s  and 
p i l o t  p l a n t  s t u d i e s  a r e  sponsored by t h e  Division 
of So la r  Energy. 

Important bas ic  problems considered include the  
k i n e t i c s  of  enzymatic hydrolysis  o f  c e l l u l o s e ,  t h e  
physical  and chemical na ture  of t h e  raw mater ia l s ,  
production and recovery of  t h e  enzymes involved, 
and t h e  development of new organisms f o r  d i r e c t  
conversion o f  c e l l u l o s e  t o  e thanol .  

Major developmental s t u d i e s  under t h e  auspices  of 
t h e  So la r  Energy Division include development of 
chemical t reatment  processes ,  s t u d i e s  on optimal 
c e l l u l a s e  production, enzymatic hydrolysis  of 
hemicel lulose and subsequent fermentat ion o f  the  
pentose sugars  t o  ethanol  and optimizat'ion of  a 
continuous removal process  f o r  t h e  ethenol fermen- 
t a t i o n  using low pressure  d i s t i l l a t i o n .  In a l l  
these  s t u d i e s  t h e  economic impact of each process 
change i s  evaluated.  

OBJECTJVES 

The b a s i c  processing s t e p s  involved i n  t h e  hy- 
d r o l y s i s  of  c e l l u l o s e  containing mate r ia l s  t o  . 
produce sugars ,  and t h e  subsequent fermentation of 
t h e s e  sugars  t o  ethanol  t h a t  have been considered 
a r e  : 

1. pretreatment  o f  t h e  raw mater ia l  t o  render  
it more a c c e s s i b l e  t o  ac id  o r  enzymatic hydro lys i s .  

2 .  acid o r  enzymatic hydro lys i s .  One o r  two 
sugar s o l u t i o n s  may r e s u l t  a t  t h i s  s tage ,  these  
being e i t h e r . x y l o s e  and glucose o r  a mixed pentose 
and hexose s o l u t i o n .  The ac id  o r  enzyme then needs 
t o  be recovered. 

3 .  concentrat ion of t h e  r e s u l t i n g  sugar 
s o l u t i o n .  I t  nay a l s o  be necessary t o  remove,-.any . .- 

material  which may be i n h i b i t o r y  t o  t h e  subsequent 
alcohol  fermentation. 

4. e thanol  fermentat ion,  and separa t ion  of 
ethanol  from t h e  fermentat ion hr.o.th. 



In each o f  t h e s e  s t a g e s  our  ob jec t ives  have been t o  
develop c o s t  b f f j c i e n t  techniques.  Process eco- 
nomics i n d i c a t e  t h e  c o s t  s e n s i t i v e  a r e a s  i n  these 
s t e p s  a r e  t h e  r e c y c l e  of  ac id  used i n  e i t h e r  pre- 
treatment o r  l a t e r  hydro lys i s ,  t h e  production and 
recovery o f  enzymes i n  enzymatic hydrolyses, t h e  
u t i l  i z a t i o n  of: pentose su.gars f o r  e thanol  formati on. 
ethanol separa t ion  from t h e  fermentation broth 2nd 
t h e  cos t  o f  supplemental media c o n s t i t u e n t s  i n  t h c  
ethanol fermentat ion.  A summary o f  t h e  major c o s t s  
involved i n  ethenol production from c e l l u l o s e  i s  
given i n  Table 1, from Wj.lke, Gal. [1] 

Table 1 

PR.OCESSTNG COST DISTRIBUTION FOR ETEANOL PFODL~CTION 

$/ga l  
95% ETOH 

Cluooro 135.9 
tiJ.ucose Conc.entrati0n 5.2 
Fermentation 7 . 6  
Medim Chemicals 21.4 
D i s t i l l a t j o n  3.0 
Meth:.ne Generar ion  6.3 - 

179.4 

% Tota l  Costs  

Of t h e  c o s t s  involved in .g lucose  production, t h e  
most s i g n i f i c a n t  a r e  those  r e l a t i n g  t o  enzyme pro- 
duction and the  a c t u a l  raw mater ial  c o s t s .  This 
a r i s e s  a s  t h e r e  i s  no e f f e c t i v e  means a t  present  of 
recoveririg and recyc l ing  t h e  c e l l u l a s e  enzymes. 

Based on t h e s e  cons idera t ions ,  t h e  ob jec t ives  o f  the 
Berkeley program can be summarized a s :  

1. development o f  e f f e c t i v e  acid hydrolysis  
schemes. Various types o f  pretreatments  have been 
inves t iga ted  which render  t h e  c e l l u l o s i c  mate r ia l  
more suscep t ib le  t o  hydrolysis .  The c o s t  o f  t h e  
a c i d  involved u s u a l l y  d i c t a t e s  t h a t  recovery and 
recyc le  of  the  a c i d  is  necessary. 

2. opt imizat ion o f  condit ions f o r  t h e  production 
o f  enzymes f o r  hydro lys i s  of t h e  raw n a t e r i a l .  
Both c e l l u l a s e  and xylanase enzynes, from 
Trichoderma v i r i d e  and Streptomyces xylophagus, a r e  
beine used. Continuous oroduction schemes, in -  < 

volving two s tage  continuous c u l t u r e  with c e l l  
r ecyc le ,  a r e  being optimized f o r  both organisms. 
A s  new mutants of  both organisms a r e  developed a t  
Berkeley and by o ther  Department of Energy 
c o n t r a c t o r s ,  they a r e  evaluated f o r  high r a t e s  of 
enzyme production. Various combinations of both 
xylanase and c e l l u l a s e  enzymes from d i f f e r e n t  
orzanism sources a r e  evaluated t o  develop an 
optimal enzyme mixture. 

3 .  determinat ion of t h e  k i n e t i c s  of enzyme hy- 
d r o l y s i s  of  c e l l u l o s e  t o  allow a r a t i o n a l  design of 
t h e  hydrolysis  r e a c t o r .  This involves t h e  e f f e c t s  
of the n a t u r e  of  the  s u b s t r a t e  and product i n h i b i -  
t i o n  by both ce l lob iose  and glucose. .halogous 
information on xylan hydrolysis  i s  being obtained. 

4 .  i n v e s t i g a t i o n  of  t h e  e f f e c t  of o ther  
metabol i t es ,  such a s  pigments manufactured by t h e  
c e l l u l a s e  producing organisms, on ethanol formation 

by yeast .  
5. recovery of t h e  c e l l u l a s e  enzymes f r c n  t h e  

hydrolysis  r e a c t o r  and recyc le  of  these  enzymes. 
Various techniques, including introduct ion of  
mate r ia l s  which prevent t h e  s t rong  binding of  
enzyme t o  c e l l u l o s e ,  a r e  being evaluated.  Enzyme 
recyc le  w i l l  s u b s t a n t i a l l y  reduce hydrolysis  cos t s .  

6 .  determinat ion of  optimal r e a c t o r  configura- 
t i o n s  f o r  h igh- ra te  ethanol  production. . High-cell 
d e n s i t y  systems involving c e l l  recyc le  a r e  being 
evaluated,  and continuous ethanol  removal v i a  a 
vacuum f l a s h  pot is used t o  remove ethanol  inh ib i -  
t i o n  and provide low cos t  ethanol-water separa t ion .  
Nutr ient  requirements f o r  yeas t  growth under these  
condit ions a r e  being optimized. 

7 .  development o f  a l t e r n a t e  low energy separa-  
t i o n  systems t o  recover ethanol  from t h e  
fermentat ion broth.  Processir~g concepts included 
here a r e  membrane separa t ion  and solvent  ex- 
t r a c t i o n .  

8. evaluat ion of each of t h e  above ob jec t ives  i~ 
t e r n s  n f  o v e r a l l  process  economics, This is done 
Lu p i l i p ~ i l l t  key c o s t  s c n s i t i v c  aTcas. 

APPROACH AND RESULTS 

Chemical Treatment Processes 

Various forms o f  chemical pretreatments  have been 
examined with t h e  ob jec t ive  of increasing sugar 
y i e l d s  from subsequent enz)mat i c  or a c i d  hydro1 yse 
The most promising i n  terms o f  y ie lds  and economic 
a r e  su lphur ic  and hydrochloric acid t reatments .  
Other t reatments  which.have been evaluated include 
n i t r i c  oxide [2] ,  f e r r i c  su lpha te  [3] and sulphur 
t r i o x i d e  [3] .  Concentrated sulphuric  ac id  (85 w t l  
when used toge ther  with mechanical shear  can y ie ld  
over 70% sugar conversion, with an i n i t i a l  r a t i o  o 
0.6 l b  of 100% H2S04 per  pound of wood hydrolyzed. 
Complete recovery and recyc le  of the sulphuric  a c i  
i n  t h i s  process has not yet  been demonstrated. 
Using hydrogen c h l o r i d e  under p ressure ,  however, 
o f f e r s  advantages as  H C l  is  more r e a c t i v e  i n  the  
gas phase, and lower r e a c t i o n  temperatures and 
s h o r t e r  r e a c t i o n  times a r e  poss ib le  a s  compared t o  
o ther  ac ids .  Due t o  i t s  v o l a t i l i t y  H C i  is read i ly  
recoverable  and can thus  be recycled. Current pro 
cess ing  involves u s e  of 50-80 w t %  HC1 a t  20-43 w t t  
s o l i d s  loadings.  Af te r  r e a c t i o n  a secondary 
hydrolysis  i n  d i l u t e  ac id  i s  performed t o  obtain 
sugar monomers. Up t o  855 conversion of glucose 
and 78% conversion of t o t a l  sugars has been ob- 
t a ined .  HC1 can be recovered by a s i n g l e  s tage  
vacuum d i s t i l l a t i o n  a t  40°C. 

Enzyme Hydrolysis 

Ce l lu lase  Production 

E f f o r t s  have been d i rec ted  :ovard opt imizat ion of  
pH and temperature i n  two-stage continuous cul turc 
systems f o r  c e l l u l a s e  production. This e f f o r t  ha: 
been d i r e c t e d  toward determining the e f f e c t s  of  
temperature, pH, dissolved oxygen, carbon and 
n i t rogen  sources,  C / N  r a t i o s  and media 
i n  both batch and continuous systems. Enzyme 



' i e s  a r e  measured a s  f i l t e r  paper a c t i v i t y ,  
and 6-glucosidase a c t i v i t y .  The fungus 
erma v i r i d e  has been shown t o  be t h e  most -- 
1 c e l l u l a s e  producer so f a r .  S t r a i n  QM9414 

.eloped a t  t h e  Natick Laboratory and ~ u t p e r s  
4 and C-30 hypercel lulase producers have been 
.lusted. Table 2 summaries t h e  optimal environ- 
. t a l  condit ions f o r  s t r a i n  QM9414 and l e v e l s  o f .  
)me product ion. 

Table 2 

'IhIAL PRODUCTION CONDITIONS FOR CELLULASE FROM 
VIRIDE (Qh19414) IN TWO-STAGE CONTINUOUS CULTURE 

r i a b l e s  1 s t  s t a g e  2nd s tage  

I 3.75-4.25 5.0 
-mperature (OC) 2S0 28 
l u t i o n  r a t e  ( h - l )  0.02 0.027 
l l e t  s u b s t r a t e  1.75 
oncentrat ion (wt%) 
'A (IU/ml) 4.4 5.6 

A NG-14 k 
% 4 
u 

2 

0 
0 2 4  6 8 1012 

Doys 

'0 2 4 6 8 10 12 
Doys 

.od"ctivity ( I U / L .  h r )  0.088 0.11 Fig. 2 .  Comparison o f  individual  enzyine a c t i v i t i e s  

of t h e  t h r e e  2. v i r i d e  s t r a i n s .  

p r e  1 shows t y p i c a l  batch growth r e s u l t s  of t h e  
:-C-30 s t r a i n ,  with temperature and pH 
#gramming. 

Days  
XBL 792-8230 

;. 1. Batch Fermentation of  Rut-C-30 (T. v i r i d e )  
:h temperature and pH programing.  

: ind iv idua l  enzyme a c t i v i t i e s  of  Rut-C-30 grown 
5.6% Solka Floc (Bw200) a s  shown i n  Fig. 2. I t  
apparent t h a t  a l l  components o f  t h e  c e l l u l a s e  
: produced i n  l a r g e  amounts. 

Hydrolysis Kinet ic  Studies  

The succ'essful design of  an optimal enzymatic 
hydrolysis  r e a c t o r  i s  predicated on a  r e l i a b l e  
model of t h e  enzyme k i n e t i c s .  A f i r s t  approach 
has been t o  consider  t h a t  only a  f r a c t i o n  a of 
t h e  s u b s t r a t e  i s  access ib le ,  and t h a t . t h i s  f a c t o r  
decreases a s  more product is formed, i . e .  

-KIP a = a  e 

Combining t h i s  with t h e  usual k i n e t i c s  f o r  product 
inhj  b i t i o n  y i e l d s  

Predict ions based on t h i s  model f o r  var ious sub- 
s t r a t e  concentrat ions a r e  shown i n  Fig. 3 .  

Fig. 3.  Pred ic t icns  f o r  batch hydrolysis  with 3.5 
FPA enzyme concentrat ion and various s u b s t r a t e  
l e v e l s .  



Typica1 ,expe r imen ta l  d a t a  on ba tch  h y d r o l y s i s  a r e  
shown on F i g .  4 .  AS can be  seen ,  t h e r e  is a  h igh  
degree  of correspondence between model and expe r i -  
ment,  a l though  no a t t e m p t  has  been made t o  match 
enzyme c o n s t a n t s  f o r  t h i s  p a r t i c u l a r  d a t a  s e t .  

T ime  lhrsl 
nl n1.mz4 

Fig .  4 .  Hydro lys i s  o f  Var ious  Concen t ra t ions  o f  
2bIM Wiley Mi l l ed  Corn S t o v e r  by T. v i r i d e  
c e l l u l a s e  (FPA = 3 . 9 ) .  

Using c e l l u l a s e s  from d i f f e r e n t  organism s o u r c e s  
h s s  been e f f e c t i v e  i n  i n c r e a s i n g  h y d r o l y s i s  r a t e s  
[ 4 ] ,  a s  t h e  i n d i v i d u a l  enzyme components a r e  
p resen t  i n  v a r y i n g  amounts. Systems wi th  inc reased  
l e v e l s  o f  B-glucosidase  a c t i v i t y  have been i n -  
v e s t i g a t e d .  

Enzyme Recovery 

As a s i g n i f i c a n t  c o s t  is  a s s o c i a t e d  wi th  c e l l u l a s e  
p roduc t ion ,  v a r i o u s  t r e a t m e n t s  o f  t h e  r e s i d u a l  
s o l i d s  from enzyme h y d r o l y s i s  have been examined 
wi th  t h e  o b j e c t i v e  o f  r e l e a s i n g  adsorbed c e l l u l a s e  
from t h e  unhydrolyzed c e l l u l o s e .  Of t h o s e  i n v e s t i -  
g a t e d  t o  d a t e ,  u r e a  was found t o  be  t h e  most 
e f f e c t i v e  deso rb inp  458 c f  t h e  adsorbed enzyme. 
Resu l t s  o f  recombining wash s o l u t i o n s  and hydrol-  
s a t e  sugges t  t h a t  70% c f  t h e  o r i g i n a l  enzyme can be  
rec.overed i n  t h i s  manner. Among v a r i o u s  amounrs of 
u r e a  in t roduced t o  t h e  h y d r o l y s i s  r e a c t o r ,  0.9bl 
c o n c e n t r a t i o n  has  t h e  op t ima l  e f f e c t  o f  r e t a i n i n g  
67% o f  t h e  o r i g i n a l  f i l t e r  paper  a c t i v i t y  i n  t h e  . 
l i q u i d  phase .  This  i s  demonstra ted  i n  Fig.  5. 

I I I I , I 
0 20 GO 80 100 

Hours Hydrolysis 
XEL 774- 52m 

Fig.  5. Enzyme A c t i v i t y  Remaining. in  So l l t t i on  
d u r i n g  h y d r o l y s i s  i n  t h e  Prescncz o f  0.9W urea  

Et.hano1 Fermenta t ion S t u d i e s  

N u t r i t i o n a l  Requirements 

The hexose suga r  s o l u t i o n  produced by e i t h e r  a c i d  
o r  enzymatic h y d r o l y s i s  i s  fermented t o  produce 
e t h e n o l  by ~ a c c h a r o h ~ c e s  c e r e v i s i a e .  w i th  some 
s t r a i n s  o f  T .  v i r i d e  i t  has  been found t h a t  
metabolites-which a r e  a l s o  produced ( p r i m a r i l y  
pigments) nay be i n h i b i t o r y  t o  subsequent e t h e n o l  
f e rmen ta t ion .  These may be  removed by a d s o r p t i o n  
on to  a c t i v a t e d  carbon.  S t r a i n  Rut-C-30 does  n o t  
appea r  t o  have t h i s  i n h i b i t o r y  e f f e c t  on t h e  y e a s t  
as i s  seen on Fig .  6 .  

0 Cell moss 

// 0 Ethanol / ! 

Hours 
XBL 792-6221 

Fig .  6 .  Product ion o f  Ethenol and Ce l I  )!ass 
Seven-Fold Concentra ted  E x t r a c t s  Derived from 
T v i r i d e  S t r a i n s .  --- 



i a  chemicals,  i n  add i t ion  t o  t h e  sugar source, 
je a l a rge  c o s t  i n  ethanol fermentation, 
j have examined t h e  grnvth r~qi .1  i r ~ m e n t  s of 
For vitamins and dissolved oxygen l e v e l s .  

s u l t s  t o  d a t e  i n d i c a t e  b i o t i n  t o  be c r i t i c a l  i n  
hieving rap id  ethanol  production. Final  c e l l  and 
hanol y i e l d s  a r e  independent of  vitamin source 
i even absence of vi tamins,  but r a t e s  a r e  
fec ted ,  a s  can be seen i n  Fig. 7 .  

EFFECT OF GROWTH FACTORS 
ON SPECIFIC GROWTH RATES 

0.01 I I I I I I 
0 10 20 3 0  

T I M E  (HRS) 
X B L 7 9 5 6 ? 6 5  

. 7. Effect  of  .Growth Factors  on Cel l  Yield and 
~ i f i c  Growth Rates of 2. c e r e v i s i a e  i n  batch 
stems. 

Proces's Development S tud ies  

: cur ren t  fermentat ion design involves a high 
11 d e n s i t y  atmospheric fermentation i n  which end 
)duct i n h i b i t i o n  is  removed by cycl ing fermenter 
?r t o  a vacuum f l a s h  pot where an e q u i l i b r i m  
lanol-water vapor mixture (ca 22 w t %  ethanol)  
boi led away. Using a 50 w t %  sugar s o l u t i o n  a s  

?d w i l l  j u s t  balance t h e  water c a r r i e d  over i n  
? f l a s h  pot vapor p rod i~c t  stream. This  ailows 
? advantages o f  vacuum fermentation t o  be 
.ntained a t  s u b s t a n t i a l l y  reduced c o s t s  by use of 
rapor recompression heated a u x i l i a r y  vacuum f l a s h  
. Flash pot opera t ing  c o s t s  a r e  approximately 
'hr f o r  a 12 m i l l i o n  gal lon/year  p l a n t ;  t h e  
~ c e s s i n g  i s  shown schematical ly  i n  Fig. 8 .  

FLASH - P O T  SEPARATION 
(12 M GALLDWKAU RANT) 

C U  15.9 K lbfhr) COMPRESSOR (425HP1 

YEAST 

WATER 111.3Klb hl 

Fig. 8. Vacuum,Flash Pot Separat ion of Ethanol 
from fermentation beer. Feed Streams a r e  based 
on a 12 mi l l ion  gal lon (95%) Et.hanol/Year 
Operat ion. 

The reduct ion i n  water load on t h e  system repre-  
s e n t s  considerable  energy savings by reducing t h e  
water which must be heated t o  t h e  bottoms 
temperature i n  t h e  f i n a l  d i s t i l l a t i o n  t o  produce 
pure e thanol .  Further reduct ion i n  energy f o r  
e thsnol  separa t ion  can be r e a l i z e d  by vacuum 
d i s t i l l a t i o n .  A t  s u f f i c i e n t ]  y low pressures  t h e  
azeotrcpe i s  removed, but t h e  "pinch poi.ntW a t  
high ethanol concentrat ions i s  so  severe a s  t o  
make complete separat ion by d i s t i l l  a t j o n  un- 
f e a s i b l e .  A t  95.6 w t %  t h e  atmospheric azeotrope) 
t h e  .pinch i s  g r e a t l y  reduced i n  vacuum d i s t i l l a t i o n  
and s u b s t a n t i a l l y  reduced. Energy requirements a r e  
thus reduced an addi t iona l  22% from 20,400 BTU/gal 
( f o r  f l a s h  pot and atmospheric column) t o  16,000 
BTU/gal. Column s i z i n g  i s  increased by two-fold 
i n  diameter and a small compressor must be added 
t o  compress C02 d i sso lved  i n  t h e  column feed up 
t o  atmospheric p ressure .  The process  i s  shown 
schematical ly  i n  Fig. 9. 

CUdTlNWUS VACWM DISTILLATION 
I12 L1 GALLON YEAR PLANT) 

L 
WATER (n.8 K lb/twI 

-me KIA 
muEm 

ENERGY REQUIRED: 16.300 ~ T U ~ O N  P a o ~ u m  XlLm4MI  

Fig: 9. Continuous I-ligh-Cell Density ~ t h a r i o l  
Production. Using Vacuum Flash Pot and Vacuum 
D i s t i l l a t i o n .  



U t i l i z a t i o n  o f  Hemice l lu lose  Sugars  

As up t o  o n e l t h i r d  o f  t h e  t o t a l  carbon a v a i l a b l e  i n  
biomass used a s  a  raw m a t e r i a l  may be i n  t h e  form 
of pentosans ,  e f f o r t  has  been d i r e c t e d  toward 
u t i l i z a t i o n  o f  t h e s e  p e n t o s e  suga r s  f o r  e thano l  
p roduc t ion .  These pen toses  may be  r e l e a s e d  by 
e i t h e r  p r e l i m i n a r y  d i l u t e  a c i d  h y d r o l y s i s  o f  t h e  
raw ma.teria1,  o r  by t h e  a c t i o n  of  xy lanase  enzymes. 
Sy lanase  p roduc t ion  by S t r e p .  xylophagus i n  con- 
t i n u o u s  c u l t u r e  has  been opt imized u s i n g  wheat b r a n  
a s  a  s u b s t r a t e .  A t  t h e  op t ima l  d i l u t i o n  r a t e  
0.027 h r - l ,  t h e  enzyme a c t i v i t y  i s  7 .25 mg/ml. 

Formation o f  e t h a n o l  fro;n x y l o s e  has  been i n v e s t i -  
gated us ing  l z c i l l ~ ~ s  mascerans.  whicn has  been 
s e l e c t e d  on t h e  b a s i s  of  i t s  h igh e t h a n o l  produc- 
t i v i t y .  I t  appea r s  th3.t t h e  organism i s  i nh i .b i t ed  
by both  s u b s t r a t e  and p roduc t .  IF b a t c h  c u l t u r e s ,  
an  i n i t i a l  xy lose  c o n c e n t r a t i o n  of 2 . 3  wt% appea r s  
t o  y i e l d  t h e  hi.ghest conver s ions .  f o r  t h i s  
organism i s  3 .15 h r - l ,  w i t h  a 27% conver s ion  of  
xy lose  t o  e t h a n o l .  Typ ica l  batch dara, i11cluJ ing 
s p e c i f i c  a c t i v i t i e s  i s  shotvn i n  Fig. 10. 

B A C I L L U S  M A S C E R A N S  GROWTH ON XYLOSE 

TIME (HRS) 
XBLi95-6364 

FUTURE PLANS 

As has  been d e s c r i b e d  i n  t h c  preceding s e c t i o n s ,  
e f f o r t  will be d i r e c t e d  toward t h o s e  c o s t -  
s e n s i t i v e  a r e a s  i n  t h e  o v e r a l l  p rocess ing  schemes. 
These inc lude :  

1 .  development o f  hj.gh p r e s s u r e  tic1 h y d r o l y s i s  
w i th  r e c y c l e  o f  t h e  a c i d .  . 

2. o p t i m i z a t i o n  o f  c e l l u l a s e  product ion and 
h y d r o l y s i s  r e e c t o r  development.  ' 

3 .  o p t i m i z a t i o n  o f  t h e  e t h a n o l  f e rmen ta t ion  and 
low c o s t  e t h a n o l - u a t e r  s e p a r a t i o n  schemes. 

4.  u t i l i z a t i o n  o f  t h e  hemice l lu lose  f r a c t i o n  of 
t h e  raw m a t e r i a l  t o  produce e t h a n o l .  

[ l ]  C . R .  Wllke, -., 2nd Annual Fuels from 
Biomass S ~ m p . ,  Rensselaer  Po ly tech . ,  Troy, 
New York, June  1978. 

[2] R . K .  Borrevik and C.R.lVjlke, E f fec t  of  
Elitrogen Ouide P re t r ea tmen t s  on E ~ z y m a t l c  
Hydro lys i s  o f  C e l l u l o s e ,  LBL-7879 (1979).  

[3] C . R .  Wilke, 9 a r t e r l y  Report -DOE Con t rac t  
W-7405-Eng 48,  LBL-7880 (Sep t .  1978:. 

[4] C.R. Wilke, and H.ld. Blanch, Q a r t e r l y  Report  
DOE Con t rac t  \V-7405-Eng 45,  LBL-8658 
(Dec . 1978) . 

Fig .  10.  Gro\ith o f  g. mascerans on Sy lose .  The 
Major Products  Formxi ;,re E thano l ,  Ace t i c  Acid and 
Smal ler  Amounts o f  Acetone. 
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ificient conversion of cellulose -to glucose syrups 
s a prerequisite if biomass is to be counted as a 
Lable starting material for fuels. Biochemical 
riversion employing cellulase enzymes offer 
sveral advantages over the traditional acid 
rdrolysis as enzymes are non-polluting, reusable, 
?quire low energy input while catalyzing high 
mversion efficiencies into a pure glucose pro- 
~ct. Enzymatic conversion has not been achieved 
>mmercially due to the high costs of the cellu- 
ases from the available microbial strains. The 
sjor focus of this program is to lower the cost 
E these enzymes through the isolation of mutant 
trains which synthesize the cellulase in high 
ields and catalyze more efficient conversion of 
he cellulose to glucose. A number of selective 
creening methods have been devised that allow 
etection of mutants of Trichodena reeae i  which 
re capable of overcoming the biochemical and 
enetic controls operative during cellulase 
ynthesis and activity. Selected breeding is 
eing developed employing the parasexual cycle and 
rotoplast fusion in order to sequester desired 
haracteristics into a single strain. Current 
mphasis in the program has been to characterize 
hese'mutants especially in relation to their 
ndustrial usefulness. 

NTRODUCTION 

'he hydrolytic conversion of cellulose to glucose 
n the overall scheme to produce alcohol from 
loody biomass is an economic bottleneck. This 
ydrolysis of cellulose can be accomplished 
ither by acid or by use of enzymes (cellulases). 
le favor the enzyme approach in that high con- 
lersion efficiency can be obtained without the use 
~f extreme temperature or pressure. The overall 
:ost of enzymatic hydrolysis can be reduced sub- 
,tantially through the selection of microbial 
 trains whose cellulase complex is produced in 
iigh yield, with optimal proportions of each 
:nzyme component and whose physicochemical 
:haracteristics allow their large scale applica- 
:ion under optimal fermentor conditions. Methods 
lave been developed that allow selective isolation 
~f such desirable cellulolytic strains. 
"richodema r e e s e i  has been the initial micro- 
xganism of choice with regard to its relatively 
~igh ccllulolytic activity towards crystalline 

ulose. This report describes the screening 
dologies and illustrates the characteristics 

of .the most useful mutants isolated to date. 

RESULTS 

.Enzymes in the cellulase conplex and their controls 

The sequential cooperative activity of at least 
three distinct enzymes is required for the effi- 
cient hydrolysis of crystalline cellulose: endo- 
6-glucanase, cellobiohydrolase and 6-glucosidase. 
Tine current hypothesis of how these enzymes 
interact is summarized in Figure 1. Formulation 
of this model has resulted through contributions 
of a number of independent workers [1, 2, 3, 4, 5, 
63. The endoglucanase is thought to initially 
attack the cellulose randomly. The action of the 
endoglucanase is followed by the action of cello- 
biohydrolase releasing cellobiose from the non- 
reducing end of the cellulose chains. The 
continued cooperative action of the endoglucanase 
and the cellobiohydrolase result in conversion of 
the cellulose to cellobiose and small oligo- 
saccharides. The latter are then acted upon by 
6-glucosidase to yield glucose. 

The synthesis and activity of the cellulase 
complex are subject to a number of rigid bio- 
chemical and genetic controls. The most prominent 
regulatory mechanisms are induction and catabolite 
repression. Microorganisms do not synthesize many 
enzymes unless the substrate for the enzyme is 
present in the environment. Thus, the presence of 
insoluble cellulose or other inducers are required 
for cellulase synthesis. In addition, if other 
readily metabolizable material such as glucose is 
present,.in addition to cellulose, the organism 
will preferentially utilize the glucose and the 
synthesis.of cellulase will be repressed. The 
combination of induction and repression of the 
cellulases is responsible for the low yields 
obtainable during enzyme production in the fermen- 
tor. In addition to the genetic controls, the 
activity of each of the cellulases is subject to 
end-product inhibition. In this case, the pro- 
ducts of the reaction, glucose, cellobiose and 
perhaps small oligosaccharides bind to the enzyme 
and inhibit further activity. This end-product 
inhibition can be respons'lble for the low effi- 
ciency of enzymatic conversion of cellulose to - . 

gl.ucose. End-product inhibition resistant 
enzymes could allow 100% hydrolysis of cellulose 
to glucose and greatly reduce the cost of 



. CELLULASE ENZYMES 

---Amorphour 
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rigura 1. Schemat1.c reprasentafi~n of sequential stages in cellulolysis 

biochemical conversion. 

The objectives of the Rutgers program are to 
select genetically altered strains of T. reese i  
which ore  no longer s~tbjrcL to these regulatory 
mechanisms. Two approaches have been employed, 
direct selection of mutant strains resistant to 
the controls and selective breeding of desirable 
strains through heterokaryon formation and proto- 
plast fusion. 

Selective 'screening for mutant strains'. 

Table 1 summarizes the selective screening 
methodologies developed to date which allow 
visual detection of the desired mutant strain in 
the presence of large numbers of non-mutant 
organisms [7, 81. As T. reesei  is a fast growing 

soil fungus, colony inhibitors Oxgall and Phosfor 
D are routinely added to the agar plates allowing 
formation of compact well defined colonies. The 
substrate for the desired enzymatic activity is 
also incorporated into the medium e.g. esculin fc 
the selection of 3-glucosidase mutants. If 
catabolite repression resistant mutants are sougt 
high concentrations of the repressing substance 2 

also incorporated, e.g. 5% glucose or 5% glycero: 
If constitutive mutants are desired (mutants whic 
no longer require an inducer) any non-inducing 
substrate is incurpu~ated into thc baoo agar and 
the detecting substrate is incorporated in an 
agar overlay. Mutants with enzymes that are end- 
product inhibition resistant are selected on the 
basis of their ability to catalyze enzymatic con 
version in the presence of high 
the specific end product inhibitor. Visuali 



TABLE 1. SCREENING METIIODOLOGIES FOR ISOLATION OF HIGH YIELDIXG CELLULOLYTIC REGULATORY 

ElIiTANTS OF T21CHODERA44 REBSEI. 

- -  - 

Enzyme Colony Inhibitor Substrate Catabolite Visualization 
Repressor (5%) 

Total Cellulase r 
Endoglucanase 

E.P.I. Resn. I 

Oxgall 
(1.5%) 

+ 

B-Glucosidase 

Walseth 
cellulose 

Phosfon D 
(500 vg/ml) 

CMC 

1. Esculin 

2. Cellobiose 
(1%) 

3. CH3.Umbelliferyl 
Glucoside 

4. Any Glucoside 
Substrate 

A Non-Inducer 

Any Cellulosic 
Substrate 

Glycerol Clearing - incubation 
50°c 

Glycerol or Clearing - quaternary 
Glucose ammonium compounds 

Glucose Black rings - ferric 
ammonium citrate 

2-Deoxyglucose Large vs. point colonies 
(0.2%) 

Glucose Fluorescence 

Glycerol Glucostat + Cellobiose 
500C, 30 min: Red 

None Selective Overlay 

Presence of Visual selection 
End Product . 

f the enzymatic activity is the key to the selec- enhance the rate and efficiency of saccharifica- 
ion system. For example, esculin is a substrate 
or 6-glucosidase. Under conditions where B- 
lucosidase is synthesiied and active, it will 
ydrolyze the esculin into glucose and esculetin. 
he latter compound esculetin reacts with the 
erric salts present in the agar to form a black 
recipitate. Mutants will therefore have black 
ings surrounding the colonies where as the wild- 
ype will be colorless. 

utgers Family of T. reesei mutants. 

tilizing these selective screening methodologies 
pproximately 100 mutants have been isolated and 
oughly 800 thousand potential mutants screened. 
genealogy is outlined in Figure 2. The NG 
eries represent high yielding mutants derived in 
wo steps from the wild type T. reesei QM6a. 
UT-NG14 is the best characterized mutant of this 
roup. Fermentor studies at Natick have shown 
hat this mutant is capable of synthesizing 2% 
xtracellular protein and 45 units/l/hr of the 
ellulase enzyme complex. These enzymes show in- 
reased thermostability when compared with QM9414 
s dcmonstrotcd in Figure 3. This latter char- 

may allow hydrolysis to be carried out 
mperatures greater than 5O0C which may 

tion. 

Two catabolite repression resistant lines have 
been isolated from RUT-NG14, the "C"-series and 
the "L"-series (Fig. 2). Of the C-series, RUT-C30 
has been best characterized. Parallel cooperative 
studies at Natick and at the University of 
California, Berkeley have verified that RUT-C30 
shows more rapid growth and cellulase synthesis 
resulting in productivities'of 100 units/l/hr. 
under controlled fermentor conditions. The .-  .-. 
Berkeley group has also demonstrated that the 
sugar syrups produced by the action of RUT-C30 
cellulase are lacking an inhibitor of fermenta- 
tion routinely found in syrups produced by 
QM9414. Thus the glucose syrups, produced by the 
action of RUT-C30 cellulase on cellulose can be 
fermented directly by yeast eliminating the 
previously employed charcoal filtration step. 

Mounting evidence suggests that the 0-glucosidase 
of T .  reesei cellulase is the rate limiting step 
in the enzymatic conversion of cellulose to 
glucose [9]. Not only is thts enzyme proportion- 
ally low in the cellu1.asa complex, but B- 
glucosidase is severely inhibited by the end- 
product, glucose. Major effort in our program has 



/ \ 
H series C30T 

Constitutive Thendotolerant 
(37OC) 

UV 

L series \ (End product EPI series resistant) 
I "L" ~ c r i c o  

catabolite repression 
resistant 

Figure 2. Rutgers family of T. reesei mutants. 

TEMPERATURE 

Figure 3. 'IXermostability of the 6-glucosidase of RUT-NG14 as compared to QM9414; p- 
nitrophenyl S-glucoside (FNPG) or cellobiose as substrates. 



given to increasing.the yield and decreasing 
2nd-product inhibition of 8-glucosidase. A 
?r of end-product inhibition resistant mutants 
been isolated, EPI  series. Although no 

completely rpsistant ctroins lidve,been found to 
dace, several mutants synthesize a 6-glucosidase 
with altered inhibition kinetics with respect to 
glucose. 

Selective Breedinfi of T. reesei .  

Until recently, improvement of industrial micro- 
organisms has relied mainly on programs of 
mutation and selection. This situation is unsat- 
isfactory in that it is pureiy empirical and such 
mutagenic treatments coincidently induce serious 
structural damage to the genome unrelated to the 
desired improvement. In an effort to allow 
recombination of important characteristics from 
different mutants into a single strain, alter- 
native genetic techniques are being employed 
which circumvent c'ontinued mutation. A detailed 
knowledge of the genetics and the regulatory 
mechanisms of the cellulases of T. reesei  is 
essential for further improvement of high 
yielding cellulolytic strains. Unfortunately 
Trickodema possesses a poorly defined sexual 
stage (Hypocrea), limiting natural recombination 
to the parasexual cycle. Marked strains carrying 
abnormal spore color, antibiotic resistance and , 

auxotrophic nutritional requirements have been 
isolated from the different Rutgers mutant lines 
to facilitate such genetic analysis. Although 
heterkaryons (hyphal cells containing nuclei 
derived 'from two strains) have.been readily 
formed by allowing cultures to grow together and 
fuse with one another, initial attempts at iso- 
lating heterozygous diploid spores from the 
heterokaryons have been unsuccessful. Thus we 
are in the process of developing the relatively 
new approach of protoplast fusion to achieve 
somatic hybridization of the strains. This 
technique involves removal of the cell walls of 
the parent strains with a commercial lytic enzyme 
preparation. Methods to obtain stable protoplasts 
have been devised and regeneration of stable cells 
(with walls) from the osmotically sensitive proto- 
plasts has been achieved. The major objective now 
is to fuse the protoplasts in the presence of 
polyethylene glycol. and isolate stable hybrid 
strpinr eontainil~g w r k r r  cuiuplementation which can 
regenerate their cell walls and grow. 

SUMMARY 

Genetic techniques of mutation and selection, para- 
sexual breeding and protoplast fusion are being 
applied to Trichodema reesei  in order to improve 
the yield and tho biochemical naLurr of the cell- 
ulase enzymes. Approximately 100 distinct 
mutants have been isolated which show resistance 
to catnbolitc ~epressiae, enhanced yield of cellu- 
lase and partial resistance to.end-product inhibi- 
tion. Mutants of this type which have lost the 
natural genetic and biochemical mechanisms 
governing the synthesis and activity of cellulase 

be used to remove the economic bottleneck in 
enzymatic conversion of cellulosic biomass to 

glucose and ultimately fuels and petrochemical 
substitutes. 
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mntinuous plug flow reactor was bui l t  for acid 
trclysis of cellulosic materials. A single pass 
kolysis a t  240'~ with 1% acid gives 50 to  57% 
iwse yield for a slurry concentration of 5 t o  
,5% solids. Glucose and xylose yield magas are 
reloped that indicate the trade off of,product, 
.product, and unreacted product. For high xylose 
:wery, a *stage hydrolysis is  needed, the 
:st stage a t  low tenperature (180 - 200°c) and 

second a t  high tenperature (230 - 240°C). Fur- 
:a1 recmery from xylose may lead to important 
-product credits. 

c flow reactor has also been used to give acid 
!treatments t o  cellulosic materials prior t o  
cymatic hydrolysis. The yield increase by enzy- 
d c  hydroiyeis is significant for oak (21% to  
a ) ,  corn stover (58% t o  loo%),  and newsprint (60% 
93%) as a resul t  of the pretreatment. !Chus, a 
bination of acid hydrolysis pretreatmant with 
p a t i c  hydrolysis can achieve nearly quantita- 
re yields of glucqse. =timates of the wst of 
lano1 from newsprint and wood are given for one- 
rs acid hydrolysis, enzymatic hydrolysis, and the 
bination of the two. 

led on batch kinetics measured by Fagan and others 
Grethlein 121 proposed a &tailed design for  a 

mess using a continuous plug flow reactor to 
kolyze rellulosic materials t o  glucose and other 
ducts. lie assumed that &he reactor would be 
~i&emnal, operating at 230°C /446"F), a t  a pres- 
* of 500 psi. wiuith m a@id oonoentsaUon of 1% 
weight mlfuric  acid, and a residence tiane of 
.9 minute. Two designs were developed, one for a 
at that would feed a concentrated slurry, 30% by 
.ght solids, and a second plant that would feed 
L slurry. He concluded that  the processing costs, 
:lusive of substrate, would range between 1.759 
2.450 per pound of sugar produced from newsprint, 
'Sprint having a glucan content of 69%. Since 
lse costs looked attractive, it was decided to 
,clop a plug flow reactor in  order to gain more 
Wience with such a process and t o  measure the 

undcr tht conditL\srre psahrr l  i l l  Ult! &sign. 
effect of slurry concentration on yield was of 

,titular interest  since the increase from 10% t o  
solids reduced the processing costs by 30%. 

2. RFSULTS FROM INITIAL FLOW HEACTOR 

A process flow sheet for a continuous flow reactor 
is  presented in Figure 1, and i s  discussed in de- 
tail by Thompson. [3,4] It is  important to note 
that the feed i n  the form of a slurry is  preheated 
t o  the reaction temperatures, and then the reaction 
i s  ini t ia ted by the injection of the acid. The 
reaction is quenched by flashing the product into 
a capillary tube where it i s  cooled. In this  
manner, a short reaction Ume is obtained a t  a high 
temperature, up t o  240°C. As indicated in  Fig. 2 
Thompson found that  the yields were independent of 
slurry concentration up to  13% by weight slurry for 
100 metsh particles. The maximum yields, further- 
more, were found t o  be only slightly below those 
predicted by the batch kinetics -- 50 to 52% 
rather than 55%. 

Pig. 1. Process Flow Sheet for a Continuous 
Flow Reactor 

I m am a0 UO t40 

TEMPERATURE PC)  

Fig. 2. Plot of Glucose Yield (% Potential) 
vs. Temperature 



The yield maps for  glucose and xylose a re  presented 
i n  Figures 3 and 4. The yield map for glucOSe, 
Fig. 3, indicates t h a t  a g o d  deal of the glucose 
is destroyed when the reactor is  operated t o  maxi- 
mize the yield fo r  a single pass, a t  temperatures 
i n  the range of 2 3 0 ° C  t o  2 4 0 ° C .  If it is  economic 
t o  recycle the sol ids  from the reactor, then one 
should operate a t  a lower temperature and, a s  indi-  
cated on Figure 3, reduce the glucose yield par 
pass i n  an e f f o r t  t o  reduce the amount of glucose 
decomposition and, i n  so doing, increase the over- 
a l l  yield of glucose from the recycle reactor. 
O'Neil e t  a 1  151 have recently concluded tha t  an 
8 0 %  glucose yield is economically feasible i n  a 
plug flow reactor with recycle of del ini f ied cellu- 
lose. 

The xylose map, Fig. 4, indicates t h a t  i f  one wishes 
tn make uylnse. rather than a mixture of xylose and 
firrfural, it is  necessary t o  run I%& $clU E l p r O I Y  
ys is  a t  a lower temperature. In  fact ,  it may be . 
desirable t o  m the acid hydrolysis i n  two stages, 
with the first stage a t  low temperature t o  produce 
xylose, and the second stage a t  high temperatute t0 
produce glucose. However, i f  furfural  is  a valuable 
product, then there are two options: 1) t o  convert 
the xylose from a f i r s t  stage t o  furfural  i n  a sep- 
ara te  process, or  2) make glucose and furfural  si- 
multaneously in  one stage, high-temperature hydrol- 
ysis.  More work is  needed t o  give optimum yields 
of glucose and xylose or glucose and furfural .  

POTENTIAL aLucosE 
RLYAININO IN THE SOLIDS 

Fig. 3. Yield Map for  Glucose 

REMAININO IN THE 
-\ 

U I 
g 180 

200 220 240 
TEMPERATURE P C  l 

Fig. 4. Yield Map for  Xylose 

In short, Thompson's work further encouraged the 
idea of using a flow reactor for the acid hydro1 
ysis  of cellulosic materials. The experience w i  
that  reactor, however, did point out two imports.- 
areas of d i f f icul ty .  As indicated i n  Fig. 5, there 
was considerable corrosion of the Carpenter 20 
s t e e l  used i n  the acid injection l ine.  The Car- 
penter 20 alloy was selected because of i t s  resis-  
tance t o  corrosion; however, under the conditions 
encountereahere, concentrated acid a t  high temper- 
ature,  the inside diameter increased from 3/16 t o  
9/32 of an inch, approtfimately 0.094", for  a cor- 
rosion r a t e  of 34 x 10 mils per year! Sections 
of the mixing tee  also showed signs of severe cor- 
rosion. This was overcome i n  the laboratory by 
using a ceramic inser t .  

Fig. 5. Corrosion i n  the Acid Injection Line 

The other area of concern was tha t  of mixing of th~ 
acid .with the thick slurry.  G u r  objective is t o  
use a highly concentrated slurry and par t ic les  up 
t o  10 mesh, and i n  larger systems we would antici-  
pate d i f f i cu l ty  i n  being able t o  quickly mix the 
acid with the sol ids  so  that  a l l  the par t ic les  
would have the same residence time with the sane 
acid concentration. 

To overcome these two d i f f i cu l t i e s ,  we proposed t o  
develop a flow reactor i n  which the acid i s  mixed 
with the solids a t  low temperature, and i n  whrch 
the reaction is in i t i a t ed  by direct  injection of 
steam into  the slurry rather than by the injection 
of the acid. In t h i s  process, acid i s  injected 
while the slurry i s  cold and is thoroughly mixed 
with bhe olwry.  The ~lurry i c  preheated i n d i r ~ c t  
up t o  an intermediate temperature which is s t i l l  
too low for  the reaction t o  take place, and then 
the slurry i s  brought up t o  the reaction tempera- 
ture by the violent and d i rec t  injection of s t a q  
i n t o  the reactor. This avoids concentrated acld'a 
high temperature and therefore should eliminate th 
corrosion problem. Furthermore, the steam injec- 
tion should glve adcquiltc miking, as indicdtctlf 11y 
flow visualization studies conducted i n  a 14 
inch Lexan tube. This reactor has been under de- 
velopment during the pas t  year and is aescribed i n  
Section 4 of t h i s  paper. 

Since single pass acid hydrolysis thus fa r  has  bee 
limited t o  a saccharification yield of about 50%. 
and for  a number of substrates the yields 
matic hydrolysis are a lso  in  t 3 l s  range or 1 



s tud ied  the  use of d i l u t e  a c i d  hydro lys i s  a s  a 
0 "".lC.lCO con* 1 m " C R  

reatment f o r  the s u b s t r a t e  which i s  subsequently R 0 0 2 . C .  D A E I O  

c ted  t o  enzymatic hydro lys i s .  The flow reactnr A 11s.c. e.n 
O 110.5  0.S. A C I O  

oped by ~hoihpson was used by Knappert.[6,7,8] 
c a r r y  ou t  thes'e pretreatments  . The p r e t r e a t e d  

o s t r a t e  was tnen subjected t o  enzymatic hydrol- 
is with enzyme from Trichoderme r e e s e i  provided 

0- 

Natick Laboratories .  These hydrolyses were car-  
ed out  a t  a temperature of  50°C, f o r  a per iod  of 
up t o  two days. The r e s u l t s  f o r  a number of sub- n 

r a t e s  a r e  summarized i n  Table 1. 

Table 1. E f f e c t  of Dilute  Acid High Temperature 
Pretreatment  on Yield from Enzymatic 10 zo w ao w HOURS 
Hydrolysis 

Maximum % Saccharif  i c a t i o i ~  ' 

Without With 
Subs t ra te  Pretreatment  pretreatment  

Natural  Mater ia l s  

Oak 
Poplar 
Corn Stover  

l e c h a n i c a l l y  Processed 
Mater ial  

Chemically Processed 
Mater ia l s  

Solka Floc 
Kraf t  Pulp 

re d e t a i l e d  r e s u l t s  of  t h e  enzymatic hydro lys i s  
llowing pretreatment  a r e  presented f o r  oak and 
rn s tover  i n  Figures  6 and 7.  In  o rder  t o  v e r i f y  
?se r e s u l t s ,  corn s tover  was p r e t r e a t e d  and t h e  
d u c t  f rozen and flown t o  Professor  Wilke's labs 
t h e  Universi ty  of Ca l i fo rn ia ,  Berkeley, where a 

zchar i f i ca t ion  of 97% was obtained,  thus  confirm- 
3 t h e  r e s u l t s  obtained i n  our l a b o r a t o r i e s .  As 
;cussed i n  Sect ion 5 ,  t h e  economic b e n e f i t s  of  
s increased y i e l d s  mudl nure than o f f s e t  the  costs  
pretreatment .  

' ig. 6.  Enzymatic Hydrolysis of O+ S l u f r y  

- 

0 

a U I l U I C D  L O I *  1.01.. ' 
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1II.C. 0.- K.80 

0 1 8 1 . 2  a.. .c,D 
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X) 

Fig.  7 Enzymatic Hydrolysis of corn Stover  

4 .  DEVELOPMENT OF STEAM INJECTION REACTOR 

A schematic of t h i s  r e a c t o r  is  presented i n  F ig .  8. 

Fig. 6.  Schematic of Steam I n j e c t i o n  ~ e a c t o r  

A ,good b i t  of a t t e n t i o n  during the  p a s t  year had t o  
be pa id  t o  the  way i n  which t h e  steam i s  i n j e c t e d  
i n t o  t h e  r e a c t o r .  This was f i r s t  attempted by 
using an i n j e c t i o n  lance  loca ted  along t h e  cen te r  
l i n e  of t h e  tube leading t o . t h e  reac tor .  We were 
unable t o  opera te  this i n  a s table .manner  a t  tem- 
p e r a t u r e s  high enough t o  be of i n t e r e s t .  Steam 
tended t o  coalesce i n t o  a l a r g e  bubble, and t h e  
flow and temperature regime i n  t h e  r e a c t o r  was not  
homogeneous and, furthermore, var ied s u b s t a n t i a l l y  
over time: These problems have been overcome by 
going t o  a system i n  which t h e  steam i s  i n j e c t e d  
through t h e  p ipe  wal l  a t  a l a r g e  number of p o i n t s  
along the  p ipe  wall .  This has permit ted us  t o  



opera te  i n  a s t a b l e  manner up t o  temperatures of 
2 3 0 ' ~  a t  0 .8 l/min, and we a r e  now conducting 
hydro lys i s  experiments i n  the  r e a c t o r .  Preliminary 
runs have been s u c c e s s f u l l y  c a r r i e d  ou t  on poplar ,  
Solka f l o c ,  corn s t o v e r ,  cassava and cassava s t a r c h  
We a r e  now i n  a p o s i t i o n  t o  accura te ly  measure 
conversion. 

5. ECONOMIC EVALUATION OF DILUTE-ACID PRETREATMENT 

Light  f r a c t i o n  of municipal re fuse  

For t h e  l i g h t  f r a c t i o n  of  municipal re fuse  Knappert 
e t  a 1  [7] es t imate  t h a t  pretreatment  r e s u l t s  i n  a 
n e t  reduct ion i n  ethanol  c o s t s  of 27C/gal, a s  ind i -  
c a t e d  i l i  T a l e  2 .  

Table 2. ~ P f e c t  of pretreatment  on the  c o s t  of 
e thanol  from t h e  l i g h t  f r a c t i o n  of 
municipal r e f u s e  v i a  enzymatic 
hydro lys i s  with and without pretreatment  

(nn hy-prndilct c r e d i t s :  61% glucan 
i n  feedstock c o s t i n g  10$/ton) 

With Without 
Pretreatment  Pretreatment  

(C/gal) 

Conversion of p o t e n t i a l  
glucan, % 90% 50% 

Subs t ra te  13.09 23.4C 
Pretreatment  16.6 0 
Hydrolysis 40.1 72.2 
Sugar Concentration 1.5 2.7 
~ t h a n o l  Production - 30.3 - 30.3 

101.5 128.6 

Difference = 27C/gal 

The purpose of Table 2 is t o  es t imate  change i n  
ethanol  c o s t s  caused by the  pretreatment .  The abso- 
l u t e  values of e thanol  c o s t  a r e  no t  t o  be taken a s  
t h e  f i n a l  es t imates ,  s ince  c r e d i t  i s  not  taken f o r  
by-products. The s u b s t r a t e  c o s t  i s  based on lo$/  
ton f o r  t h e  feedstock.  The d i f f e r e n c e  i n  s u b s t r a t e  
por t ion  of  the  e thanol  c o s t  i n  Table 2 i s  due t o  
the d i f fe rence  i n  conversion. The pretreatment  
c o s t s  were developed by KnappeYf [ 6 , 7 ]  and based o!i 
the ac id  hydrolysis  design of Grethlein [2 ] .  The 
hydrolysis  sugar concentrat ion and eh tanol  produc- 
t i o n  c o s t s  f o r  the  case without  pretreatment  a r e  
taken from b!ilke [9 ] .  With pretreatment ,  the hydrol- 
y s i s  and sugar concentrat ion c o s t s  a r e  reduced i n  
proport ion t o  L̂he increased  y i e l d .  This a n a l y s i s  
i n d i c a t e s ,  chat ?re t rea tment  would r e s u l t  i n  a s ig -  
n i f i c a n t  n e t  reduct ion of  e thanol  c o s t .  

A s i m i l a r  a n a l y s i s  f o r  t h e  case where wood i s  used 
a s  the s u b s t r a t e  i s  presented i n  Table 3. The 
e f f e c t  of p re t reaunent  is  nore pronounced here be- 
cause the  wood has a much g r e a t e r  c o s t ,  a lower 
glucan conten t ,  an8 a g r e a t e r  enhancement of the 
conversion by pretreatment .  Again, the  abso lu te  
values should n c t  be regarded a s  f i n a l  because by- 
product c r e d i t  i s  not  taken. 

It  should be noted t h a t  these r e s u l t s  f o r  wood art 
based on the r e s u l t s  f o r  oak (90% conversion) rat:  
than poplar  (55% conversion) .  However, given the 
r e s u l t s  obtained w i t h ' o t h e r  n a t u r a l  s u b s t r a t e s ,  suck 
a s  corn s t o v e r ,  we expect t o  be a b l e  t o  increase  
the  conversion obtained with poplar .  Exper iwnts  
with poplar were l imi ted  because it frequent ly 
plugged t h e  r e a c t o r .  The new r e a c t o r  is expected 
t o  f a c i l i t a t e  such experiments. 

Table 3 .  E f f e c t  of pretreatment  on the c o s t  
of e thanol  from wood v i a  enzymatic 
hydro lys i s  w i t h  and without p r e t r e a t -  
ment, $/gal  

(no by-product c r e d i t ;  41% glucan 
i n  feedstock cos t ing  3U$/COn) 

With without  
Pretreatment  Pretreatment  

Conversion of p o t e n t i a l  
glucan,, % 30% 25% 

Subs t ra te  56.9t 205.09 
Pretreatment 27.7 0 
Hydrolysis 40.1 144.0 
Sugar concentrat ion 1.5 5.4 
Ethanol production 30.3 3 0 . 3  - 

156.5 384.7 

Difference = 228.29/gal 

The d i f f e r e n c e  i n  s u b s t r a t e  c o s t  i s  propor t iona l  
t o  the  change i n  conversion. The pretreatment  
c o s t  is  taken from Knappert [6 ,7] .  The hydrolysis  
and sugar concentrat ion c o s t s  a r e  based on the  
values presented by Wilke [9].  They were adjusted 
upward i n  proport ion t o  the  lower conversion. 
Again, the a n a l y s i s  i n d i c a t e s  t h a t  the p r e t r e a t -  
ment e a s i l y  covers i ts c o s t ,  and r e s u l t s  i n  a s i g -  
n i f i c a n t  n e t  reduct ion of  c o s t s .  

With expec ta t ion  of reduced hydrolysis  c o s t  due t c  
improvements i n  t h e  microorganism and the  po ten t ia  
of f u r f u r a l  and o ther  by-products, these r e s u l t s  
i n d i c a t e  cons iderab le  promise f o r  wood a s  a 
s u b s t r a t e .  

6. COMPARISON OF SING&-PASS A C I D  HYDROLYSIS W I T H  
ENZYMATIC HYDROLYSIS W I T H  DILUTE ACID 
PRETREATENT 

The comparison i s  presented i n  Table 4 .  The range 
of hydrolysis  c o s t  is  due t o  the v z r i a t i o n  betweer 
30% . by . woiqht and. Ln% + l i i r r i ~ s .  Again. +be 
reader  i s  cautioned t h a t  the values presented a r e  
f o r  comparison of the two processes;  t h e  absoluts 
values should no t  be regarded a s  f i n a l .  

The conclusion t h a c  emerges from Table 4 i s  t h a t  
f o r  hiah q u a l i t y ,  inexpensive s u S s t r a t a s ,  such a s  
the  l i g h t  f r a c t i o n  of municipal re fuse ,  s ing le -  
pass  ac id  i lydrolysis  s t i l l  is  l e s s  expensive. 
However, f o r  lower q u a l i t y ,  higher  c o s t  subs t ra te r  
such a s  wood, enzymatic hy6rolysis  with p r e t r e a t -  
ment i s  very competitive. 



.."-I- , e 4. Comparison of  s ingle-pass  d i l u t e  a c i d  

hydrolysis  with enzymatic hydrolysis  
with d i l u t e  acid prstreatmpnt ,  i n  tpm+ 

of ethanol  c o s t ,  C/qal 

Acid . Enzymatic Hydrolysis 
Hydrolysis with Di lu te  Acid 

Grethlein (21 Pretreatment  

Subs t ra te  : 
Light f r a c t i o n  
(61% glucan, 
10$/ton) 

Conversion, % 55% . 90% . 
Subs t ra te  19.8C 
Hydrolysic 29.5 - 34.3 
Ethanol pro- 

duct ion 30.3 

75 - 84 101.5 (from 
Table 2) 

Subs t ra te  : 
Wood (41% glucan, 

30$/ton) 

Conversion 55% 90% 
Subs t ra te  88.4C 
Hydrolysis 36 - 51 
Ethanol pro- 

duct ion 30.3 

155 - 170 156 (from 
Table 3) 

FUTURE DEVELOPMENTS 

demons t r q t e d  i n  ' the  above analyses,  high conver- 
>n is  e s p e c i a l l y  important when high c o s t  sub- 
r a t e s  a r e  Lsed. High conversion can now be ob- 
ined by e i t h e r  pretreatment  followed by enzymatic 
k o l y s i s  o r ,  very l i k e l y ,  a c i d  hydrolysis  w i t h  
zycle. It may a l s o  be obtained e i t h e r  by t h e  
irelopment of  new s t r a i n s  of t h e  microorganism o r ,  
; s ib ly ,  i n h i b i t i o n  o f , s u g a r  decomposition i n  a c i d  
I ro lys i s .  I t  is  a n t i c i p a t e d  t h a t  our new flow 
nctor w i l l  allow f u r t h e r  eva lua t ion  of the  a c i d  
l r o l y s i s  and pretreatment  aspec t s  of  these  
x e s s e s  . 
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an extension of our previous work on the produc- 
I of methane via nonsterils anaerobic fermenta- 
1, we have modified the process to produce lon- 
chain aliphatic hydrocarbons instead of methane. 

5 product may be used without further modifica- 
I as a'fuel for Diesel engines or as a substi- 
le feedstock for the production of gasoline. 
work to date uses marine algae as the primary 
jtrate, but work is currently in progress to 
~t the process for use with other aquatic and 
restrial forms of biomass. 

:he anaerobic fermentation of biomass to methane, 
anic acids are produced. In the modified 
nantation, the approach has been to suppress 
lane formation and to extract the organic acids 
n the fermentation broth for electrolytic oxida- 
I (Kolbe electrolysis) to aliphatic hydrocarbons 

Liminary economic analysis based on 1000ton/day 
~t design and assumed biomass costs indicates 
: this process is capable of producing liquid 
Ls at a cost competitive with the most optomis- 
forecasts for alternative processes. 

In extension of the work on anaerobic fermenta- 
I of biomass to organic acids conducted pre- 
isly ~lnd~r n~partrnent of En~rey npnnsnrship, 
rogram for the production of liquid hydrocarbon 
Ls from biomass was initiated. The process, 
]resented in Figure 1, consists of non-sterile 
zrobic fermentation of the biomass to mixed 
nnic acids, extraction of the higher organic 
1s (primar'ly butyric, valeric, and caproic 
is) and electrolytic oxidation (Kolbe Electrly- 
I of these acids to aliphatic hydrocarbons, 
n-rily hexane, heptane, octane, nonane, and 
me. The fermentation process to convert marine 
ae to organic acids was developed in the pre- 
IS program, giving rapid rates and high 
rersion yields. Figure 2 is a plot of total 
Icing equivalents of acid versus time, where 
asymptotic value of 0.34 reducing equivalent 
liter represents 90% of the total carbon in 
substrate. 

zver. in the course of this work. it was found 
en n t h a r  substrates were iised, methane m- 

Fig. 1 Organic Acids Concentration Vs. Time 
5% Chrondus crispus 

Fig. 2 Liquid ~ydrocharbon f rom ~iomass.. . 
Process Flowsheet 

Current program work has concentrated on the sup- 
pression of methane so that the fermentation pro- 
cess can be broadened to include other sources 
of biomass, particularly fresh water aquatic weeds 
and agicultural residues. In the initial phase 
of expandinp the biomass usbstrates into agricul- 
tural and industrial residues, onion and garlic 
wastc was tested. Preliminary results show 
(Fig. 3) that onion and garlic resiudes can be 
si.~ccessfully converted into acids by the microbial 



population present in dairy manure. An interesting 
feature of this substrate is that no methane is 
formed as part of the products. Since this sub- 
srate is known to contain some antibacterial com- 
ponents ( I ) ,  it is apparent that only methanogenic 
bacteria are affected by their prese3ce. 

Tig. 4 Effect ot the Addition of bromethane Sul- 
fonic Acid (Coenzyme M Analgoue) on the 

Conversion of IIydrilla .. . into Acids 

considerations is the energy balance of the proces: 
which may be defined either of two ways: 

Fig. 3 

As Fig. 3 indicates, addition of onion-garlic resi- 
dues to Hydrilla fermentation is a potential pre- 
ventive measure of methane formation. This.peculi- 
ar property may be exploited by using onion-garlic 
residues along with other substrates in order to 
prevent methane formation. 

It has now been demonstrated that 2-bromoethane- 
sulfonic acid is an effective methane inhibitor for 
Hydrilla fermentations, and it is anticipated that 
this compound will also suppress methane formation . 
from other substrates as well. 

A.number of approaches to methane suppression have 
been evaluated including fermentation at low pH 
(pH 5 )  , addition of methane analogues (ChCl  ) , an8 
inclusion of materials that have been repor?ed as 
effective suppressors of methane formation in 
cattle rumen (Salinomycin, Pfizer). But the best 
results to date have been obtained with 2-bromo- 
ethane-sulfonic-acid. 

The results from a set of static H'rrdrilla fermen- 
tation experinents illustrating the efficacy of 
this compound in suppressing methane formation 
are illustrated in Fig. 4. The conversions 
achieved were significantly higher when the methane 
inhibitor was added--35%-40%--versus 25%-29% in the 
control. In addition, at 60 days fermentation in 
flasks containing the inhibitor, 100% of che acids 
still remained in the solution. 

ENERGETICS OF THE PROCESS 

In the course of developing a process for conver-. 
ting biomass to liquid fuels, one of the primary 

where Eo is the energy output, E is the energy 
content of the substrate and Ep ?s the energy 
consumed in the process,. 

In the' case where the energy of the substrate is 
essentially unreclaimable by other means: 

Eo 
EB = - 

E~ 

Table 1 presents a comparison of the estimated 
energy yield of a wood, low moisture biomass with 
a high moisture form. As can be seen from this 

Table 1 BIOMASS ENERGY YIELD FROM 
FERMENTATION VS COMBUSTION 

example, the energy content of the high moisture 
material is.essentially unusable in thermal proce: 
ses. Howerver, energy balances discussed herein 
are defined in the former manner. 

As with other fermentation processes to produce 
liuid fuels from biomass, this process is anaero- 
bic. Table 2 presents estimates of energy output 
from an aerobic celluJose ferm~ntation versus an 
anaerobic one. The aerobic process is highly 
exothermic, the remaining heating value being a 



rily in the cell mass produced. The .anaerobic - - - - -  Table 4 BREAKDONE\' OF TOTAL WDROCARBON 
., oh the other hand, is only miidly exother- PRODUCT COST BY COMPONENT 
:his is an importhnt distinction since the 

_ . . - e  2 AXROBIC VS ANAEROBIC FEREIENTATION OF 
CELLULOSE 

c a p l i ~ r ~ ~  nm ~ P I T A L - R E L A T E D  COSTS 2.01 

Aerobic (-10% Cell bhss Production) ELECTRICAL POWER AND ROYALTY 
. €3 

TAXES AND OTHER OPERATINE COSTS .37 - 
C6H10G5 + 6 0 1 .  7 6C02 + 5H,0 -600 Kcals - TOTAL COST, strm~u 

6.92 3 S301 lOt l  Bl0NASS 

Anaerobic (-151 Cell Mass Production) 

C H 0 i H20 3CH3COOH 
6 10 5 - 38 Kcals 

ect of the process is to produce fuels, not low 
.lity heat. 

.ike other fermentation processes, however, this 
cess is conducted in a nonsterile manner. The 
.t required to sterilize the substrate before 
mentation can be considerable. Table 3 presents 
imates of the energy required to autoclave high 
low moisture biomass. Particularly in the case 
the high moiscure biomass, the energy required 
sterilization is a serious burden to the pro- 
s. Fermentation of biomass to liquid fuels via 

Table 3 EiiERGY REQUIREMENTS FOR STERILIZATION 

Autoclave 50% Fermentables 

Heat Requirement = 240 Btu/lb.Fermentables 

Autoclave 10% Fermentables 

Heat Requirement = 1200 Btu/lb Fermentables 

anic acids has other advantages over competitive 
cesses (e.g. ethanol fermentation) besides 
ng suitable for nonsterile operation. 

Prehydrolysis of the substrate to soluble com- 
ponents is not required. Yeast fermentations 
to ethanol have either acid or enzymatic hydro- 
lysis of the substrate as a prerequisite step; 
that is to say, these organisms do not produce 
extracellular celluloytic enzymes. 

Pentose fractions as well as hexose fractions 
are converted to organic acids. Yeast fermen- 
tations convert only hexose sugars to ethanol. 
Since most forms of biomass contain hemi-cellu- 
lose as well as cellulose, this limits the 
potential yield of the process, and yield is 
an important consideration in the economics and 
energy balance of a process. Table 4 shows 
a cusL Lreakdoro~l of this process by eomponcntc. 
From this table it is seen that at a biomass 
cost of $30/ton and a 75X conversion, the con- 
tribution to the biomass is approximately 50%. 
At lower yields, the contribution would be 
proportionately greater. 

Organic acids, particularly the longer chain 
acids, may be removed from the fermentation 
by solvent extraction using solvents which 
e nontoxic to the.microorganiams responsible 
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for acid production. Ethanol is generally removed 
from fermentation broths by distillation, the most 
energy-intensive part of the process. Solvent 
extraction is a much less energy intensive process 
but we are unaware of any suitable extraction sys- 
tem for ethanol that is biocompatible. 

The primary negative factor in the process under 
discussion is its requirementfor electricity. Al- 
though the forination of hydrocarbons from organic 
acids is thermodynamically spontaneous, in prac- 
tice, it has been observed that activation energy 
is required to produce the desired product. Table 
5 presents the free energies and enthalpies of 
formation of hydrocarbons from organic acids. It 
is one of the primary goals of this research to 
reduce the voltage required as much as possible. 

Table 5 EWTHALPY AND FREE ENERGY (WITH 
CORRESPONDING OXIDATION POTENTIALS) 
FOR ELECTROLYSIS OF ORGANIC ACIDS 

KOLBE Rr rc r tow  

RC%H- I R-R + LP, -$ H2 

PROCESS DESIGN 

Fermentation 
In the process as described, the fermentation step 
i s  envisioned as occurring i n  a fixed packed bed 
fermenter. The mass transfer ordinarily accom- 
plished by stirring in conventional'digesters can 
be equally well fulfilled by a stream of liquid 
of the proper composition moving at the required 
rate through the fermenter. This same liquid 
stream may be used to control the temperature, add 
nutrients, control pH, and to remove reaction 
inhibiting products and toxic components. In 
addition, the pi~%ng arrangement involved may be 
employed to dewater the undigested material when.. . 

the digestion state is completed. 
- - 

Figure 5 shows one possible arrangement.for the 
fixed packed bed fermenter. In this case it may 
be used as a batch reactor for organic acid pro- 
duction. Ther fermenter, A, is filled with solid 
substrate. An aqueous medium containing nutrients 
and microorganisms is added in .suff iceint amounts 
to.saturate the substrate and to fill the digester 



biomass,  a r e  c o u n t e r c u r r e n t  devices .  Fur thermore ,  t o  form a l k y l  r a d i c a l s  which may e i t h e r  d imer i ze  
t h e  hydrocarbon o r  f luo roca rbon  phase must be aug- form t h e  Kolbe p roduc t ,  d i s p r o p o r t i o n a t e  t o  form 
mented w i t h  o r  r ep laced  by a  subs tance  w i t h  a  high- an  a lkene-alkane mix tu re ,  o r  may be ox id ized  f u r  
e r  p a r t i t i o n  c o e f f i c i e n t  f o r  t h e  lower molecular  & h e r  t o  form a lkene ,  a l c o h o l ,  o r  e s t e r .  Recent 
w i t h  a c i d s  such a s  t r i o c t y l p h o s p h i n e  ox ide  (2) .  exper iments  i n v o l v i n g  t h e  e l e c t r o l y t i c  o x i d a t i o n  

of mixed o r g a n i c  a c i d s  produced by t h e  anae rob ic  
f e rmen ta t ion  of Chondrus c r i s p u s  gave t h e  product  
-0rtTtlrn shown i n  Fins .  10 and 11. F igure  10 z i v e  

Fig.  8 

E l e c t r o l y s i s  
Although t h e  mechanism of Kolbe e l e c t r o l y s i s  h a s  
been a  source  of d isagreement  f o r  many y e a r s ,  one 
suggested r eac t ion . scheme ,  p resen ted  i n  Fig.  9 , '  
( 3 ) ,  i s  s u i t a b l e  f o r  c u r r e n t  purposes .  ~ a s i c ' a l l y  
t h e  o r g a n i c  a c i d  an ions  a r e  ox id ized  t o  t h e  cor-  
responding r a d i c a l s .  These r a d i c a l s  deca rboxy la t e  

Fig.  9 Anodic Oxidat ion of  Carboxyla tes  
React-ion Xechanf sm 

Fig.  10 Liquid  E l e c t r o l y s i s  P roduc t s  

Fig .  11 Gaseous E l e c t r o l y s i s  P roduc t s  

t h e  gas  chromatogram of  t h e  l i q u i d  p roduc t s .  and 
Fig.  11 shows t h e  gaseous products .  The gaseous 
p roduc t s  a r e  l a b e l e d  a s  a l k e n e s  bu t  t h e  correspor  
d ing  a lkanes  would n o t  bc r c n o l v a b l e  undcr t 
a n a l y s i s  cond i t ions .  Th i s  p a r t i c u l a r  e x p e r i  



run at pH 6, an applied voltage of 4.65V and presents the cost of liquid fuel produced as a 
dic current density of 0.8 amps/cm2. The function of applied voltage. A voltage of greater 
lysis was performed in the flowthrough cell than 4V may be used before a cost of S7.00/MM Btu 
!I Fig. 12. A lluwLllruugl~ cell configura- is reached. The slope change at approximately 
used to minimize polarization effects at 1.5V occurs because at this potential sufficient 

h the anode and cathode. It consists of a pla- resistance heating in the electrolysis is reached 
um wire anode inside a platinum tube. The elec- * n  -*nnlv all of the process heat requirements. 
de spacing is 300 urn. An additional platinum 
e electrode is used to measure the open circuit 
rating voltage while the electrolysis is taking 
ce. The difference between the operating vol- 
e and the open circuit voltage is a measure 
the IR drop in the cell and other current den- 
y dependent overpotentials. 

Fig. 12' Electrolysis Cell 

se current density-dependent potentials .give 
e to an optimum current density. Figure 13 
us a plot of product cost versus current density 
h a minimum at approximately 0.3 amps/cm2. Low- 
current densities have higher prorated capital 
ts whereas higher current densitites give rise 
excessive electrical requirements. 

Fig. 13 Cost ,of Liquid Fuel Produced As a 
Function of Electrolysis Current Density 

rretics are critically dependent on the effici- 

Fig. 14 cost of Liquid Fuel Produced as a 
Function of Electrolysis 

APPENDIX 

Geoffrey Barnard and Sara Molyneaux.of Dynatech 
performed most of the experimental and construction 
work, and the contribution of Nancy Scarpace was 
invaluable to the manuscript preparation. Dr. 
John H. Ryther, Woods Hole Oceanographic Institu- 
tion, Woods Hole, Massachusetts, provided most of 
the aquatic biomass used in this work except for 

, 

Chondrus crispus which was obtained from Marine 
Colloids,-Inc., Rockland, Maine. We are indebted 
to Professor J.G. Zeikus, University of Wisconsin, 
Madison, forbringingbromoethanesolfonic acid to 
our attention. 
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Fig. 5  

head space  and circulation loopa a s  shown, The 
pump, B ,  is used t o  c i r c u l a t e  t h e  l i q u i d  through tile 
t h e  loop and through t h e  packed mass of  comminuted 
s o l i d  s u b s t r a t e  c o n t a i n i n g  f e r m e n t a t i o n  rnlcroor- 
ganisms. As f e r m e n t a t i o n  proceeds. ,  r e q u i r e d  
b u f f e r s  and a d d i t i o n a l  n u t r i e n t s  may be  added 
through t h e  i n l e t  p o r t ,  C; t h e  a c i d  is removed i n  
sub-system D ,  which may be an  i o n  exchange column, 
l i q u i d - l i q u i d  e x t r a c t o r ,  o r  membrane device .  Toxic 
compounds may a l s o  be  removed from t h e  aqueous 
phase  by p a s s i n g  i t  th rough  a  c l e a n e r ,  E, which may 
c o n t a i n ,  f o r  example, a c t i v a t e d  charcoal .  When 
f e r m e n t a t i o n  i s  economical ly  completed, t h e  undi- 
ges t ed  m a t e r i a l  i s  p a r t i a l l y  dewatered by opening 
v a l v e  F and pumping l i q u i d  o u t  by means of pump G. 
The p a r t i a l l y  dewatered m a t e r i a l  i s  t h e n  removed, 
f r e s h  s u b s t r a t e  added, and t h e  c y c l e  above repeated. 

App l i ca t ion  of  t h e  f i x e d  packed bed concept  t o  a  
con t inuous  p lug  f low system i s  p r e s e n t e d  i n  Fig.  5. 
Here s o l i d  s u b s t r a t e  i s  f e d  i n t o  t h e  bottom of 
t h e  batch-type packed bed system, f e rmen te r  l i q u i d  
i s  c i r c u l a t e d  through t h e  bed and o r g a n i c  a c i d s  
are recovered i n  an  e x t e r n a l  sub-system. 

C u r r e n t l y  i n  o p e r a t i o n  i s  a  300 l i t e r  f i x e d  packed 
bed fermenter .  It is  c o n s t r u c t e d  of  12-inch d i a -  
meter g l a s s  t u b i n g  and i s  15 f e e t  i n  he igh t .  It is  
suppor ted by a  t r i a n g u l a r  framework of a  1 114-inch 
p i p e  and i s  enc losed  t J f t h  plywood arld p l e x i g l a s s .  
The t empera tu re  i s  control. led a t  1 0 0 ' ~  by c i r c u l a -  
t i n g  warm a i r  i n s i d e  t h e  enc losu re .  A f low r a t e  of 
3  g a l l o n s  p e r  hour  i s  s u f f i c i e n t  t o  f l u i d i z e  t h e  
s u b s t r a t e ,  j n i t i a l l y  a t  10% s o l i d s ,  i n  t h e  r e a c t o r  
t o  reduce the  o p e r a t i n g  p r e s s u r e  a t  t h e  pump (ap- 
proximately  7  f e e t  below t h e  top of t h e  column) t o  
7 PSIG. 

F igu re  6 is  a  schemat i c  diagram of t h e  type  of  
dev ice  des igned t o  add s u b s t r a t e  and r e s e r v e  s o l i d  
r e s i d u e  i n  a  con t inuous  manner. The primary e l e -  
ment i s  an  auge r  wi th  a  t a p e r e d s h a f t  t h a t  w i l l  
s e p a r a t e  l i q u i d  and s o l i d  f r a c t i o n s  by squeezing.  
A bench-model f e e d i n g  dev ice  has  r e c e n t l y  been 
cons t ruc ted .  It c o n s i s t s  of  a  4-inch e a r t h  auger  
b u i l t  up t o  t h e  p rope r  t a p e r  with l /8- inch rubber  
s t r i p s  encased i n  a  p l e x i g l a s s  s t r u c t u r e .  T e s t i n g  
of t h i s  dev ice  i s  i n  p r o g r e s s  p r i o r  t o  conver t ing  
t h e  300 l i t e r  f e rmen te r  t o  cont inuous  o p e r a t i o n .  

4 s  was s t a t e d  e a r l i e r ,  t h e  o v e r a l l  product  c o s t  i s  

. tIDlB nl.Dcul)l m ll- 

YlD 
cm1- rn mill 

Fie .  6 L iqu id  Hydrocarbons from Blotaass 
Continuous Feed System 

ve ry  s e n s i t i v e  t o  conver s ion  y i e l d .  Th i s  f a c t  
i s  i l l u s t r a t e d  more f u l l y  i n  Fig.  7 ,  which is a  
p l o t  of  product  c o s t  v e r s u s  r e t e n t i o n  t ime and 
i n d i c a t e s  t h a t  t h e  added c o s t  due t o  a  l a r g e r  . 
f e rmen te r  volume is outweighed by t h e  r e d u c t i o n  
i n  convers ion v i e l d  on lv  a f t e r  about  a  60 dav 
r e t e n t i o n  t ime,  which corresponds  t o  83% of t h e  
fermentable  m a t e r i a l  conver ted .  

Fig.  7 Cost  o f  L iqu id  Fue l  Produced a s  a  
Funct ion of Re ten t ion  Time 

E x t r a c t i o n  
Removal of product  a c i d s  i s  accomp'lished by l iqu ic  
l i q u i d  e x t r a c t i o n  u s i n g  p r e f e r a b l y ,  a  hydrocarbon 
of  a l c e r n a c i v e l y  a  Llurocarbun s o l v e n t .  F igu re  
8 shows t h e  e x t r a c t o r  se t -up f o r  a  l a r g e - s c a l e  
ope ra t ion .  The primary e x t r a c t o r s ,  which remove 
t h e  h i g h e r  a c i d s  from t h e  fermenter  e f f l u e n t  and 
t r a n s f e r , t h e m  t o  t h e  aqueous s t r eam which i s  then  
f e d  t o  t h e  e l e c t r o l y s i s  c e l l .  S ince  t h e s e  e x t r a c .  
t o r s  a r e  des igned t o  rem0ve.a s m a l l  p o r t i o n  of t. 
a c i d s  from a  l a r g e  volume of fermentor  e f f l u e n t ,  
t hey  a r e  concur ren t  u n i t s .  The secondary e x t r a c -  
t o r s ,  which a r e  des igned t o  remove most of  t h e  
a c i d s  from t h a t  p o r t i o n  of the  fermentor  e f f l u e n t  
which is r e t u r n e d  t o  t h e  growth system a s  i t  
d i s p l a c e d  by t h e  wa te r  i n t roduced  wi th  t h e  f r  
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STRACT 

e construction of a process development unit 
DU) at Albany, Oregon for converting biomass to 
1 was completed in December of 1976. The design 
the facility was based on a process conceptual- 
ed by the Bureau of Mines in the early 1970s. 
e PDU was sized to produce oil at a rate of 
out five barrels per day. 

is presentation deals with the background of 
quefaction efforts and progress made at the 
bany facility from January 1977 through Septem- 
r 1978. 

ERVIEW 

nversion of biomass into oil or gas is not a new 
ea, nor is the recognition that synfuels derived 
om wood wastes or wood grown for such a purpose 
uld meet'a substantial portion of America's needs 
energy and chemicals. I have not researched 
cently how far back the idea dates. Suffice it 
state that there was a genuine interest in the 
rly 1940's for fuels from wood, which was lost 
on the discovery of huge oil fields in the 
abian peninsula soon after. 

e interest in synthetic fuels from biomass was 
vived some thirty years later for reasons that 
ed no elaboration. The current biomass lique- 
ction program of DOE has evolved from the lig- 
te liquefaction program of the Bureau of Mines 
the late 1960s and early 1970s. Noting the 
despread interest in municipal waste disposal, 
e Bureau of Mines researchers explored the 
festiveness of a process particularly well 
ited for lignite to liquefy organic municipal 
ste. They found that organic municipal waste 
d other biomass wastes such as sawdust and manure, 
quefied with greater ease under milder conditions 
an did lignite. Based on their research they 
nceived a process for wood liquefaction. In the 
ocess, 30 parts of dry wood flour is blended with 
parts of a vehicle oil, and 7.5 parts of 20% 
ueous solution of sodium carbonate, then heated 
about 700°F under carbon monoxide or synthesis 
s pressure to a final total pressure of about 
500 2 1,200 psi and for a total residence time 
nging from 45 to 60 minutes. If completely con- 
rted, 30 parts of wood would yield about 17.4 
rts of oil (58%) having a heating value of about 
,500 Btu/lb. 

cnuraned by the results of bench-scale research 
he economic feasibility analysis provided by lb- - 

the Blau Knox Chemicals Division of the DrPvo Cor- 
poration, Bureau of Mines proceeded with the 
design and construction of a process development 
unit (PDU) capable of processing 3 tons of wood 
daily or to yield roughly 5 bbl oil daily. The 
plant site chosen was adjacent to the Experimental 
Metallurgical Station of the Bureau of Mines at 
Albany, Oregon. The Albany PDU is illustrated 
schematically in Figure 1. Wood chips are first 
dried, milled to produce a -40 mesh flour, blended 
with a recycle oil, and injected into the reactor 
assembly comprised of a scraped surface preheater 
and stirred tank reactor along with sodium carbon- 
ate solution and synthesis gas. The exit stream 
from the reactor is cooled and sent to a pressure 
letdown vessel. The flashed liquid goes into a 
three-phase centrifuge to free the oil from unre- 
acted solid residue and ash as a sludge and from 

' 

an aqueous phase containing sodium salts. The. 
clean oil is sent back to the blender after a 
slipstream (about 20%) is withdrawn as the product,. 
Initially the slip stream is largely composed of 
the start-up oil, e.g., anthracene. As the run 
progresses, the start-up oil will be depleted and 
eventually replaced by the oil derived from wood. 
It may take about a week or more to obtain an oil 
almost free from start-up oil. 

The plant construction was completed in December 
of 1976. However, by mid-1976, the facility was 
transferred to the Solar Energy Division of ERDA, 
now DOE, due to a reorganization at Washington. 
ERDA contracted with Bechtel Corporation for the 
acceptance of the facility, to commission the 
facility, perform shake-down tests and conduct 
test runs. The original contract period was one 
year, which'later was extended to about 18 months. 
Plant commissioning and shakedown did not prove 
to be easy. Although small, the facility is ex- 
tremely complex and contains process units operat- 
ing under conditions heretofore unencountered. 
In addition, the plant was conceptualized by one ' 

company (Blau Knox), detailed engineering design 
was provided by another (Rust Engineering), and 
was constructed by a third company (Maecon, Inc.). 
Since Pittsburgh Energy Research Center turned its 
attention to lignite liquefaction upon transferral 
of responsibility, efforts involved in the various 
.stages of plant design and construction could not 
adequately be coordinated. Bechtel did succeed 
in commissioning the plant and in conducting a 
limited number of test runs. However, a major 
process unit (i.e., the stirred tank reactor) 
could not be operated properly due to a design 
deficiency, and another one, the centrifuge, had 



to be bypassed due to.operationa1 difficulties. 
Therefore, the results obtained by Bechtel did 
not shed much light on the chemical, technical, 
and eco.nomic feasibility of the process. The 
contract in response to the ensuing RFP was awarded 
to Rust Engineering Company, which earlier had 
provided the detailed engineering design of the 
facility. A representative of Rust Engineering 
Company will present to you the results of their 
activities in this session. 

Recognizing that further investigation of the pro- 
cess chemistry on bench scale would be beneficial 
to the development program, as Bureau of Mines had 
contemplated, Pacific Northwest Laboratories 
(PNL) prnposed to ERDA that PNL would undertake 
bench-scale supporting activity. After conducting 
some experiments under conditions described by the 
Bureau of Mines Researchers for purposes of com- 
parison, PNL widened the scope of investigation to 
conditions not covered before, provided analytical 
support to Bechtel, recommended the necessity of an 
on-site analytical facility at Albany, and con- 
ducted bench-scale tests under conditions sug- 
gested by Rust. In this session. PNL will 
present the results of their recent activity. 

The University of Arizona noted that the injection 
of solids into high pressure vessels was a fonnid- 
able unit operation faced in coal liquefaction as 
well'as biomass liquefaction and, accordingly, 
proposed to undertake research to develop extrusion 
techniques for biomass injection into high pressure 
vessels. Professor Don White will.make a presenta- 
tion in this session on the subject of biomass 
extrusion into high pressure vessels. 

In October 1977, DOE contracted with LBL to moni- 
tor the development program at Albany and the 
supporting activity to provide a third-party 
ohjectivity in the evaluation of results, to 
.make recommendations regarding the future course 
of the program, and to provide assistance and 
appraisal to the new operators of the facility 
should a different company become a successful 
bidder to the RFP to be issued, i.e., to assure 

continuity. The results of the LBL efforts will 
be presented next. 

The causes of the operational difficulties encoun- 
tered at Albany remained controversial. Fluctua- 
tions in the performances of the various equipment, 
e.g., pumps, feeders, flash tank, etc., collec- 
tively could abort a run by causing a breakdown 
elsewhere. The system was operated in various 
bypass modes, first the reactor was bypassed, 
then both the reactor and centrifuge were Ly- 
passed, and finally only the centrifuge was by- 
passed. In other words, the system was not 
operating the way it was designed to. On the 
other hand, the product obtained could have been 
a material solubilized in anthracene such that 
when anthracene concentration reached a level 
below 50%, it sinply plugged the system. DOE 
concluded that the operational difficulties en- 
countered at Albany, Oregon proved to be a for- 
midable obstacle to assessment of the technical 
feasibility of the process and that the chemical 
feasibility of the process remained in question. 
Accordingly, in N79, LBL was given the responsi- 
bility of providing the operating directives for 
the test runs to be conducted at Albany specify- 
ing the conditions of operation (e.g., temperature 
pressure, woodjoil ratio, wood/catalyst ratio, 
wood/syngas ratio, slurry feed rates, residence 
time, etc.) to assess the chemical feasibility of 
the process. If one considers the fact that any 
operating condition that is deemed to be desirable 
from chemical or kinetic considerations, must alsc 
be technically feasible (about which the engineers 
in charge of the operation of the facility will 
have something to say), one appreciates tne checks 
and balances aspect of the DOE approach. 

LBL was also given the responsibility of monitor- 
ing the supporting research activity on biomass 
liquefaction to utilize the results in the develol 
ment program at Albany. Also, LBL proposed to 
DOE to conduct supporting engineering and develup- 
ment studies to provide optional approaches to 
biomass liquefaction. The results of the LBL 
studies conducted in -79 will be the last paper 
presented in this session. 
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he ob,jective of this contract is Lo obtain defini- 
ive process information sufficient for commercial 
esign and economic evaluation purposes for the 
onversion of biomass to syncrude. This objective 
s to be accomplished. through the execution of 
xperimental and developmental programs in the Cov- 
rnment-owned process development unit (PDU) lo- 
ated adjacent to the Bureau of Mines Metallurgical 
esearch Center at Albany, Oregon. 

peration of the plant is.as directed by the Gov- 
rnment and consists of the following phases of 
ork: 

hase I: Preparatory Work, including an Environ- 
mental, Health, and Safety Assessment 

hase 11: Operating Adjustment Period 

hase 111: Continuation of Process Investigation 

hase IV: , Modification of Plant Configuration 
and/or Process Flowsheets 

hase V: Process Development Operations 

hase VI: Shutdown and Phaseout 

hases I and I1 have beer1 completed. Phase 111 is 
ndeway. Test runs utilizing anthracene as the 
arrier vehicle have been underway since October 
ith product oil concentrations of 38% produced. 
esting continues to improve equipment reliability 
nd to separate product oil from carrier vehlcle. 

dditional equipment is being added to the system 
o improve performance. The first test run incor- 
orating pret7eatment of the wood with acid and 
lkaline hydrolysis, utilizing water as the carrier 
ehicle has been successfully completed. Addition- 
1 qaantitative test runs are planned for this con- 
ept. . 

hases IV, V, and VI will'be accomplished when suf- 
icient data has been accumulated. 

BACKGROUND 

Charcoal is produced by burning wood in an oxygen- 
deficient environment, and some tar is simultaneous- 
ly produced, thus we can say that biomass liquefac- 
tinn has been known for a long time. Early in this 
century, Bergius studied thermal decomposition and 
hydrogenation of celLulose, producing small quanti- 
ties of oil which resembled petroleum. 

In the early 19301s, hydrogenation of sawdust and 
cotton in a tetraliwmedium produced a liquid pro- 
duct. This work was reported in the Canadian Jour- 
nal of Research. Various other investigators per- 
formed related studies about that same time. 

The Department of Energy and its predecessor orga- 
nization, the Energy Research Development Adminis- 
tration (ERDA), and the Pittsburgh Energy Research 
Center (PERC), which is part of the United States 
Bureau of Mines (USBM), early recognized the im- 
portance of developing alternate fuels and energy 
systems. Thus began serious efforts to convert 
biomass to a liquid fuel. Laboratory research was 
carried out at PERC beginning in the late 1960's. 
These bench-scale investigations, carried on into 
the early 1970's, soon showed the potential for 
producing a synthetic crude oil from cellulosic 
waste which included such.materials as wood, urban 
refuse, agricultural wastes (corn cobs, manure) and 
other organic wastes. 

With the technical possibility established, a pre- 
liminary economic feasibility study of the process 
was performed. 

Following the encouraging results of this study, 
the USBM commissioned The Rust Engineering Company 
(Rust) to design a Process Development Unit (PDU) 
to process three tons per day of wood chips. This 
PDU was to be constructed using commercially avail- 
able components. 

Further studies confirmed the desirability of Lust- 
ing the process in the PDU. Under contract to the 
USBM and its successor organization, ERDA, the PDU 
was constructed in 1974-75 by Maecon, Inc., in Al- 
bany, Oregon at the Bureau of Mines Metallurgical 
Research Center. Rust had no role in either final 
equipment selection or construction supervision 
during this phase of work. 



From January 1977 t o  June 1978,  t h e  Albany PDU was 
o p e r a t e d  by Bech te l  Corpora t ion ,  pu r suan t  t o  the  
o v e r a l l  v b j e c t i v c  of DOE'S program t o  o b t a i n  d e f i n i -  
t i v e  p rocess  in fo rma t ion  t o  permit  commercial des ign  
of  a  p l a n t  f o r  conver s ion  of  biomass t o  s y n t h e t i c  
c rude  o i l .  

As i s  o f t e n  t h e  c a s e  w i t h  PDU's, t h e r e  have been 
numerous mechanical  and o p e r a t i n g  problems, b u t  t h e  
p rocess  has  shown s u f f i c i e n t  promise f o r  DOE t o  con- 
t i n u e  the  o p e r a t i o n s  f o r  a n  a d d i t i o n a l  two-year 
p e r i o d  beginning J u l y  1, 1978. W e e l a b r a t o r  Clean- 
f u e l  Corpora t ion ,  w i t h  Rust  a s  i t s  prime subcontrac-  
t o r ,  was awarded t h e  c o n t r a c t  f o r  t h i s  per iod.  

The s i g n i f i c a n c e  of  t h e  p r o j e c t ,  and t h e  cons ide ra -  
b l e  111Lcra3t t h a t  h a s  been shown i n  t h e  PDU i n  t h e  
r e c e n t  p a s t ,  i s  r e a d i l y  unders tood when i t  is con* 
aidered t h a t  t h e  n a t i o n  g e n e r a t e s  t h r e e  b i l l i o n  t o n s  
of  s o l i d  o r g a n i c  was te  a n n u a l l y .  IE on ly  h a l f  nf 
t h i s  waste  were p rocessed  i n  l i q u e f a c t i o n  p l a n t s ,  
approximately  one and one-half b i l l i o n  b a r r e l s  of  
o i l  could be ptuducrd.  

S o l a r  energy advoca te s  would n a t u r a l l y  c o n s i d e r  t h e  
p o s s i b i l i t y  of c u l t i v a t i n g  fas t -growing c rops  t o  
supp ly  t h e  biomass r e q u i r e d  a s  f eeds tock  f o r  a  l a r g e  
commercial p l a n t  o f ,  s a y ,  5,000 o r  more tons  p e r  . 
day. 

The p rocess  can be  r e p r e s e n t e d  by two b a s i c  equa- 
t i o n s  which i n v o l v e  r e a c t i n g  carbon monoxide and 
hydrogen w i t h  c e l l u l o s i c  m a t e r i a l s  a t  t empera tu res  
up t o  7000F and a t  p r e s s u r e s  up t o  4,000 p s i g  i n  
t h e  p resence  of sodium ca rbona te  a s  a  c a t a l y s t .  
Carbon monoxide r e a c t s  w i t h  sodium ca rbona te  i n  t h e  
presence of  w a t e r  t o  form sodium formate  which, i n  
t u r n ,  r e a c t s  w i t h  c e l l u l o s e  t o  form o i l  and regener-  
a t e  sodium ca rbona te .  The fo l lowing  r e a c t i o n s  a r e  
b e l i e v e d  t o  b e ' t y p i c a l :  

The o i l  r e s u l t i n g  from t h e  p rocess  is  low i n  s u l f u r ,  
s u i t a b l e  foii u s e  i r ~  p b i ~ c f  p b a n t c ,  o r  as f eeds tock  
f o r  conver s i cn  t o  g a s o l i n e  and d i e s e l  f u e l s .  Lab- 
ora tory-produced samples show t h e  fo l lowing  proper-  - t i e s  : 

S p e c i f i c  GfaVicy 
V i s c o s i t y ,  CP (140°F) 
Hearing Value, BTU p e r  pound 
Composition, Z Cafbon 

aydrogen 
Ni t rogen 
S u l f u r  
Oxygen 

P o t e n t i a l  a p p l i c a t i o n s  a~ process  f eeds tocks  a r e  
p o s s i b l y  even =ore  impor t an t  economical ly  than  f u e l  
uses 

Car ry ing  o u t  tSe  ap?arencl;r  s impie  ueoxygenation 
r e a c t i o n  i n  t h e  PDU, however, i nvo lves  s e v e r a l  u n i t  
o p e r a t i o n s  functioning i n  somevhat d i f f i c u l t  condi-  
t i o n s  because  of  c o n s t r a i n t s  such a s  t empera tu re ,  

p r e s s u r e ,  s m a l l  s i z e  and t h e  requirement  f o r  co 
m e r c i a l  a v a i l a b i l i t y  of a l l  i t ems  of equipment. 
i ts s i m p l e s t  terms,  t h e  primary o p e r a t i n g  mode 
sists o f :  

Drying t h e  biomass (wood i n  t h e  PDU a t  p r e s e n t  
t o  l e s s  than  4% mois tu re .  
Grinding t o  a  -35 mesh f l o u r .  
S l u r r y i n g  t h e  wood f l o u r  w i t h  c a r r i e r  v e h i c l e  
o i l .  
P r e s s u r i z i n g  and p rehea t ing .  
I n j e c t i o n  i n t o  t h e  hea tcd  r e a c t o r  at  p r e s s u r e s  
up t o  4,000 p s i g  and temperatures  up t o  700°F. 
I n j e c t i o n  o f  c a t a l y s t  s o l u t i o n  i n t o  t h e  s l u r r y  
of wood and o i l .  
I n j e c t i o n  of carbon monoxide and hydrogen i n t o  
t h e  s l u r r y  of wood and o i l .  
P rocsu ra  1~r.rInwn. 
Sepa ra t ion  of  s o l i d s  ( c a t a l y s t  and unreacted 
wood) from t h e  o i l .  

I n  t h e  most r e c e n t  o p e r a t i o n s ,  both  c a t a l y s t  s o l u  
t i o n  and r e a c t a n t  gases  have been i n j e c t e d  ahead 
t h e  P r e h e a t e ~ .  

PROCESS AND EQUIPMENT DETAILS 

The biomass f eeds tock  i n  p r e s e n t  use  is  Douglas F 
wood c h i p s  purchased from a  nearby paper  m i l l .  
These c h i p s  a r e  s t o r e d  i n  an  open shed.  The c h i p  
a r e  moved by a  f r o n t  end l o a d e r  t o  t h e  Feed Conve 
o r  f o r  t r a n s f e r  t o  t h e  Wood S to rage  Bin. The woo 
ch ips  a r e  withdrawn from t h e  s t o r a g e  b i n  by a  con 
t r o l l e d - r a t e  t a b l e  f e e d e r  and f e d  i n t o  a  g a s - f i r e  
r o t a r y  d r y e r  where t h e i r  m o i s t u r e . c o n t e n t  is  redu 
from about  50% t o  a  maximum of 4%,  us ing  h o t  comb 
t i o n  products  f o r  h e a t i n g .  The d r i e d  c h i p s  a r e  
then  f e d  t o  a  hammer m i l l  f o r  s i z e  r e d u c t i o n ,  and 
t h e  r e s u l t i n g  f l o u r  is  sc reened  t o  be s u r e  i t  pas 
through a 35-mesh s c r e e n .  

The d r i e d  wood, a s  w e l l  a s  t h e  g r ind ing  and subse  
quent  wood p rocess ing  o p e r a t i o n s ,  a r e  kep t  under 
n i t r o g e n  atmosphere t o  minimize moi s tu re  pick-up 
and exp los ion  hazard .  

The wood f l o u r  is  conveyed pneumat ica l ly  t o  an  e l  
va t ed  Wood F lour  S to rage  Bin i n  a  c l o s e d  system 
which uses  n i t r o g e n  aS the  curiveying modiua. 

The c a t a l y s t ,  sodium ca rbona te ,  i s  prepared a s  a  
10-20% aqueous s o l u t i o n  f o r  i n j e c t i o n  i n t o  t h e  r e  
a c t i v r ~  sys tem by means of a  conven t iona l  h igh p r e  
s u r e  meter ing pump. 

Carbon monnuirit? and hydrogen a r e  r ece ived  as.com- 
p res sed  gases  i n  s t anda rd  otter-cl~r-road fiib0 c r v i  
e r s .  A carbon monoxide-hydrogen mix tu re  is  com- 
p res sed  t o  r e a c t i o n  p r e s s u r e  i n  a  non- lubr ica ted,  
non-contaminating diaphragm-type compressor.  The 
compressed n i x t u r e  may be f ed  i n t o  the  system con 
t i n u o u s l y  e i t h e r  a t  t h e  P r e h e a t e r  o r  t h e  Reactor .  

Wood f l o u r  i s  con t inuous ly  f ed  from t h e  Wood Flou 
S to rage  Bin through a  Weigh-belt Feeder t o  t h e  Yo 
O i l  S l ende r .  



lthracene oil is used as a carrier vehicle for 
in the PERC process. 

racene is pumped to the Wood-Oil Bl.enrler,, where 
is mixed with wood flour in a cone-shaped blend- 
which is equipped with helical screws that sweep 

:e side walls. 

'ter start-up, product oil serves as the carrier 
:'nicle. 

.e wood-oil slurry from the Blender, at 10-20% 
tod content, is pumped into the reaction system 
.rough a.Feed Slurry Circulating Pump and a High 
.essure Slurry Feed Pump; thence through an elec- 
tcally heated, scraped-surface feed Preheater to 
. electrically heated Reactor, where temperature 
.d pressure are maintained and reaction occurs. 

.talyst solution and the carbon nionoxide-hydrogen 
xture are injected ahead of the Preheater. The 
gh-pressure, high-temperature equipment is con- 
ructed of Type 316 stainless steel. The Feed 
urry Circulating Pump is a Tuthill positive-dis- 
acement lobe-type pump, while the High Pressure 
urry Feed Pump is a Bran and Lubbe variable- 
roke type equipped with ball check valves. 

e Reactor effluent is cooled in an air-cooled heat 
.changer prior to pressure letdown. Water and 
ght oils flash and are separated in a low pres- 
.re flash system. The vented gas is cooled for 
covery of light oils and water. Vented gas and 
n-condensibles are incinerated. 

the PDU was originally designed, a centrifuge 
s installed to separate any sludge of catalyst 
d/or unreacted wood from the product oil since 
nch-scale batch experiments had shown this separ- 
ion possible. To date, no product has been suc- 
ssfully clarified by the centrifuge because of 
e high viscosity of the oil mixture. 

e process, as we have just reviewed, feeds a 
urry of 10-202 biomass in vehicle oil. This 
ans that approximately 80% of the circulating 
ad acts only as an inert carrier, and pumping, 
ating and cooling this carrier results in the 
ste of considerable energy which could lead to a 
nsiderable increase in plant sj .7 .~  (and cost) for 
given throughput of biomass. Recognizing this 
ct, two additional methods for solids injection 
re built into the PDU: 

A.system for feeding pretreated wood: and 
A system for feeding dry wood flour directly to 
the Reactor. 

e first alternative system for pretreating the 
ed involves a batchwise cooking of the wood chips 
water in an electrically heated, agitated auto- 
ave. Original PERC laboratory work indicated a 
quirement of exposing the wood to a temperature 
500°F and a pressure of 680 psia for one hour. 

e resulting slurry is cooled in an external pump- 
ound circuit through an air-cooled heat exchanger. 

wood is separated from the aqueous waste 
ns of a small continuous vacuum filter. The 

wood solids are somewhat similar to charcoal in 
appearance and are more easily processed than the 
dried chips. The solids are dried and ground and 
t h r ~  p~ucossed as previously discussed. The pre- 
treated wood offers the advantage of making a slur- 
ry with improved rheological properties such that 
a 50% slurry in anthracene oil can be pumped. In 
addition, there may be enhancement of the chemical 
reactions. 

Recent bench-scale experiments conducted by the LBL 
group point to using these autoclaves for hydroly- 
sis of the wood at conditions of 3560F and 130 psig 
for 45 minutes, using sulfuric acid for pH control. 

In the second alternative system, so1i.d~ go direct- 
ly into the Reactor at pressure and temperature. 

For this part of the PDU, a mechanical feed arrange- 
ment incorporating a rotary feeder was designed. 
It basically consists of two pressure-balanced 
Lock Hoppers which will be used alternately. To be 
able to use conventional rotary feeders, the Lock 
Hoppers were designed so that the feeders are in- 
stalled inside and, therefore, are not exposed to 
high differential pressure. A rotary feeder capa- 
ble of withstanding a 4000-psig differential would 
have been preferred for better access, improved 
maintenance, and a simpler lock-hopper design; but 
the equipment vendors expressed little interest in 
building such a feeder. 

The Lock Hopper system functions in the following 
manner. A Lock Hopper is filled with wood flour 
and pressurized to 4000 psig, using a carbon monox- 
ide-hydrogen mixture. The solids are then fed to 
the Reactor by the rotary feeder. When the Lock 
Hopper is empty, the pressure is reduced, venting 
the pressurizing gas first to a surge tank, then 
passing the remaining gas to the incinerator. Once 
the Lock Hopper is vented, it is ready for the next 
cycle. The surge tank collects most of the carbon 
monoxide mixture from the Lock Hoppers, so that the 
gas can be r,ecompressed and reused in the next 
cycle. 

Heat is supplied by recycle of part of the product 
oil through the Preheater as in the previous opera- 
tional mode. We would expect high slurry concen- 
L~rLlun wirh this teed method. 

Work now in progress at the University of Arizona 
may eventually permit feeding a very high slurry 
concentration, thereby providing a more attractive 
alternative. 

PROBLEMS AND DIFFICULTIES 

Practically all the reaction product that was pro- 
duced during the previous contract period was ex- 
tremely viscous at ambient temperatures and vir- 
tually urnpumpable even at elevated temperatures. 

Early Rust operations were hampered by inadequate 
heating of electrically traced piping. This caused 
premature shutdowns in some of our earlier opera- 
tions but installation of proper high temperature 
tracing.has eliminated this problem. 



During a  r e c e n t  run ,  numerous l e a k s  developed i n  
h i g h  p r e s s u r e  welded f i t t i n g s  and screwed connec- 
t i o n s ;  t h e s e  r e q u i r e d  shutdown f o r  r e p a i r .  

The wood p r o c e s s i n g  equipment has  g e n e r a l l y  func- 
t i o n e d  w e l l .  

Moyno pumps used f o r  oil-wood s l u r r y  c i r c u l a t i o n  
were  o r i g i n a l l y  s u p p l i e d  wi th  Buna s t a t o r s  which 
hod poor r e s i s t a n c e  t o  t h e  an th racene  o i l  used a s  
s t a r t - u p  v e h i c l e .  Replacement wi th  Vi ton  s t a t o r s  
showed improvement. 

Replacement of t h e  Hoynos wi th  T u t h i l l  lobe- type,  
a l l  meta l  p o s i t i v e  d isplacement  pumps was even tua l -  
l y  necessa ry ,  however, because  of temperature  l i m i -  
t a t i o n s  o f  t h e  Vi ton.  

Numerous f a i l u r e s  of  polymeric  g a s k e t s ,  r i n g s  and 
s e a l  p a r t s  were expe r i enced ;  t h e s e  r e q u i r e d  re-  
placement. by  such m a t e r i a l s  a s  Te f lon ,  g r a p h i t e ,  
m e r a l 1 . i ~  p a r t s ,  e t c .  

High P r e s s u r e  S l u r r y  Feed Pump check v a l v e s  had 
s h o r t  l i f e  u n t i l  t h e  s t a i n l e s s  s t e e l  v a l v e  s e a t s  
were  r e p l a c e d  w i t h  S t e l l i t e .  Packing l i f e  has  been 
s h u r t ,  b u t  is  improving wi th  changes i n  m a t e r i a l .  

Se r ious  mechanical  d e f i c i e n c i e s  wi th  t h e  sc raped  
s u r f a c e  P r e h e a t e r  have e x i s t e d .  The mechanical  
s h a f t  s e a l  was modif ied  e x t e n s i v e l y  t o  p rov ide  a  
double  s e a l  w i th  i n t e r m e d i a t e  p r e s s u r e  between t h e  
s e a l s ?  The o r i g i n a l  s c r a p e r  b l a d e s  were mechani- 
c a l l y  inadequa te  and r e q u i r e d  f r e q u e n t  replacement .  
Spring-loaded s c r a p e r  b l a d e s ,  s u p p l i e d  by Armstrong 
Engineer ing A s s o c i a t e s ,  have been i n s t a l l e d  and 
a r e  expected t o  p rov ide  b e t t e r  h e a t  t r a n s f e r  and 
improved s e r v i c e  l i f e .  

As s u p p l i e d ,  t h e  Reac to r  head- to-shel l  c l o s u r e  was 
n o t  adequa te  f o r  t h e  c y c l i c  o p e r a t i o n s  which a r e  
common i n  a  new p r o c e s s  p i l o t  p l a n t .  Replacement 
wi th  a  GrayLoc c l o s u r e  e l i m i n a t e d  t h i s  problem. 

One major problem t h a t  h a s  e x i s t e d  i n  a l l  runs  t o  
d a t e  concerns  t h e  Reactor  a g i t a t o r  s h a f t  s e a l .  In- 
s t e a d  of  t h e  p a c k l e s s ,  magnetic d r i v e  s p e c i f i e d ,  a  
c a n v e t ~ t i u ~ i a l  double  seal,  w i t h  e l a s f o m e r i c  p a r t s  
was i n s t a l l e d .  Th i s  s e a l  has  been inadequa te .  The 
previous  c o n t r a c t o r  removed t h e  a g i t a t o r ,  and when 
t h e  Reac to r  was used,  i ts  c o n t e n t s  were no t  a g i t a -  
t ed .  A magne t i ca l ly  d r i v e n ,  p a c k l e s s  a g i t a t o r  is  
being i n s t a l l e d  and w i l l  be p laced i n  s e r v i c e  i n  
t h e  immediate f u t u r e .  

KeaCtOr pruduct  preoduro lutr11.1wlr v n l v c ~  have had  
s h o r t  l i f e .  T h i s  i s  n o t  su r ' p r i s ing  when t h e  ex- 
t remely s e v e r e  one-s tep  drop from 4000 p s i g  t o  7 
p s ig  is cons ide red .  The s m a l l  v a l v e  r e q u i r e d  f o r  
low c a p a c i t y  throughput  and h igh  p r e s s u r e  d i f f e r e n -  
t i a l  compound t h e  problem. P a r a l l e l  v a l v e s  were 
i n s t a l l e d  t o  pe rmi t  replacement  wi thou t  p rocess  
i n t e r r u p t i o n .  Var ious  va lve  t r i m  m a t e r i a l s  have 
been used,  and S t e l l i t e  has  been t h e  most success-  
f u l  t o  d a t e .  

Because i t  has  n o t  been p o s s i b l e  t u  s e a l  thc. Re 
t o r  a g i t a t o r  s h a f t ,  no e f f o r t  has  been made t o  
o p e r a t e  i n  t h e  Lock Hopper f eed  mode. Use of t 
equipment i s  scheduled l a t e r  i n  t h e  program. 

As p rev ious ly  mentioned, problems w i t h  product  v i s  
c o s i t y  have p rec luded  u s e  of t h e  c e n t r i f u g e  t o  d a t  
However, r e c e n t  r e s u l t s  have been encouraging,  i n -  
asmuch a s  lower v i s c o s i t i e s  have been observed,  a r  
t h e s e  lower v i s c o s i t i e s  shou ld  l e n d  themselves t o  
u t i l i z a t i o n  of t h e  e x i s t i n g  c e n t r i f u g e .  T e s t s  of 
t h e  c e n t r i f u g e  sys tem a r e  now undeway.  

No s e p a r a t i o n  of product  o i l  from t h e  an th racene  
o i l  used a s  s t a r t - u p  v e h i c l e  has  been accomplishec 
t o  d a t e .  I n  s u s t a i n e d  o p e r a t i o n ,  t h e  an th racene  
would d i s a p p e a r  by d i l u t i o n .  However, d i s t i l l a t i c  
t e s t s  r e c e n t l y  p e r f o H e d  i n  u u i  l a b o r a t o r y  indir.nt  
t h e  p o t e n t i a l  of  bo th  upgrading product  o i l  and r c  
moving c a t a l y s t  by t h i s  means. 

Two promis ing systems f o r  producing ' syn i rude  from 
wood have been demonstrated t o  d a t e  i n  t h e  PDU. 
Anthracene a s  a  c a r r i e r  v e h i c l e  has  been used t o  
produce an  o i l  c o n c e n t r a t i o n  of 38%. Syncrude ha2 
a l s o  been produced by p r e t r e a t i n g  and h y d r o l i z i n g  
wood i n  s l i g h t l y  a c i d i c  wa te r ,  and f u r t h e r  r e a c t i ~  
i n  t h e  p resence  of  a  CO and Hz gaseous mix tu re  an1 
sodium ca rbona te  c a t a l y s t .  F u r t h e r  t e s t i n g  is 
undeway  t o  q u a n t i f y  p rocess  v a r i a b l e s  and assemb. 
d a t a  f o r  commercial des ign  and economic e v a l u a t i o ~  
purposes .  

S e v e r a l  f a i l u r e s  of  t h e  carbon monoxide compressor 
diaphragms occur red .  Head ~ n o d i f i c a t i o n  by t h e  man- 
u f a c t u r e r  has  p a r t i a l l y  so lved  t h i s  problem. 
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Abstract  

wrence Berkeley Laboratory was assigned by DOE 
e r e s p o n s i b i l i t y  of d i r e c t s  ng and t e c h n i c a l  
n i t o r i n g  of t h e  p r o j e c t s  dea l ing  with d i r e c t  
qeufact ion of biomass. LBL found it d e s i r a b l e  

f u l f i l l  i t s  r e s p o n s i b i l i t y  by undertaking a 
n t i n u a l  c o r r e l e t i v e  assessment of process devel- 
ment a c t i v i t i e s  by i n i t i a t i n g  and under- 
king s t a d i e s  t o  f i l l  t h e  msssing gaps i n  o rder  
b r ing  t h e  biomass l i q u e f a c t i o n  progran! t o  a 

c c e s s f u l  conclusion speed i ly .  This p resen ta t ion  
a l s  with t h e  c o r r e l a t i v e  assessment e f f o r t s  of 
L i n  t h e  development of an oil-from-biomass 
chnology . 

FlRELATTVE- ASSESSMENT OF PROCESS DEVELOPMENT 

e wood-to-oil process development u n i t  (PDU) 
ca ted  a t  Albany, Oregon was designed on t h e  b a s i s  
bench s c a l e  batchwise experiments conducted 
t h e  Bureau of Mines. The t r a n s l a t i o n  of t h e  

s u l t s  of batchwise experiments i n t o  a continuous 
it required a l o t  of guesswork. Major process  
i t s  such a s  blender ,  p rehea te r ,  p ressure  letdown 
s s e l ,  and cen t r i fuge  were designed on t h e  b a s i s  
meager o r  no da ta .  Successful  operat ion of  

ese  u n i t s  and t h e i r  modif icat ions requ i red  engi- 
e r i n g  R & D before they  coiild be  operated 
c c e s s f u l l y .  

equal  concern was t h e  f a c t  t h a t  t h e  f a t e  o f  
e biomass l i q u e f a c t i o n  program depended upon 
e f a t e  of a s i n g l e  process  conceptual ized by 
e 3ureau of  Mines. The Albany PDU was pr imar i ly  
signed t o  eva1u~t.e t h e  t e c h n i c a l  f e a s i b i l i t y  of 
e Bureau of Mines process  and t o  gather  s u f f i -  
en t  d a t a  i n  o rder  t o  a s s e s s  t h e  economic f e a s i -  
l i t y  of t h e  process  and t o  provide a d a t a  base 
mr t h e  design of a demonstration u n i t .  I f  was 
c i t l y  a s s c ~ e d  t h a t  t h e  chemical f e a s i b i l i t y  
' t h e  process was a c e r t a i n t y .  Prel iminary 
periments  conducted a t  Albany c a s t  some doubts 

che chemical f e a s i b i l i t y  of t h e  process ,  
cordingly process  modif icat ions and/or new pro- 
.ss  op t ions  had t o  be researched and a d a t a  base 
ovided f o r  t e s t i n g  a t  Albany. 

.wrence Berkeley Laboratory (LBL) was given t h e  
, s p o n s i b i l i t y  of d i r e c t i n g  and t e c h n i c a l  monitory 
' t h e  p r o j e c t s  dea l ing  with d i r e c t  l i q u e f a c t i o n  
' biooiass. Ir. discharging t h i s  r e s p o n s i b i l i t y  
IL i n t e r f a c e d  with t h e  Biomass Energy Systems 
,anch of DOE, t h e  opera tors  of t h e  Albany, Oregon 

nd with i n s t i t u t i o n s  providing support ing re- @ mri nt,her se rv ices .  I n t e r f a c i n g  with t h e  

opera tors  of t h e  ?DU required undertaking comy~le- 
mentery s t u d i e s ,  proviaing e n g f n e e r f n ~  support ,  
providing i n p ~ t  from supportfng basfc research ,  
and undertaking ariy o ther  a c t i v i t y  t o  speed t h e  
development p r o g r m .  This  p resen ta t fon  d e e l s  with 
t h e  c o r r e l a t i v e  assessment a c t k v i t p  undertaken by 
LBil . 
The r e s u l t s  of Phase I operat ions Crcodify, c m i s s -  
ion ,  and conduct prel iminary experiments) more o r  
l e s s  i d e n t i f i e d  t h e  a reas  of concern, They per- 
t a i n e d  t o  : 

o Mechanical problems 
o Unit opera t ioas  
o Chemistry of t h e  p r o c e s s ( e s )  and physical  

chemical aspec t s ,  
o M u l t i p l i c i t y  of t h e  v a r i a b l e  parameters. 

Mechanical problems proved t o  be formidable; they 
were l a r g e l y  handled by t h e  opera tors  of  t h e  f a c i -  
l i t y .  The u n i t  opera t iona l  problems encountered 
were both of mechanical and chemfcal engineering 
na ture .  I n  t h i s  resoec t  LBL i n t e r f a c e d  with Rust 
h g i n e e r i n g  Conpeny, For example, our mechanical 
engineer provided t h e  design f o r  t h e  modif icat ion 
of t h e  wood f l o u r  feeding system and worked with 
t h e  Rust s t a f f  i n  t h e  a n a l y s i s  of  problems en- 
countered with tine p rehea te r ,  p ressure  letdown 
v e s s e l  and t h e r n a l  s t r e s s e s ,  e t c .  Recognizing 
t h a t  t h e  design of major process  u n i t s  such a s  pre- 
h e a t e r ,  pressure letdown system, and cen t r i fuge  
was based on meager d a t a  o r  guess work, LBL de- 
veloped procedures f o r  t h e  evaluat ion of t h e  per- 
formances of  t h e  var ious  process  u n i t s .  We may 
c i t e  t h e  cen t r i fuge  a s  an example. The cen t r i fuge  
of  t h e  klbany PDTJ, a t h r e e  phase u n i t ,  d id  not 
work and was removed from t h e  system. This cen-.. 
t r i f u g e  was supposed t o  separa te  t h e  s o l i d  res idue  
a s  a s ludge,  and an aqueous phase containing t h e  
c a t a l y s t  from t h e  f l e s h  tank  bottoms t o  provide a 
c l e a r  o i l  f o r  recyc l ing  and a s  a product.  A t h r e e  
phase cen t r i fuge  i s  a s  complicated a u n i t  a s  a 
f r a c t i o n a t i o n  column. A? LBL ana lys i s  ind ica ted  
t h a t  t h e  cen t r i fuge  chosen i s  not l i k e l y  t o  seps- 
r a t e  an equeous phase; it may separa te  t h e  o i l  
formed i n  t h e  process  from t h e  s t a r t u p  o i l  i f  
t h e  p r o p e r t i e s  of t h e  two o i l s  a r e  very d i f f e r e n t  
and evenzual ly become inopera t ive  o r  u s e l e s s  e s  
t h e  s t a r t u p  o i l  becomes deplete*. 

A s  D r .  Larry Sheleger informed yoil i n  h i s  presenta-  
t i o n ,  LBL developed a modified process  opt ion t h a t  
r e q u i r e s  pretreatment  of bicmass. Although two 
l a r g e  s t i r r e d  autoclaves were a v a i l a b l e  a t  Albany 



f o r  wood pretreatment ,  they  were not designed f o r  
t h e  opera t iona l  procedures developed a t  LBL. 
Accordingly t h e  LBL and Eust engineers  worked t o -  
gether  t o  modify t h e  autoclaves a v a i l a b l e  a t  Al- 
bany and t o  develop opera t iona l  procedures t h a t  
would meet t h e  r e a c t i o n  condit ions imposed by t h e  
chemistry of t h e  pretreatment .  

D r .  Manu Seth informed yoil of  t h e  r e s u l t s  of  LBL's . 
i n v e s t i g a t i o n s  on t h e  chemistry of t h e  l i q u e f a c t i o n  
of  biomass. However promising, any new process o r  
modified process opt ion r e q u i r e s  s c r u t i n y  re- 
garding t h e  adequacy of  t h e  d a t a  base provided f o r  
eva lua t ion  a t  Albany. The bench s e a l e  r e s u l t s  have 
t o  be t r a n s l a t e d  i n t o  t h e  operat ion of  a continuous 
u n i t  such a s  e x i s t s  a t  Albany, Oregon with minimum 
modif icat ions,  a s  major modif icat ions a r e  time con- 
suming. 'The t r a n s l a t i o n  involves t h e  s p e c i f i c a t i o n  
of  t h e  following: 

o Prel iminary modif icat ions of  t h e  PDU, e .g. ,  
plplng ana lnszrumentation. 

o S t a r t u p  procedures. 
o Operat ional  procedures 
o Likely dev ia t ions  from t h e  a n t i c i p a t e d  

procedures. 
o Operating condi t ions .  
o Data t o  be recorded and i t s  frequency. 
o Equations f o r  t h e  ana lys i s  of  t h e  d a t a  

recorded. 

It i s  needless  t o  e labora te  t h a t  i n  o rder  t o  de- 
velop v a l i d  equat ions f o r  t h e  a n a l y s i s  o f  t h e  d a t a  
recorded, one must consider  heat  and mass balances 
and k i n e t i c s  of t h e  reac t ions .  The l a s t  f a c t o r  i s  
l a r g e l y  unknown t o  begin with,  and i n  a s t r i c t  
sense,  probably w i l l  remain unknom whether o r  not 
a v i a b l e  process  evolves from t h e  e f f o r t .  However, 
e f f e c t i v e  k i n e t i c  parpmeters must be formulated, 
r e a l i z i n g  what can o r  cannot be measured o r  ana- 
l i z e d  on t h e  b a s i s  of  t h e i r  s e n s i t i v i t y  t o  t h e  
opera t ing  condit ions ixposed. Process optimiza- 
t i o n  b o i l s  down t o  f ind ing  t h e  opera t ing  condit ions 
t h a t  render  t h e  process  most a t t r a c t i v e  economical- 
l y .  I n  t h e  opera t ing  d i r e c t i v e s  issued f o r  t e s t i n g  
t h e  f e a s i b i l i t i e s  of t h e  Sureau of Mines process 
and a inodified vers ion  of t h e  Bureau of Mines pro- 
c e s s ,  t h e  p o i n t s  r a i s e d  above have been considered 
i n  i e t a i i .  

The l e s t  concern t h a t  we c i t e d  i n  t h i s  p resen ta t ion ,  
i. e . ,  t h e  r.m..ber of v a r i a b l e  paremeters, a r e  shared 
by LaL a r d  Rust Engineericg Company. To be speci-  
.o. : i .c ,  they  are listed below: 

VEHICLE OIL/BIOYASS X4TIO 
CATAiYST:BIOiUSS RATIO 
3i'XTEISIS GAS/SIO?ASS ?&TI0 
SY?ITGSIS GAS COWOSITIO~~ 
SiUInRY PEED MTZ ( FESIDEKCX TME I N  PRE- 
i:ZiTZR ) 
F'P,ESZATER S I T  TDIPZFWTLR2 
?3ESSbiE 
2ZACTOR TZbTPE?nA'iZtRE 
EI4CT3R IFIZITORY (WSIDE??CE "ME I N  SEACTORJ 
TYTS: OF BIOFIASS 
TY?T OF STAXFJP OIL 
TY3E OF CATALYST 

The experience a t  Albany has shown t h a t  t h e  
number of  t e s t  runs t h a t  can be conducted i s  
l i m i t e d ,  i . e .  about one run a month. About 
twelve runs t h a t  can be  conducted between now 
and August of 1980 w i l l  not be s u f f i c i e n t  t o  
eva lua te  t h e  inf luences of  twelve var iab les .  
Considering t h e  chemistry of t h e  reac t ions  
t ak ing  p lace ,  t h e  u n i t  operat ions involved i n  
t h e  process-, and t h e  confidence d e s i r e d ,  we 
be l ieve  about 60 t e s t  runs have t o  be conriucted. 
For t h i s  reason LEiL has designed and constructed 
a mini PDU t h a t  i n  many r e s p e c t s  s imulates  t h e  
Albany PDU. I n  t h e  second p a r t  of h i s  presen- 
t a t i o n ,  D r .  Seth has described two a d d i t i o n a l  
pieces of  equipment designed t o  s imulate  cont in-  
uous operat ions by batchwise experiments. Our 
plans c a l l  f o r  screening t h e  in f luences  o i  as 
many parameters a s  p o s s i b l e  i n  order  t o  zero i n  
on t h e  condit ions of  t h e  c r i t i c a l  t e s t  runs t h a t  
can be conducted a t  Albany. Of course we plan 
t o  e s t a b l i s h  a one-to-one correspondence between 
Lhe resulls LllnL cnu LC uLLaillcd at  Dcrkeicy and 
Albany. For wood hydro lys i s ,  f o r  example, we 
s t a r t e d  t h e  t e s t s  i n  a 400 m l  autoclave and 
graduated t o  one l i t e r  and l a t e r  t o  a 10 ga l lon  
autoclave.  Having es tab l i shed  an i d e n t i t y  i n  
t h e  r e s u l t s  obtained,  we requested t h a t  e t e s t  
run be conducted a t  Albacy using t h e  400 ga l lon  
autoclaves of  t h e  PDU. We a r e  happy t o  r e p o r t  
t h a t  t h e  r e s u i t s  obtained a t  Albany were iden t ica  
t o  those  obtained a t  Berkeley. 

I n  summary, LBL found it highly d e s i r a b l e  t o  f u l -  
f i l l  i t s  r e s p o n s i b i l i t y  i n  t h e  DOE'S d i r e c t  l ique  
f a c t i o n  of biomass program by undertaking a con- 
t i n u a l  c o r r e l a t i v e  assessment of  process develop- 
ment a c t i v i t i e s  and by i n i t i e t i n g  end itndertakine 
s tud ies  t o  f i l X  t h e  missing gaps t o  speed t h e  
course of  t h e  program. 
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STRACT 

e objective is  t o  evaluate through experimental 
sts whether a modified screw extruder (as used 
the  food and p l a s t i c s  industr ies)  could be used 
feed a finely-ground s lu r ry  (ground sawdust i n  

avy o i l s  or  water) i n t o  a pressure reactor sys- 
m. This i s  of d i r ec t  i n t e r e s t  fo r  the DOE 
s te- to-0i l  p i l o t  plant ,  Albany, Oregon and the 
E-sponsored ce l lu los ics  gas i f ica t ion  work a t  
l l s t o n  Spa, New York. This bas ic  overa l l  goal  
s achieved during the f i r s t  year of the contract  
1978, u t i l i z i n g  Albany, Oregon process f a c i l i t y  

wdust, giving r e s u l t s  of ,  (a) pumped feed s lur -  
e s  i n  extruder developing up t o  8,500 p s i  pres- 
r e  head, whereas 3,000 p s i  needed, and (b) 
mped up t o  70 weight percent feed s lu r r i e s ,  
ereas p i l o t  f a c i l i t y  piston pumps a r e  limited t o  
-30 weight percent sawdust. During 1979, scale- 
f ac to r s  a r e  being determined, which involve I OI ~ ~ " L I u .  

t ruder design, extruder operation conditions, 
oper t ies  of sawdust feed and propert ies of the  6 O* * m b l v  

I M- 

cessary ca r r i e r  o i l .  The work t o  da te  has 7 SDDlqlW 
I M . - t  

en successful  using s ingle  screw extruders. - lo-- 

t e r  i n  1979 o r  1980, f i e l d  t e s t s  w i l l  be conduct- 
upon s w e r a l  a l t e rna t ive  types of extruders. 

,,.. ,. ,,,,.PI "I" s e w  r . t w r  

NTBACT. OBJECTIVE 

e objective i s  t o  evaluate through experimental CONmCT TASKS sts whether a modified screw extruder ( a s  uwd  
t h e  food and p l a s t i c s  indus t r ies)  could be 

ed t o  feed a finely-ground s lu r ry  (ground saw- Sumnary of Contract Tasks fo r  the  f i r s t  year were 

st i n  heavy o i l s  o r  water) i n t o  a pressure a s  follows: 

ac tor  system. Thick, concentrated ce l lu los i c  Task 1 - Determine rhaological  and re la ted  pro- 

u r r i e s  have high apparent v i scos i t i e s  and pe r t i e s  of concentrated ce l lu los i c  s lur -  
r i e s  i n  o i l s  and water. 

velep a head in such Task 2 - Evaluate pumping and pressure head opert ies,  lriachine operating charac ter i s t ics ,  a d  developed i n  s ingle  screw extruders. cessary sc91e-u~ criteria are being imrestigated* Task 3 - Evaluate stiff cellulosic elursy =ster- typica l  s ing le  screw extruder is  shown i n  Fig. 1 batching and pel le t iz ing .  a extruder for macaroni is shown in Fig.2* Task 4 - Evaluate a l t e rna t ive  types of extruders i n  

is project  is of d i r ec t  i n t e re s t  f o r  the  DOE outside f ield t e s t s .  

OByLss Liquefaction Fac i l i t y ,  Albany, Oregon and Task 5 - Analyze and corre la te  extruder feeding 

e DOE-~ponsored ce l lu los ics  gas i f ica t ion  work performance data. 

Ballston Spa, New York. It amear s  tha t  this 
trudcr feeding system can greatyy simplify the  
ocess by eliminating the separate grinding, Task 1. Determination of Rheologp of Fluid 

ping, slurrying and piston-pumping rrteps by 
Cellulosic S lu r r i e s  

*ib8 aperations lu machine' lfurther The contractor s h a l l  measure the rheological and e feeding of a much higher biomass so l id s  con- 
n t ra t ion  w i l l  reduce processing cos ts  by re la ted  physical propert ies of sawdwtlo i l  and 

ducing the  quanti ty of recycle o i l .  sawdustlwater s l u r r i e s ,  a s  a continuation of Task 1 
under current  Contract No. EW-78-5-05-5679. 
Measutements w i l l  cons is t  of apparent v i scos i t i e s  
of various s lu r ry  concentrations from 10% t o  maxi- 
mum possible i n  conventional rheometers, 



temperature range 8 0 ' ~  t o  300'~. Wood w i l l  be 
obtained from t h e  DOE Waste-to-Oil Experimental 
F a c i l i t y ,  Albany, Oregon and Wright-Malta Corpora- 
t i o n ,  Ba l l s ton  Spa, New York. It is  est imated 
t h a t  between 40 and 60 runs,  generat ing 200 t o  300 
d a t a  po in t s ,  w i l l  be needed t o  develop t h e  neces- 
s a r y  information. 

Task 2. Determination o f  Rheology of S t i f f  
Ce l lu los ic  S l u r r i e s  

The Contractor s h a l l  provide r h e o l o g i c a l  da ta ,  t h e  
same a s  Task 1, except  f o r  covering higher  ce l lu -  
l o s i c  s l u r r y  concentrat ions,  i n  t h e  range of 30 
weight percen t  up t o  probably 80 weight percent .  
It w i l l  b e  necessary t o  cons t ruc t  a high-pressure 
l a r p - d i a m ~ t e r  tube rkeometer, s u i t a b l e  f o r  use i n  
an e x i s t i n g  I n s t r o n  Test ing Machine a s  a p a r t  oi: 
t h i s  t ask .  It is est imated t h a t  10 t o  20 runs 
can be made i n  the given period.  

Task 3. Compression o f  C e l l u l o s i c s  i n  Pasadena 
Press  - 
The Contractor  s h a l l  measure t h e  compress ib i l i ty  
and void volume a v a i l a b l e  f o r  t h e  s l u r r y  o i l  f o r  
sawdust/oil .and sawdust/water s l u r r i e s  over t h e  
condi t ions  a s  follows: 

a .  Pressure,  0 t o  10,000 p s i  
b. Temperature, 8 0 ' ~  t o  3 0 0 ~ ~  
c. C e l l u l o s i c  s l u r r y  concentrat ions f f m  

10 weight percent  t o  maximum p o s s i b l e  
A simple "pressure mold" with bottom o u t l e t s  f o r  
"squeezed-out" o i l s  o r  water w l l l  be constructed 
f o r  use  i n  an e x i s t i n g  Pasadena Press ,  normally 

used f o r  molding p l a s t i c s .  It is estimated t h a t  
10-20 runs  w i l l  be made i n  t h i s  s impl i f i ed  
apparatus .  4 
Task 4. Design and Construct Laboratory Compres- 
s i o n  C e l l  f o r  Simultaneous S l u r r y  Fluid Flow 

The Contractor  shall design a u n i t ,  based on t h e  
experience gained I n  Task 3, and cons t ruc t  s a i d  
u n i t  t h a t  can b e  used t o  hold concentrated s l u r r y  
samples f o r  simultaneous compression and f low of 
the  s l u r r y  f l u i d ,  adaptable  f o r  use i n  t h e  Pisaden8 
Press  and/or an e x i s t i n g  I n s t r o n  Test ing Machine. 
Pressure drop and flow r a t e  d a t a  w i l l  be  taken 
under the  condit ions of Task 4 ,  s i m i l a r  i f  possible 
t o  t h e  runs made under Task 4, f o r  use i n  corre-  
l a t i n g  and comparing r e s u l t s .  

Task 5. Mcnsurement of F r i c t i o n  of S t i f f  
C e l l u l o s i c  S l u r r i e s  

I 
The C u ~ ~ r r a c t o r  ohall  design, rona t ruc t  @ad ob ta in  
experimental d a t a  on t h e  (a)  f r i c t i o n  between 
s t i f f  c e l l u l o s i c  s l u r r i e s  and s t e e l  p l a t e s ,  and i f  
poss ib le  (b) design t h e  t e s t s  so  t h a t  some e f f e c t s  
of f r i c t i o n  between p a r t i c l e s  wi th in  t h e  s l u r r y  
i t s e l f  can be  measured. This  t a s k  is explora tory  
i n  nature,  and it is est imated t h a t  only 5-20 r u m  
w i l l  be  made i n  the  t i m e  a v a i l a b l e  under conditions 
a s  follows: 

a. Pressure,  0-20 p s i  compressive forces .  
b. F r i c t i o n  force ,  lower range only (measured 

by s t r a i n  gauges). 
c. Room temperature only. 

Task 6. Design and I n d i c a t e  F e a s i b i l i t y  of  an 
Extruder B a r r e l  Simulator 

The Contractor  s h a l l  design an extruder  b a r r e l  
s imulator  with w a l l  configurat ions a s  used i n  food 
extruders .  It w i l l  no t  be constructed bu t  r a t h e r  
its f e a s i b i l i t y  be  ind ica ted  by s impl i f i ed ,  make- 
s h i f t  l abora tory  t e s t s .  

fask 7 .  DeLrrminatLen of S t i f f  CPI li\Jnaic S l p r y  
F r i c t i o n a l  Forces by Extruder Screw Simulator 

The Contractor  s h a l l  determine the  sur face  f r i c -  
t i o n a l  fo rces  of s t i f f  c e l l u l o s i c  s l u r r i e s ,  i n  t h e  
form of s o l i d  masterbatches, f o r  an est imated 10-2 
masterbatch samples. This a c t i v i t y  w i l l  be per- 
formed under subcontract  t o  D r .  Chung, Rensselaer 
Polyeethnic I l lb t i  t u t e ,  Troy, N.Y.. 111- t ~ r i & i n a t o t  
of t h e  only known extruder  screw simulator  (devel- 
oped under funding from t h e  National Science 
Foundation). 

Task 8. Formulate Gel 1 it1 o s i c  Mixtures w i t h  Mini- 
mwn Void Volume f o r  S l u r r y  Liquid 

The Contractor  s h a l l  determine the  minimum void 
volume of uncom~ressed c e l l u l o s i c  mixtures  of 
d i f f e r e n t  s izes 'o f  sawdust by t h e  following t 
niques: 



Screen d r i e d  Albany p i l o t  p l a n t  sawdust (pro- Task 13. Eva lua t ion  of P e l l e t i z e d  Feedstocks  
:ed bv hammer m i l l )  and recombined i n  
i f e r e n t  p ropor t ions .  
c " f ib rous"  c e l l u l o s i c  p a r t i c l e s  w i t h  more 
ranular"  types  of p a r t i c l e s .  

~ e ~ e a t  i tem a .  w i t h  a  p o r t i o n  of sawdust be ing  
l a r g e r  p a r t i c l e  s i z e  than normal ly  produced i n  
Albany p i l o t  p l a n t .  
Grind d r i e d  wood ch ips  from Albany p i l o t  p l a n t  
by means of  e x i s t i n g  p l a s t i c s  s c r a p  g r i n d e r ,  
and r epea t ' some  of  the  fo rmula t ions  under i t em 
a .  f o r  comparison. 

e  Con t rac to r  s h a l l  cneck a s e l e c t e d  number of 
e  samples formulated h e r e i n  f o r  t h e i r  vo id  
lumes under compression. u s i n g  t h e  a p p a r a t u s  
n s t r u c t e d  under Task 4.  

sk  9 .  Operat ion of  Laboratory  Ex t rude r  a t  ' 

ehe r  Speeds 

e  Con t rac to r  s h a l l  o p e r a t e  a  l a b o r a t o r y  s i n g l e -  
rew e x t r u d e r  a t  h i g h e r  than  n o m a l  speeds ,  p e r - .  
rming a  pa ramet r i c  i n v e s t i g a t i o n  t o  de te rmine  
e  r e l a t i o n s h i p  between t h e  e x t r u d e r  ou tpu t  p re s -  
r e  and t h e  e x t r u d e r  o p e r a t i n g  v a r i a b l e s .  These 
c lude  t empera tu re ,  p r e s s u r e ,  throughput r a t e s  
d  power consumption, a t  screw speeds  from about  

rpm up t o  h i g h e s t  p o s s i b l e  w i t h  a  g iven  ex- 
ude r .  The Con t rac to r  s h a l l  make an  e s t i m a t e d  
10 runs on t h e  l a r g e r  1314 inch-dia .  . ex t rude r  
r comparison purposes .  

s k  10.  Chemical P re t r ea tmen t  of  C e l l u l o s i c s  
d e r  Ex t rude r  Cond i t ions  

e  Con t rac to r  s h a l l  make 5-10 e x p l o r a t o r y  r u n s  
u t i l i z i n g  t h e  e x t r u d e r ,  w i t h  i t s  i n h e r e n t  

e r a t i n g  advantages  of e l e v a t e d  t empera tu re ,  
e s s u r e  and s h e a r  f o r c e s ,  t o  determine t h e - e f f e c t s  

l i g h t  chemical  p r e t r e a t m e n t s  on t h e  c e l l u l o s i c s .  
b o r a t o r y  " tubing r e a c t i o n s "  s h a l l  b e  performed 

s e l e c t  t h e  more promis ing chemical p r e t r e a t -  
n t s .  

s k  11. Abras ion-Resis tant  Coat ings  Bench-Scale 
ster - 
e  Con t rac to r  s h a l l  adapt  a  known ab ras ion -  
s i s t a n t  l a b o r a t o r y  t e s t e r , ' s o  t h a t  i t  can be  
i l i z e d  f o r  m a t e r i a l s  s u i t a b l e  f o r  c o a t i n g  
: t rude r  screws hand l ing  s l u r r i e s .  Three  
r a s i o n - r e s i s t a n t  fo rmula t ions  w i l l  be  s e l e c t e d  

demonstra te  t h e  performance of t h e  u n i t .  

sk  12. C e l l u l o s i c  S l u r r y  Masterbatching Using 
ke r -Pe rk ins  I n t e n s i v e  Mixer 

e  Con t rac to r  s h a l l  fo rmula t e  l a b o r a t o r y  master-  
t c h e s  of  r e q u i r e d  c e l l u l o s i c  s l u r r i e s  u s i n g  a n  
: i s t i n g  l a b o r a t o r y  Baker-Perkins I n t e n s i v e  Mixer 

e s t ima ted  20-30 b a t c h e s  w i l l  b e  p repa red ,  and 
. r t h e r  t e s t e d  a s  needed i n  Tasks 4  and 7. 

The Con t rac to r  s h a l l  complete any o u t s i d e  evalua-  
t i o n s  under s u b c o n t r a c t  of p e l l e t i z e d  f e e d s t o c k s ,  
a s  l i s t e d  under T a s k . 3  of c u r r e n t  Con t rac t  
No. EW-78-S-05-5679, d e f e r r e d  due t o  any approved 
changes i n  work schedu le  of t h a t  Con t rac t .  

Task 14 .  F i e l d  Tes t ing  of A l t e r n a t i v e  Types of  
Ex t rude r s  

The Con t rac to r  s h a l l  perform t h e s e  o u t s i d e  t e s t s  
under s u b c o n t r a c t ,  a s  de f ined  i n  Task 4  of c u r r e n t  
Con t rac t  No. EW-784-05-5679, d e f e r r e d  a s  i n d i c a t e d  
s o  t h a t  h i g h e r  p r i o r i t y  could be given t o  s i n g l e -  
screw e x t r u s i o n  and t o  l a b o r a t o r y  work on c e l l u -  
l o s i c  s l u r r y  p r o p e r t i e s .  

9 

Task 15.  Ana lys i s  and C o r r e l a t i o n  of R e s u l t s  

The Con t rac to r  s h a l l  p r e p a r e  a  d r a f t  f i n a l  r e p o r t ,  
t o  be  submi t t ed  w i t h i n  30 days  of complet ion of 
t h e  work, c o n s i s t i n g  mainly  o f :  
a .  C o r r e l a t i o n  Ana lys i s  of  t h e  Techn ica l  Data 
b .  S u i t a b i l i t y  of each given e x t r u d e r  t o  develop 

a  p r e s s u r e  head,  and under what c o n d i t i o n s .  
c  . Conclus ions  and Recommendations . 

PERFORMANCE TARGETS 

T h i s  b a s i c  o v e r a l l  g o a l  was achieved d u r i n g  t h e  
f i r s t  yea r  of t h e  c o n t r a c t  i n  1978, u t i l i z i n g  
Albany, Oregon p rocess  f a c i l i t y  sawdust ,  g i v i n g  
r e s u l t s  of ( a )  pumped f e e d  s l u r r i e s  i n  e x t r u d e r  
developing up t o  8,500 p s i  p r e s s u r e  head,  whereas 
3,000 p s i  needed and (b)  pumped up t o  70 weight  
p e r c e n t  f e e d  s l u r r i e s ,  whereas p i l o t  f a c i l i t y  
p i s t o n  pumps a r e  l i m i t e d  t o  25-30 weight  p e r c e n t  
sawdust .  During 1979, scale-up f a c t o r s  a r e  be ing  
determined which invo lve  e x t r u d e r  d e s i g n ,  e x t r u d e r  
o p e r a t i o n  c o n d i t i o n s ,  p r o p e r t i e s  of sawdust f e e d  
and p r o p e r t i e s  of t h e  necessa ry  c a r r i e r  o i l .  A 
good s t a r t  h a s  been made upon under s t and ing  t h e  
rheology of  c e l l u l o s i c  s l u r r i e s  ove r  a  wide r ange  
of sawdust c o n c e n t r a t i o n s .  Apparent v i s c o s i t i e s  
i n c r e a s e  s h a r p l y  a t  c o n c e n t r a t i o n s  above 1 5  weight  
p e r c e n t ,  and a r e  d i f f i c u l t  t o  measure i n  conven- 
t i o n a l  rheometers .  Modified p r e s s u r e  rheometers  
and " f r i c t i o n a l "  d e v i c e s  a r e  be ing  c o n s t r u c t e d  t o  
s o l v e  t h i s  problem. 

APPROAM TO CURRENT WORK 

I t  was decided t h a t  f o r  t h e  second y e a r  (1979) t h e  
o r d e r  i n  which t h e  t a s k s  a r e  c a r r i e d  o u t  shou ld  be 
r e v i s e d  t o  accomplish  t h e  u l t i m a t e  g o a l s  of t h e  
p r o j e c t .  I n  v iew of t h e  good s u c c e s s  t o  d a t e  i n  
meeting t h e  u l t i m a t e  p r o j e c t  g o a l s  by means of 
s i n g l e  screw e x t r u d e r s ,  i t  i s  b e l i e v e d  t h a t  t h i s  
approach should  b e  pursued a t  a  h i g h e r  l e v e l  of 
e f f o r t .  S imul taneously ,  i t  i s  obvious  t h a t  t h e r e  
should  b e  a n  expansion of t a s k s  r e l a t e d  t o  t h e  
p h y s i c a l  and r h e o l o g i c a l  p r o p e r t i e s  of sawdust p e r  
s e  and of v a r i o u s  sawdust s l u r r i e s .  I n  o r d e r  t o  
accomplish t h e s e  t a s k s  i t  was necessa ry  t o  d e f e r  

. . .  



( a )  t h e  o u t s i d e  t e s t s  on a l t e r n a t i v e  t y p e s  of  
e x t r u d e r s  ( food,  twin  screw and t ape red  screw 
e x t r u d e r ,  and (b )  some o f  t h e  e v a l u a t i o n s  of p e l l e -  
t i z e d  food s t o c k s  (mas te rba tch  l o t s ) ,  u n t i l  t h e  
l a t t e r  p a r t  o f  1979. Thus,  i t  makes sense  t o  
c o n c e n t r a t e  a t  t h i s  t ime more h e a v i l y  upon s i n g l e -  
screw e x t r u s i o n  and q u a n t i f y i n g  t h e  f a c t o r s  
involved i n  t h e  development of a  p r e s s u r e  head 
i n  t h e  e x t r u d e r  when f e e d i n g  s t i f f  c e l l u l o s i c  s l u r -  
r i e s .  One can then  p l a n  more i n t e l l i g e n t l y  on t h e  
o u t s i d e  t e s t s  under s u b c o n t r a c t  f o r  e v a l u a t i n g  
p e l l e t i z e d  mas te rba tch  f e e d s t o c k s  and t h r e e  a l t e r -  
n a t i v e  t y p e s  of e x t r u d e r s .  

With r e s p e c t  t o  t h e  f a c t o r s  a f f e c t i n g  p r e s s u r e  
head i n  ' the e x t r u d e r ,  t h e  vo id  volume a v a i l a b l e  
f o r  t h e  s l u r r y  f l u i d  i s  a major f a c t o r .  How s m a l l  
i s  t h i s  volume a t  5 ,000 p s i  ? Can i t  b e  changed 
by p a r t i c l e  s i z e  d i s t r i b u t i o n  of the  sawdust ? 
The f r i c t i o n  between two sawdust p a r t i c l e s  h e l p s  
b u i l d  up a  p r e s s u r e  head. Is t h i s  a  major f a c t o r  
compared w i t h  t h e  e f f e c t  o f  vo id  volume o r  does  . 
t h e  s l u r r y  o i l  c o a t i n g  t h e  c e l l u l o s e  merely  a c t  a s  
a  good l u b r i c a n t  ? How necessa ry  is  such a  lub- 
r i c a n t  e f f e c t  i n  o r d e r  t o  keep t h e  s t i f f  c e l l u l o s i c  
s l u r r y  moving, r a t h e r  than j u s t  p lugging by 
squeez ing  t h e  013. o u t  of t he  sawdust ? These and 
many o t h e r  p o i n t s  d i s c u s s e d  need t o  b e  answered. 

One could  a rgue  t h a t  s i n c e  t h e  e x t r u d e r  a p p a r e n t l y  
works a s  a  f e e d  pump f o r  v e r y  s t i f f  (dense)  c e l l u -  
l o s i c  s l u r r i e s ,  why n o t  do a l l  f u r t h e r  work i n  t h e  
e x t r u d e r  i t s e l f .  It should  be obvious by now t h a t  
such an approach would b e  h i g h l y  e m p i r i c a l  and 
dangerous t o  use i n  any scale-up f o r  des ign  pur- 
poses .  

K E Y  RESULTS TO DATE 

We have ach ieved  t h e  b a s i c  o v e r a l l  g o a l  of t h e  
p r o j e c t ,  j u s t  a l i t t l e  under 8  months a f t e r  i t s  
s t a r t .  Th i s  b a s i c  o v e r a l l  g o a l  i s  khac a  c e l l u -  
l o s i c  s l u r r y  h a s  been pumped under s p e c i f i c a t i o n s  
exceeding t h c s e  needed i n  t h e  Albany c e l l u l o s i c s  
l i q u e f a c t i o n  p i l o t  p l a n t ,  namely, ( a )  a t  a  f eed  
p r e s s u r e  i n  t h e  range o f  5 ,000 t o  8 ,5000 p s i ,  when 
about  3,000 p s i  i s  needed, and (b)  t o  d a t e  a  saw- 
d u s t  c o n c e n t r a t i o n  of 70 weight  pe rcen t  h a s  been 
used (and pumped) i n  t h e  f eed  s l u r r y ,  whereas t h e  
b e s t  t he  p i s t o n  pumps o f  the  p i l o t  p l a n t  can do 
i s  hand le  a  s l u r r y  i n  t h e  range of 25-30 weight  
p e r c e n t  sawdust.  

A  good s t a r t  h a s  been made upon under s t and ing  t h e  
rheology o r  c e l l u l o s i c  s l u r r i e s  over a w i d e  range 
of sawdust c o n c e n t r a t i o n .  We know t h a t  t h e  
appa ren t  v i s c o s i t y  of sawdust s l u r r i e s  i n c r e a s e s  
r a p i d l y  a t  c o n c e n t r a t i o n s  of  sawdust g r e a t e r  t han  
about  10 weight p e r c e n t .  T h i s  inc reased  appa ren t  
v i s c o s i t y  occur s  i n  bo th  wa te r  and g e a r  o i l  s l u r -  
r i e s  a s  shown on F igures  3  and 4 ,  r e s p e c t i v e l y .  
However, i t  i s  n o t  known a s  y e t  how h igh  t h e s e  
appa ren t  v i s c o s i t i e s  a r e  f o r  t he  v e r y  concen t ra t ed  
sawdust s l u r r i e s ,  because  i t  has  been d i f f i c c l t  
t o  measure them i n  conven t iona l  p r e s s u r e  " c a p i l -  
l a r y "  rheomete r s .  T h i s  i s  be ing  overcome by 
modifying a  p r e s s u r e  rheometer used s u c c e s s f u l l y  
et Washington U n i v e r s i t y  on f i b e r  g iass /polymer  
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l i q u i d  mix tu res  ( s l u r r i e s )  

A s  suspec ted  from t h e  beginning of t h i s  p r o j e c t ,  
t h e r e  a r e  s e v e r a l  a d d i t i o n a l  f a c t o r s  ( i n  a d d i t i o n  
t o  appa ren t  v i s c o s i t y  of t h e  s l u r r y  o i l  and 
f i n e n e s s  of  t he  sawdust) t h a t  c o n t r i b u t e  t o  
developing a  p r e s s u r e  head i n  a  s ingle-screw 



:ruder f eed ing  a  c e l l u l o s i c  s l u r r y .  A s t a r t  
n  made upon t h e  s i g n i f i c a n c e  of t h e s e  f ac -  
measuring i n  the  l a b o r a t o r y  some of t h e  

i e s  of sawdust.  . s l u r q  o i l s  and v a r i o u s  
/ o i l  s l u r r i e s .  T'he more important  pro- 

: t i e s  determined t o  d a t e  a r e  a s  fol lows:  

Bulk D e n s i t i e s  and Absolute  D e n s i t i e s .  The 
.k d e n s i t y  o f  sawdust,  a s  one might p r e d i c t ,  
: i e s  widely w i t h  p a r t i c l e  s i z e  and p a r t i c l e  s i z e  
; t r i b u t i o n .  As a  f u r t h e r  i l l u s t r a t i o n  of 
' ferences  i n  bulk  d e n s i t i e s ,  a  s p h e r i c a l  poly- 
iy lene bead h a s  an a b s o l u t e  d e n s i t  t; Of 57.3  '17t3, a  bulk  d e n s i t y  of 36.3 l b / F t  and,  i f  
:round, i ts bulk d e n s i t y  drops  t o  18 .1  l b / ~ t ~ .  
? s e  f a c t o r s  a f f e c t  the  masterbatching of con- 
l t r a t e d  s l u r r i e s ,  such a s  s a w d u s t f o i l ,  and 
?ding c h a r a c t e r i s t i c s  of s ingle-screw e x t r u d e r s .  

E f f e c t  of Sawdust Compress ib i l i tv  Upon Minimum 
Ld Space f o r  S l u r r y  L iau id .  ' 'Sawdust /oi l  s l u r -  
?s were compressed i n  a  h y d r a u l i c  Pasadena P r e s s  
,rmally used t o  mold p l a s r i c s )  up t o  10,000 p s i  
? s su re .  Finely-ground sawdust s l u r r y  can b e  
npressed about  6-fold a t  5,000 p s i  and some 7- 
id a t  10,000 p s i ,  a s  shown i n  Figure  5 .  It 
) e a r s  t h a t  t h e r e  is  approximately  a  one t o  one 
:respondence on t h e  r educ t ion  of void volume 
l a in ing  f o r  t h e  s l u r r y  o i l  t o  occupy. By ca l -  
i a t i n g  t h e  o i l  squeezed ou t  of t h e  s l u r r y  dur ing  
 pressi ion, t h e  void volume f o r  o i l  remaining 
10,000 p s i  i s  about 2 t o  5  p e r c e n t ,  a s  sho'm i n  

gure 6.  Sawdust mix tu res  con ta in ing  l a r g e r  
rdust p a r t i c l e s  appear t o  b e  s l i g h t l y  more 
I f i c u l t  t o  compress, b u t  t h e  proper  amount of 
.nest' may no t  have been used i n  t h e s e  p re l imina ry  
jtS. 
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There i s  now exper imental  evidence t h a t  t h e  
p a r t i c l e  s i z e ,  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  (PSD) 
and t h e  p h y s i c a l  form of t h e  sawdust p a r t i c l e s  
a f t e r  g r i n d i n g  a r e  s i g n i f i c a n t  f a c t o r s  i n  t h e  
development of a  p r e s s u r e  head i n  a  s ingle-screw 
e x t r u d e r .  The volume of vo id  space a v a i l a b l e  
f o r  t h e  l i q u i d  phase  and t h e  p h y s i c a l  shape of t h e  
p a r t i c l e s ,  f o r  example, a f f e c t  ( a )  t h e  p r e s s u r e  
drop of t h e  l i q u i d  t r y i n g  t o  flow through t h e  
sawdust v o i d s  and (b)  t h e  f r i c t i o n a l  r e s i s t a n c e  
o f  t h e  sawdust p a r t i c l e s  r o l l i n g  over  each o t h e r  
under s h e a r ,  r e s p e c t i v e l y .  

The s i z e  of t h e  p a r t i c l e s  and sawdust p a r t i c l e  
s i z e  d i s t r i b u t i o n  (PSD) i n  conven t iona l  g r i n d i n g  
depends upon t h e  type  of g r i n d e r ,  s c r e e n i n g  
system, r e c y c l e  of o v e r s i z e  and.degree  of sawdust 
dryness .  The shape of sawdust p a r t i c l e s  . a r e  
a f f e c t e d  mainly by (a )  t h e  n a t u r e  of t h e  wood 
source  and (b) t h e  type  of g r i n d e r  u t i l i z e d .  
However, t h e r e  a r e  many ways o f  modifying t h e  
above t h r e e  v a r i a b l e s  ( p a r t i c l e  s i z e ,  p a r t i c l e  
shape and p a r t i c l e  s i z e  d i s t r i b u t i o n )  a s  l i s t e d  
below bu t  not  n e c e s s a r i l y  l i m i t e d  t o  t h e s e  
techniques:  
a .  Mix "f ibrous"  c e l l u l o s i c  p a r t i c l e s  w i t h  more 

"granular"  types  of p a r t i c l e s  by blending 
and sc reen ing  o p e r a t i o n s .  

b .  Change.f ibrous  and/or '  g r a n u l a r  n a t u r e  of 
sawdust p a r t i c l e s  by v a r i o u s  g r i n d i n g  tech- 
niilues.  

c .  Change f i b r o u s  and /o r  g r a n u l a r  n a t u r e  of saw- 
d u s t  p a r t i c l e s  by v a r i o u s  chemical p r e t r e a t -  
ment t echn iques .  

d.  Modify p a r t i c l e  s i z e  d i s t r i b u t i o n  by u t i l i z i n g  
p roper  p o r t i o n  o f  each increment of s i z e  i n  a  
blend t o  minimize t h e  f r e e  vo id  volume of bu lk  
sawdust.  Th i s  would be analogous t o  what i s  



d o n e d i n  c o n c r e t e ,  which uses  a f i x e d  amount 
o f  each  a g g r e g a t e  of  a  g iven  s i z e  t o  minimize 
the  v o i d  space  Tor cement and hencc a minimum 
of  w a t e r  i n  t h e  premix. 

e .  U t i l i z e  a  much l a r g e r  p o r t i o n  of l a r g e r  saw- 
d u s t  p a r t i c l e s  i n  a  g iven  f eed  by b lend ing  
wi th  t h e  p rope r  volume of  sawdust f i n e s  t o  
g i v e  a  minimum o f  vo id  volume f o r  t h e  s l u r r y  
o i l  t o  occupy. 

A s t a r t  h a s  been made on t h e  "des ign of  PSD" by 
measuring t h e  p h y s i c a l  s i z e ,  PSD and a s p e c t  r a t i o  
( p a r t i c l e  l e n g t h  t o  p a r t i c l e  d i ame te r ,  l l d )  of 

. t h e  d r i e d  sawdust be ing  used i n  t h i s  work. It 
h a s  been found t h a t  t h e  f inely-ground sawdust is  
f i b r o u s  i n  n a t u r e ,  w i th  a  r easonab ly  h i g h  a s p e c t  
r a t i o  ( l / d ) ,  a s  shown i n  F igure  7. Thus t h e  
e q u i v a l e n t  d iameter  must b e  de f ined  o r  chosen on 
some formula  b a s i s  o f  d i ame te r ,  l e n g t h  and /o r  
t h i c k n e s s .  

Laboratory  rheology d a t a  were o b t a i n e d  f o r  Albany 
sawdust s l u r r i e s  on a  Brabender P la s t i -Corde r  i n  
t h e  Department o f  P l a s t i c s  Engineer ing,  U n i v e r s i t y  
of  Lowell ,  Lowell ,  Mass. under t h e  d i r e c t i o n  o f  
Dr .  N.R. S c h o t t .  Some of  the  p r e l i m i n a r y  d a t a  
on to rque  measurements f o r  Albauy s d w J u s t / g l y c e r l n c  
and s a w d u s t / P e t r o l i t e  500 s l u r r i e s  r ang ing  i n  
c o n c e n t r a t i o n s  from 50 t o  95 weight  p e r c e n t  c e l l u -  
l o s i c  sawdust ,  v e r e  determined. The corresponding 
f low r a t e s  were a l s o  ob ta ined .  Fur the r  work 
us ing  o t h e r  l i q u i d s ,  i n c l u d i n g  A l l i e d  Chemical 
AC-629A and AC-392, modif ied  l i g n i n s  and c t h e r  low 
s o l e c u l a r  weight  polymer l i q u i d s ,  is  i n  p r o g r e s s  
and w i l l  6 e  r e p o r t e d  a t  a  l a t e r  d a t e .  It should  
be  noted t h a t  " s t i f f  s l u r r i e s "  of  c o n c e n t r a t i o n s  
up t o  95 weight pe rcen t  sawdust (which b a s i c a l l y  
is dry  sawdust) were handled i n  t h i s  u n i t .  The 
e x t r u d e r  ope ra t ed  smoothly a t  50 weight  p e r c e n t  

s awdus t /g lyce r ine  s l u r r y ,  whereas a t  80 weight 
percent:  and above t h e  throughput and to rque  
r equ i remen t s  were  v e r y  e r r a t i c .  

Exper imenta l  p e l l e t i z i n g  r u n s  were made upon a  
l a b o r a t o r y  C a l i f o r n i a  P e l l e t  M i l l ,  i n  t h e  l a b s  of 
C a l i f o r n i a  P e l l e t  M i l l  Co., Crawfordsv i l l e ,  
Ind iana ,  i n  December, 1978, by exper ienced 
C a l i f o r n i a  P e l l e t  H i l l  pe r sonne l  and observed by 
D r .  Don H .  White,  U n i v e r s i t y  of Arizona. LOW 
molecular  weight  A l l i e d  Chemical AC-6 pn lye thy lene  
wax, powdered form, was used a s  " l u b r i c a n t "  on 
sawdust ob ta ined  l o c a l l y  i n  Ind iana  from Swain 
I n d u s t r i e s .  P e l l e t s  c o n t a i n i n g  50,60,70,80 and 
90 weight  p e r c e n t  sawdust were made wi thou t  
d i f f i c u l t y .  L a t e r ,  one drum each was made on a  
l a r g e r  machine and t h e  p e l l e t i z e d  p roduc t s  shipped 
t o  Tucson f o r  f u r t h e r  e v a l u a t i o n  i n  e x t r u d e r  t e s t s  
The C a l i f o r n i a  P e l l e t  M i l l  h a s  wnrld-wide accep- 
t ance  f o r  producing p e l l e t s  from powders economi- 
c a l l y ,  ranging from dehydrated a l f a l f a  t o  r a b b i t  
f eed .  

Br ief  t e s t s  were observed Ly D r .  Whitc i n  DOE 
Xoines,  Iowa, December 1978, wherein  l o c a l  saw- 
d u s t  was preblsnded w i t h  v a r i o u s  amounts of 
g l y c e r i n e  and then  ex t ruded  s u c c e s s f u l l y  i n  t h e  
Ins ta-Fro food-type e x t r u d e r .  However, soma 
ove rhea t ing  of t h e  sawdust occurred and maximum 
p r e s s u r e  development could  n o t  be  determined due 
t o  l a c k  of proper  i n s t r u m e n t a t i o n  and c e r t a i n  
d e s i g n  f e a t u r e s .  I t  appea r s  t h a t  f u r t h e r  t e s t s  
upon t h i s  e x t r u d e r  would b e  j u s t i f i e d ,  b u t  on ly  
a  p r o p e r l y  modif ied  v e r s i o n  o f  t h e  u n i t .  

The performance of  a  l a b o r a t o r y  Henschel High- 
I n t e n s i t y  Mixer was observed by Dr. White i n  
December, 1978 i n  t h e  r e s e a r c h  l a b s  of HPM 
Corpora t ion ,  M t .  G i l e a d ,  Ohio, upon masterbatching 
Albany sawdust w i t h  v a r i o u s  l i q u i d s .  The u n i t  
was then shipped t o  t h e  U n i v e r s i t y  of Arizona 
under a  r e n t a l  agreement f o r  f u r t h e r  t e s t s  i f l  
e a r l y  1373. Tho rooulto  nf t h e s e  tes ts  w i l l  be 
r e p o r t e d  a t  a  l a t e r  d a t e .  

Arrangements were made wi th  Dr. C.I. Chung, 
M a t e r i a l s  Engineer ing Department, Rensse lae r  
Po ly techn ic  I n s t i t u t e ,  Troy,  New York, t o  d e t e r -  
mine t h e  s u r r a c e  f r i c c l u u  c l ~ a ~ a ~ L c l i s ~ i s ~  aP Cr?o 
s t i f f  c e l l u l o s i c  s l u r r i e s  i n  h i s  l a b o r a t o r y .  
He h a s  developed a  unique "screw s imula t ion"  
under Xa t iona l  Sc ience  Foundation funding f o r  use  
i n  e v a l u a t i n g  ~ o l i d s  conveying i n  a  p l a s t i c a t i n g  
e x t r u d e r ,  and is  b e l i e v e d  t o  have t h e  on ly  u n i t  
a v a i l a b l e .  H i s  r e s e a r c h  has  c o n t r i b u t e d  t o  an  
unders tanding of e x t r u d e r s  i n  t h e  polymers f i e l d ,  
and i f  t h e  f i r s t  two s e r i e s  of rests a l e  encourng 
i n g ,  f u r t h e r  t e s t s  a r e  planned f o r  1979. 

FUTLTRE PLANS 

Continued s b p p o r t  a t  about  t h e  p r e s e n t  l e v e l  
( a d j u s t e d  f o r  i n f l a t i o n )  w i l l  b e  needed i n  1980 
and 1981 t o  complete the  p r o j e c t .  Th i s  invo lves  
determining t h e  scale-up f a c t o r s  and des ign ing  a  
p i l o t  u n i t  by mid-1980. I f  such a  u n i t  were 
c o n s t r u c t e d  and d e l i v e r e d  t o  t h e  Albany, 
f a c i l i t y  by e a r l y  1981, then s imul taneous  

Or 



: ions on t h e  e x i s t i n g  l a b o r a t o r y  u n i t  and t h e  
u n i t  would confirm scale-up and c o s t  f a c t o r s  

1-1902. 

he d e s i r e d  p r e s s u r e  head and pumping of h i g h e r  
l u r r y  c o n c e n t r a t i o n s  were achieved under one s e t  
f  c o n d i t i o n s  i n  1978. The e f f e c t s  of s l u r r y  
eed p r o p e r t i e s ,  o i l  v i s c o s i t y ,  sawdust pre-  
r ea tmen t s ,  sawdust s i z e  and p a r t i c l e  s i z e  d i s -  
r i b u t i o n ,  machine o p e r a t i n g  c o n d i t i o n s  and 
e v e r a l  r e l a t e d  f a c t o r x  w i l l  b e  determined by mid- 
980. Most o f  t h i s  work w i l l  c o n c e n t r a t e  uoon 
i n g l e  screw e x t r u d e r s ,  bu t  f i e l d  t e s t s  w i l l  be  
onducted i n  e a r l y  1980 upon s e v e r a l  a l t e r n a t i v e  
ypes of e x t r u d e r s .  Design and scale-up c r i t e r i a  
ill be accomplished i n  l a t e  1980 through 1982 
y c o n s t r u c t i n g , a n d  o p e r a t i n g  a  p i l o t  u n i t .  

e  wish  t o  acknowledge e s p e c i a l l y  t h e  a s s i s t a n c e  
f  Dr. Chan I. Chung, Rensse lae r  Po ly techn ic  
n s t i t u t e ,  Dr. George Kruder,  HPM Corpora t ion ,  
r .  Nick R. S c h o t t ,  U n i v e r s i t y  of  Lowell ,  and 
r .  David Wolf, Ben Gurion U n i v e r s i t y  of t h e  ' 

egev, I s r a e l ,  f o r  t h e i r  t e c h n i c a l  e x p e r t i s e .  
t u d e n t s  making s i g n i f i c a n t  c o n t r i b u t i o n s  
ncluded John Drazkowski, Matt  Frondorf ,  Bob 
encke l ,  A1 H e ~ s ,  John Mcsko, Dinns Rccknr t  and 
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,etreatment of biomass prior to liquefaction was 
'oposed by the Bureau of Mines as an optional pro- 
:dure for injecting biomass i n t o  high pressure . 
:ssels. In the Bureau of Mines process the pur- 
Nse of pretreatment was to change the rheological 
,operties of biom~ss so that biomass flour/oil 
.urries containing up to 50 percent treated bio- 
.ss could be injected into high pressure vessels. 
.wrence Berkeley Laboratory researchers investi- . 
.ted the rheological and chemical changes occurring 
Ion pretreatment of wood and conceptualized a 
'ocess scheme in which wood chips are hydrolyzed 
lder mild conditions to obtain a concentrated 
lueous slurry that can be directly injected into 
le liquefaction system without a carrier oil. 

 is presentation deals with the results of the LBL 
udies on pretreatment of biomass prior to lique- 
.ction and the process conceptualized at LBL. 

. the Bureau of Mines-Albany biomass liquefaction 

.heme, wood is converted to oil by treating with 

.rbon monoxide and aqueous sodium carbonate 

.talyst at elevated temperatures and pressures. 
me of the major developmental difficulties en- 
muntered at the Albany 3 TPD facility have arisen 
. connection with the front end of the process 
.ere wood chips must be reduced to a form capable 
being pumped into the reaction system. This 

.per describes the current status of research 

.rected toward the development of chemical 
ternatives to drying-and-grinding for the purpose 
wood preparation. 

e original process design called for green wood 
ips to be dried, milled to a -50 mesh flour and 
en slurried with vehicle oil at a solids concen- 
ation of 30%. However it has proved impossible 
pump a 30% slurry. Slurries of 20% solids have 
en pumped with some difficulty but most of the 
velopment work at Albany has been restricted to 
ncentrations of 10%. The question is critical 
nce the economic feasibility of the process 
nges on being able to inject solids at the 30% 
vel. It is clear that the lower the conccntra 
on of biomass in the feed to the reaction system, 
e larger the plant size for a given production 
te. 

addition to difficulties encountered in pumping 
ncentrated slurries of wood flour, there is also 

economic analysis showed that 22% of the cost of 
product oil would be attributable to these opera- 
tions. 

That the potential for such problems existed.had 
been recognized early. One option considered by 
the Bureau of Mines was chemical pretreatment. 
The basic idea was to subject wood chips to 
partial carbonization in order to increase their 
bulk density and thereby favorably alter the 
rheological properties of the slurry feed. It 
was hoped that, after drying and grinding, the 
resulting powder could be slurried at concentra- 
tions as high as 50%. An engineering data base 
for pretreatment was prepared by BOM and two 
pretreatment reactors were designed and installed 
at A1.hany. 

In the BOM pretreatment technique wood c.hips and 
water (30/70)* are heated to 500°F and 700 psig 
for 60 minutes. After cooling, the solids are 
separated by vacuum filtration, dried and pulver- 
ized to -50 mesh, mixed with recycle oil and 
injected into the liquefaction loop. 

The results of four pretreater test runs conducted 
at Albany were generally unsatisfactory. First, 
the filtering system in the plant was underdesigned 
and did not perform properly. Product solids 
proved unexpectedly difficult to dewafer; drying 
and grinding presented additional difficulties. 
It appeared that new approaches to the problem were 
needed. 

LBL PROCESS DEVELOI'l.ElTT 

Several pretreatment runs were conducted by LBL on 
a small scale, duplicating the conditions used at 
Albany. Significantly, it was found that the 
carbohydrate fraction of the wood was almost 
entirely destroyed under these conditions; the 
product analyzed as a dehydrated char. In our 
view this was a serious shortcoming since carbo- 
hydrates have been shown to liquefy readily under 
BOM/Albany conditions, whereas chars typically are 
intractable. 

On the other hand we noted that extensive size 
degradation occurred in the course of pretreatment, 
and we reasoned that it might therefore be possible 
to eliminate filtration, drying and grinding 

*Plant practice established 232 solids as a more 
pense involved in drying and grinding. An manageable concentration. 



altogether. Thus a new goal for the development of 
a pretreatment process was established: to produce, 
with no sacrifice of the original heating value, a 
concentrated slurry of biomass capable of being 
pumped directly into the liquefaction system. A 
five-point process development plan was formulated 
for the purpose of guiding the overall research 
effort: 

1. research chemical pretreatment methods 
2. research 

a. size degradation efficiency 
b. rheological properties of solids 

3. research liquefaction of treated biomass 
4. obtain data base for large scale test run 

at Albany 
5. conceptualize a process. 

CHEMISTRY OF PRETREATMENT 

Initial guidance as to research direction was pro- 
vided by an examinatlorl Of rht! chrmlcdl cumpo3ieion 
of Douglas Fir (Pseudotsuga rnenziesii), the predomi- 
nant species in the Albany area (Table 1). 

.-..- 
Table 1. Composition of Douglas Fir (moisture free) 

Cellulose 41% 
Hemicellulose 2 6 
Lignin 28 
Uronic anhydride 3 
Ether-soluble extractives 1.0 
Acetyl 0.6 
Ash 0.3 

Cellulose and hemicellulose, comprising the carbo- 
hydrate fractions, should be preserved, either as 
such, or in the form of. their constituent sugars 
which are liberated upon hydrolysis. Lignin, a 
three-dimensional matrix of oxygenated phenylpro- 
pane units, arrnlrnts f n r  most af the  remainder. 

The conditions specified by the Bureau of Nines are 
apparently too severe since they result in charring 
and destruction of carbohydrate. Milder conditions 
require the use of a catalyst. Obvious catalysts 
are, acids or bases. In aqueous media the poly- 
saccharides undergo hydrolysis catalyzed specifi- 
cally by hyaiogen ion. P l I l ~ l  &id conditionc, for 
example 0.05% sulfuric acid at 140-180°C, suffice 
to hydrolyze hemicellulose to give (in the case of 
Douglas Fir) mannose, glucose, xylose, galactose 
and arabinose in the ratio of about 10:4:2:2:1. 
Nore severe acid conditions promote the liberation 
of glvrnse from cellulose but simultaneously cause 
the degradation of the more readily liberated hemi- 
cellulose sugars [I]. Cooking with strong aqueous 
sodium hydroxide, on the other hand, results in the 
partial solubilization of lignin as in the well- 
known but antiquated "soda process" for the manu- 
facture of wood pulp. Thus either acid or base 
might conceivably be used to chemically disrupt the 

structural integrity of wood chips in order to 
realize the objectives of pretreatment. 

RESULTS OF CATALYTIC PRETREATMENT 

Sodium Hydroxide 

It would be desirable to effect 
under basic conditions since subsequent liquefac- 
tion also requires basic tatalysts. 'Furthermore 
the effect of concentrated base is to break down 
and solubilize the ligneous fraction. This might 
be important because there is evidence to.indicate 
that native lignin is resistant to the conditions 
of liquefaction. 

It was found that treatment with 20% sodium hydrox 
ide at 356'F for 60 minutes, condltlons somewhat 
more severe than thosc used in the pulp and paper 
industry, leave the fibers of cellulose intact and 
give rise to viscous slurries characteristic of 
wood pulp Sinre these slurries appeared unsuited 
for liquefaction, further research on basic pre- 
treatment has been suspended. 

Dilute Aquen~~s Mineral Acid 

More promising results are obtained in the case 
of mild acid hydrolysis accompanied by vigorous 
agitation. Conditions have been found which resul 
in complete hydrolysis of the hemicellulose with 
little loss of carbohydrate values (Table 2). 
Under these conditions the remainder of the wood 
undergoes extensive size reduction, forming 
spherical rather than fibrous particles. The 
resulting slurries have been shown to possess 
superior rheological characteristics. 

Table 2. Data Base for Hydrolysis 

Wood/Water Ratio 23/77 
Heat-up Time 12 min 
Temperature 180°C (356'F) 
Acid (pH) 0.05% HzSOz (2.0) 
Rotontion T i m p  45  mi^ 

Approximately one dozen hydrolysis experiments hav 
now bcen conducted in a~~toclaves ranging in size 
from 400 ml to 400 gallons (i.e., a test run at 
Albany) with essentially identical results. 
M e t ~ r i a l ,  rarhon. hydrogen and energy balances 
are typically 0.85 or better. 

The success of hydrolytic pretreatment in reducing 
wood chips to fine particles is probably due to a 
combination of chemical and physical action. Most 
of our experiments have been conducted in a 10- 
gallon digester equlpped with a hydraulic agitator 
which is run at 900 rpm. The shaft contains three 
pitched-blade turbine impellers and a two-piece 
baffle assembly. Using this unit we find that 
about half of a 4.0 k3 charge of dry wood 
nominally 1%" in length, is reduced to -20 mes 
or finer under the conditions specified above. 



,se  articles larger than -20 mesh can for the 
rt be crumbled between the fingers. 

.-__ DEVELOPMENT CONSIDERATIONS 

~eral experiments designed to test the suitabil- 
q of pretreated wood slurries for liquefaction 
re been performed. Under identical conditions 
?hydrolyzed wood gives slightly higher yields of 
L than wood flour. 

order to adapt the acid pretreatment technique 
the Albany process, neutralization with calcium 
iroxide and separation of precipitated calcium 
Lfate sludge would be required. This is an 
gious disadvantage which could be avoided if 
) a basic pretreatment or (b) an acidic liquefac- 

tion method could be developed. Active research 
in this area is under way. Several promising acid . . 
catalysts for liquefaction have been discovered but . , 

have not yet been fully evaluated. 
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le  objectives of th i s  project are to determine 
arough beach scale investigation process changes 
squired to f a c i l i t a t e  fuel  o i l  production by the 
)-Steam process a t  the Albany Biomass Liquefac- 
ion Experimental Faci l i ty ;  provide routine and 
pecialized analytical  support for the f a c i l i t y  
perators; and determine process f eas ib i l i ty  on a 
such scale of new biomass liquefaction tech- 
iques which may be appropriate for development 
t Albany. Our work has been based on the use of 
batch autoclave wherein biomass is coaverted i n  

1 o i l  slurry. During the past year our work has 
r a l t  with cata lys t  concentration, catalyst  addi- 
ion technique, substi tution of hydrogen donor 
>lvents for the s lurry  o i l ,  and comparison of 
if ferent feedstock reac t iv i t i e s  . We have made 
otensive use of analytical  instruments to  pro- 
ide both routine and specialized analysis of the 
Lbany products and feedstocks. We are a lso  cur- 
mt ly  subcontracting development w r k  for a new 
iomaes liquefaction technique based on thermoly- 
is of biomass i n  a continuously varying solvent 
r s t e m .  

be objectives of th i s  project are threefold: 
I t o  determine through bench scale investigation 
:ocess changes which w i l l  f a c i l i t a t e  fuel  o i l  
: ~ u c t i o n  by she GO-Steam prnrree a t  the Albany, 
:egon, Biomass Liquefaction Experimental Facil- 
:y; 2) t o  provide routine and specialized ana- 
r t ica l  support for the Albany f a c i l i t y  operator 
I needed and as available a t  Pacific Northwest 
lbaatory  (PNL); and 3) t o  determine the process 
s s i b i l i t y  on a bench scale of new biomass lique- 
~ c t i o n  techniques which may be appropriate for 
tture development a t  Albany. 

: was recognized early i n  the history of the 
. b a y  f a c i l i t y  that  there might be variations of 
le prosese' concept which would enhance i t s  via- 
. l i t y  i n  the near term. Consequently, PNL was 

B 

authorized t o  undertake a supporting e f fo r t  to 
investigate and confirm some of the key process 
parameters and effects  of varying operation con- 
dit ions.  l h i s  support m r k  was to be done i n  a 
batch mode i n  exist ing autoclaves a t  PNL. Also, 
we agreed to provide analytical  or other requested 
support to the f a c i l i t y  operating contractor. As 
a further expansion of our charter i n  the past 
year, we are now examining new biomass lique- 
faction processes which may be appropriate for 
future development a t  the Albany f a c i l i t y .  Devel- 
opment of one such process, Biomass 'Jhermolysis, 
is proceeding under a subcontract to Wright-Malta 
Corporation. 

Ihe basic autoclave used i n  our process develop- 
ment exper imente i s  shown i n  Fig. 1. It is an 
Autoclave Engineer's 300 m l  bolted closure auto- 
clave of 316 s ta inless  s t e e l  with a magnedrive 

Fig. 1. 300 m l  Stirred Autoclave with Beater 



packless s t i r r e r .  Ihe sampling and addition ports  
i n  the autoclave cover were used t o  add an in ter -  
n a l  heating c o i l  system i n  addition to the stan- 
dard external  1.2 kW res is tance  jacket furnace. 
A heat  t ransfer  o i l ,  Therminol 66 from Monsanto, 
which i s  heated a t  up t o  6 5 0 9 ,  i s  pumped through 
the coi l .  The c i rcula t ing  f lu id  is heated by a 
1.5 kW external  e l e c t r i c a l  heater .  With th i s  
combined heating system, the reaction mixture of 
anthracene o i l ,  wood f lou r ,  synthesis gas and 
aqueous sodium carbonate can be heated quickly t o  
the desired reaction temperature (7 minutes from 
3000F to  6600F). To quench the reaction the 
power to the furnace i s  shut o f f ,  the furnace is 
dropped away from around the autoclave, and a fan 
is directed a t  the autoclave body. Water is 
then sent through the in ternal  cooling c o i l s  to 
quickly lower the temperature ( 5  minutes from 6 0 0 9  
to 300%). Ihe h a t i n g  aad rsootiag f lu id  nyrtems 
a r e  remotely controlled by air-actuated valveo. 
Temperature and s t i r r i n g  are  remotely controlled 
and monitored. Pressure is a lso  remotely moni- 
tored. After the autaclave has ~ v o l c d ,  the gaoes 
a r e  vented and sampled and the product o i l  can be 
recovered for fur ther  analysis .  

A second experimental system i s  being developed 
a s  part  of the biomass thermolysis task and a 
diagram of th i s  thermolyzer uni t  is shown i n  
Fig. 2. This u n i t  i s  presently being fabricated 
by ,Wright-Malta Corporation and i s  intended to  
become operational  during the summer of 1979. 
In  the thermolyzer uni t  the biomass w i l l  be sus- 
pended i n  a mixture of organic solvents a t  about 
5 7 0 9  i n  a vessel  b u i l t  t o  withstand the system 
vapor pressure a t  the reaction temperature 
(approximately 500 ps ig) .  Screens a t  the top and 
bottom of thp reactor w i l l  contain the biomass 
while the hot solvent mixture is pumped through 
the mass. As  the biomass thermally decomposes a t  
these r e l a t ive ly  mild conditions, the solvent w i l l  
a c t  to disperse and i s o l a t e  the produeta thereby 
minimizing intermolecular reactions,  i .e . polym- 
er iza t ion  and char formation. Intramolecular 
reactions wi l l  be maximized which, i n  the case of 
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Pig. 2. Experimental Biomass Therrnolysis System 

biomass, w i l l  lead to  the scission of carbon and 
oxygen bonds and the elimination of carbon oxide 

i c a l  aspect of t h i s  wood l iquefaction process. 
6 and water. The seleetion of solvents is a c r i t -  

A t  every stage of decomposition, it i s  e s sen t i a l  
tha t  the wood s t ruc ture  be as  swollen a s  possible 
which i s  made d i f f i c u l t  by the changing character 
of the decomposing wood. Ideally,  the solvent 
mixture would diminish i n  polar i ty ,  a s  does the 
wood, during i t s  decomposition. The change i n  
solvent mixture polar i ty  wi l l  be accomplished by 
the re lease  of the more vo la t i l e  polar solvents 
(water and l i g h t  alcohols) and C02 from the top 
of the reactor.  

KESULTS 

Catalyst Addition and the EtteCt of Water 

Early operations a t  the Albany f a c i l i t y  indi- 
r a r ~ d  that  the: NazCOq cata lys t  was ineffec t ive .  
One possible cause of ca ta lys t  ineffectiveness 
could have been inadequate mixing of the ca ta lys t  
with the wood feed. To study t h i s  we did auto- 
clave experiments to  t e s t  1)  dry mixing of the 
ca t a lys t  with the wood/oil s lur ry ,  2) solution 
impregnating the wood with the ca ta lys t ,  3) solu- 
t ion  impregnating followed by drying, and 4) cat- 
a lys t  solution addit ion to  the wood/oil s lur ry .  
Using these four techniques a s e r i e s  of experi- 
ments, summarized i n  Table 1, were performed. 
Ihe r e su l t s  of these experiments support the con- 
clusion tha t  the d i r ec t  intimate mixing of cat- 
a lys t  and wood i s  not the important parameter but 
tha t  the amount of water present has a greater  
e f f ec t  even on an oil-coated feedstock. AB shown 
i n  Table 1, the amount of r eac t iv i ty ,  as  measured 
by sol ids  conversion and CO consumption, and the 
lack of pyrolysis ,  as evidenced by low hydro- 
carbon gas production, corre la te  with the i n i t i a l  
amount of water, not the ca ta lys t  application 
technique. 

To further analyze t h i s  r e s u l t  a second se r i e s  of 
experiments was performed. A graphical presenta- 
t ion  sf these results i a  given i n  F ig .  3.  A dfa* 
matic reduction i n  residual  insoluble so l ids  i s  
the r e s u l t  of up to  ten t i m e s  the design opera- 
t i ona l  amount of water. These r e su l t s  a re  e s t i -  
mated to show a gain from 96 percent actual  wood 
c~nver s ion  (disappearance) to  +99 percent. In 
the Albany f a c i l i t y ,  where conversion has ranged 
a l l  the way from 50 t o  90 percent per pass, t h i s  
expeiifaeacal rasul t  1.arl1d have a significant ~ f -  
f ec t  on the un i t ' s  operation. Not only might 
higher conversion percentages be at tained;  but 
addit ional  water, which would not be completely 
flashed i n  the reactor letdown, would a lso  a id  i n  
lowering the viscosity of the product during the 
rprycle,  a s  well as i n  the s lur ry  make-up stage.  

Catalyst Effects  

We have a lso  performed autoclave experiments to  
t e s t  ca ta lys t  subs t i tu tes  for aodium carbona 



TABLE 1. COMPARATIVE EFFECTS OF CATALYST AND WATER 

Reaction 
Mixture 

Ca ta lys t  on wood 
10X water 

Catalyst  on wood 
1X water 

Catalyst  on wood 
1120X water 

Ca ta lys t  s o l t n  
i n t o  woodfoil 
10X water 

Ca ta lys t  s o l t n  
i n t o  woodloil 
1X water 

Aretic Acid 
Insoluble 

Dry . c a t a l y s t  
i n t o  6mod/oil 
OX water % 4 

Calculated Mule CO . Percent CU 'Mole HC Gas 
Conversion Consumed Consumed Produced 

3300C, 1-112 hour,  10 g wood f l o u r ,  1200 ps ig  i n i t i a l  CO/H2:60/40 

D - 

1 - 
A W C .  l h r  

500 C O R N  Hz I N I T I A L  PRESSURE 
1 - 80 9 AO. 20 g W W D .  1.2 g Na203 

8 350%. 20 m i n  
600 C01603H2 I N I T I A L  PRESSURE 

1 -. 80 g AO. 20 g WOOD, 1.2 g N a 2 C q  

1 I I I I I 
0 1.0 9.6 24.0 A3.0 

GRAMS WATER 
lPLANl  DESIGN INJECTION I S  4.8 gROg W W D l  

Fig .  3. Relat ionship of Unconverted Sol ids  t o  
the Amount of Water i n  the System 

tble 2 l i s t s  those c a t a l y s t s  t es ted  thus f a r .  
l e i r  r e l a t i v e  a r t i v i t i o o ,  no judged by tlic 
:rcent of a c e t i c  acid inso lub le  residue i n  the 
.oduct and by the amount of CO consumed i n  the 
:ac t ion ,  sccu Lu place the c a t a l y s t s  1 n t o . t h r e e  
:neral  groups. Group 1 includes most sodium and 
~ t a s s i u m  compounds tes ted  and these appear t o  
.ve about the same a c t i v i t y  a s  sodium carbonate.  
,oup 2 includes the l i th ium and magnesium com- 
~unds .  This group has genera l ly  l e s s  a c t i v i t y  
:t s t i l l  some c a t a l y t i c  a b i l i t y .  'Ihis group 

r s  from Group 1 i n  t h a t  CO i s  generated with r 

these c a t a l y s t s  ins tead  of consumed. Group 3 
conta ins  the remaining a l k a l i n e  e a r t h  compounds 
which generate  more CO and more a c e t i c  acid in- 
so lub le  s o l i d s .  The j u s t i f i c a t i o n  f o r  using in- 
so lub le  s o l i d s  and CO consumption a s  t e s t s  of 
c a t a l y t i c  a c t i v i t y  i s  based on the chemistry of 
the  system. Acetic acid should be an adequate 
solvent  f o r  the oxygen containing o i l s  produced 
from wood i n  t h i s  r e a c t i o n ,  whereas the unreacted 
wood i t s e l f  and high molecular weight chars would 
be inso lub le .  Carbon monoxide consumption pro- 
v ides  an a d d i t i o n a l  measure of the r e l a t i v e  amount 
of oxygen removed from the wood a s  carbon dioxide,  
considering t h a t  the  water-gas s h i f t  r e a c t i o n  
proceeds t o  a  d i f f e r e n t  degree with each c a t a l y s t  
a s  measured approximately by the  amount of hydro- 
gen produced. We a l s o  note  t h a t  the a c t i v i t y  of 
the c a t a l y s t  genera l ly  f a l l s  i n  l i n e  with i t s  
solubility i n  water.  Ihe sodium bora te  i s  an 
anomaly i n  the da ta  f i e l d  and t h i s  i s  due t o  the 
formation of bora te  e s t e r s  with the c e l l u l o s e ,  
which i n  turn leads t o  dehydration and cnar for-  
mation. (This r e a c t i o n  would a l s o  be expected 
with phosphate c a t a l y s t s . )  To more e f f e c t i v e l y  
analyze the a l k a l i  metal  c a t a l y s t s ,  reduced con- 
c e n t r a t i o n  experiments a r e  being performed t o  
attempt t o  d i f f e r e n t i a t e  between the c a t a l y s t s '  
e f f e c t s .  

Autoclave experiments ' fp tes t  the e f f ~ r t  nf 
c a t a l y s t  concentrat ion were a l s o  performed. 
Since the  e a r l i e r  work showed t h a t  no c a t a l y s t  
was s i g n i f i c a n t l y  more a c t i v e  than the  sodium 
carbonate which i s  p resen t ly  used a t  Albany; i t  
was decided t o  proceed with t h a t  c a t a l y s t  f o r  
these t e s t s .  Ca ta lys t  concent ra t ions ,  a s  a 
percent  of organic feed,  ranged from 0 t o  18 
percent .  The r e s u l t s ,  a s  shown graphica l ly  in, 



S o l u b i l i t y  Grams CO Moles CO Moles 
Grams Grams i n  Water Pe rcen t  Consumed Consumed Hz 

C a t a l y s t  C a t a l y s t  Water g/ 100cc a t  1 0 0 ' ~  S o l i d s  (Generated)  ( ~ e n e r a t e d )  Producec 

Na HCO 

Na02CH 

NaOH 

Trona ( d r i e d )  

Na2C03 NaHC03 

K2C03 

K,HTX) 

K02CH 

Na,Sf03 I m 9H20 

Li2C03 

Li02CH H20 

LiOH . H20 

4MgC03 . Mg(OH)2 4H20 

Hg(02CH)2 2H20 

No c a t a l y s t  

(1) S o l u b i l i t y  a t  60° 

F igure  4 ,  i n d i c a t e  t h a t  w i th  a  c o n s t a n t  water 
feed the  i n c r e a s e  i n  t h e  amount of sodium ca r -  
bonate  c a t a l y s t  from t h e  p l a n t  d e s i g n  s p e c i f i c a -  
@Lon of 6 pe rcen t  up t o  as much a s  18, pe rcen t  h a s  
only. a  v e r y  sma l l  e f f e c t  on i n c r e a s i n g  the  wood 
conver s ion  t o  a c e t i c  a c i d  s o l u b l e  p roduc t .  In- 
t e r p o l a t i o n  of  the  d a t a  i n d i c a t e s  t h a t  the  c a t -  
a l y s t  c o n c e n t r a t i o n  may be  decreased t o  a s  low a s  
3  pe rcen t  b e f o r e  n o t i c e a b l e  d e c r e a s e  i n  a c t i v i t y  

sodium ca rbona te  were t e s t e d  i n  a  water s o l u t i o n  
wi th  t h e  h igh p r e s s u r e  CO/H2 atmosphere.  We 
formate was heated t o  350% f o r  t h i r t y  miflutes 
and upon c o o l i n g  was found t o  be conver ted  f o r  
 he must part  t o  oodium h i c a r b o n a t e .  Both of 
these  compounds decompose t o  sodium hydroxide  be- 
low 350°C, and t h i s  t e s t  shows t h a t  the  b i c a r -  
bonate  i s  t he  more s t a b l e  s p e c i e s  upon c o o l i n g  
even i n  an atmosphere (8 t o  1, CO t o  C02) fa- 
v o r i n g  t h e ,  format ion of the  formate .  A s i m i l a r  
Leu t per formcd with sod ;.urn carbonace gave ev i -  
dence of ve ry  l i t t l e  wa te r lgas  s h i f t  r e a c t i o n  
undef chese c o n d i t i o n 3  . NO ,amount of forsate,  
b i c a r b o n a t e ,  o r  h y d r o x i d e w a s  d e t e c t a b l e  i n  t h e  
i n f r a r e d  spec t rog raph  of  the  recovered product  . 
W e s e  two exper iments  g i v e  evidence a g a i n s t  t he  
formate  mechanism put  f o r t h  by e a r l i e r  e x p e r i -  
menters  and,  i n  f a c t ,  c o n f l i c t  with some of t h e i .  
other publ iahcd ota tements  t o  the e f f e c t  t h a t  
Eormates a r e  syn thes i zed  i n  good y i e l d  by t r e a t -  
i ng  a l k a l i  ca rbona tes  wi th  water and CO under tha 
r e a c t i o n  c o n d i t i o n s  of  t he  o i l . p r o d u c i n g  expe r i -  
ments .  We conclude t h a t  t h e  o i l  producing mech- 

h u t h e r  reoul:  of  C ~ I H S E :  e x p e r k e n t o  ~ 7 3 s  t h a t  t he  
e f f e c t  of  d e c r e a s i n g  the  water c o n t e n t  of t he  
s l u r i y  coupled wi th  t h e  dec rease  i n  c a t a l y s t  h a s  
a  very  marked n e g a t i v e  e f f e c t  on wood conver s ion ,  
whereas an i n c r e a s e  i n  water c o n t e n t  coupled wi th  
an  i n c r e a s e  i n  c a t a l y s t  c o n c e n t r a t i o n  has  a  much 
omaLler pooi . t ive  e f f e c t  on wood conver s ion .  This 
c o r r o b o r a t e s  our  e a r l i e r  d a t a  on the  e f f e c t  of 
water i n  the  p r o c e s s .  

Another s e t  of  autoclave exper iments  was per- 
formed t o  t e s t  the  e f f e c t  of the  r e a c t i o n  con- 
d i t i o n s  on the  c a t a l y s t .  Sodium formate and 

- 
anism i s  t he  r e s u l t  of a  combination of  
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F i g .  4.  Re la t ionsh ip  of Unconverted S o l i d s  
t o  the Ca ta lys t  Concentrat ion 

:alyzed r e a c t i o n s  ( inc lud ing  n e u t r a l i z a t i o n  of 
ganic a c i d s  produced i n  the  r e a c t i o n )  with  
small e f f e c t  poss ib ly  due t o  the  hydrogen 
)duced b y  the  water lgas  s h i f t  r e a c t i o n .  

lrogen Donor Solvent  E f f e c t s  

) r esen t  t h r u s t  of the  process  development work 
11s with the  p o s s i b i l i t y  of  us ing  the  hydrogen 
the cover gas v i a  a hydrogen donor system 

: r e i n  the  r e c y c l e  o i l  (wood o i l )  would be hy- 
~ g e n a t e d  i n  a s i d e  stream and re introduced t o  
: r e a c t o r  t o  a c t  a s  a hydrogen donor s o l v e n t .  
I important ques t ions  e x i s t  with such a pro- 
lure: 1 )  w i l l  wood (o r  wood products)  accep t  
lrogen from a hydrogen donor so lven t  under the  
td i t ions  of the  Albany system? and 2 )  can pro- 
.t o i l  be hydrogenated and transformed i n t o  a 
.rogen donor s o l v e n t ?  ' he  p resen t  work is  
led a t  the  f i r s t  ques t ion  and, t o  t h a t  end, 
:oe lave txpai irnal~Ls have been per rormed with 
: r r y  o i l s  of d i f f e r e n t  hydrogen donor capab i l -  

a s  s u b s t i t u t e s  f o r  the p r e s e n t l y  used anthra-  
.e o i l .  I n i t i a l  experiments showed a s l i g h t  
r ease '  i n  wood conversion which c o r r e l a t e d  with  
rogen donor c a p a b i l i t y ,  but  only a smal l  por- 
a of the  hydrogen from the  hydroaromatic por- 
In of .  the  so lven t  was being t r a n s f e r r e d  from 

so lven t  without replacement.  

e r i e s  of  so lven t s  were then t e s t e d  t o  d e t e r -  
e the  c o r r e l a t i o n  between hydrogen d o n ~ r  capa- 
i tf  and the  conversion and o i l  y i e l d  i n  the  
any r e a c t i o n  system with  H2/C0 gas and 
c03 c a t a l y s t  a t  3500C. A good c o r r e l a t i o n  
ween conversion and H-donor s t r e n g t h  is shown 
the s e r i e s  l i s t e d  i n  Table 3 .  Zheory p r e d i c t s  
t the  f i r s t  t h r e e  s l u r r y  v e h i c l e s  would be 

hydrogen donor s o l v e n t s  wi th  dec reas ing  capab i l -  
i t y  going down the  t a b l e .  'Ihe l a s t  four so lven t s  
would not be expected t o  have much, i f  any, 
hydr\igr;r donor c a p a b i l i t y  . 
A second s e r i e s  of experiments was .performed with  
hydrogen only and no c a t a l y s t  t o  t e s t  the  hy- 
drogen acceptance of wood from a donor so lven t  
( t e t r a l i n ) .  As shown by these  r e s u l t s  i n  Table 4 ,  
a good cor r , e l a t ion  can be seen between time/ 
temperature parameters and :he conversion of wood 
and the convers ion of t e t r a l i n  t o  naphthalene.  
The po in t  which i s  important r e l a t i v e  t o  t h i s  
p r o j e c t  i s  t h a t  .the convers ion with  Hg alone i s  
no t  a s  good a s  with the  H2/C0 mixture  with 
sodium carbonate  c a t a l y s t .  

'Ihese r e s u l t s  support  two conc lus ions - - f i r s t ,  t h i s  
i s  a d d i t i o n a l  evidence f o r  the  super io r  r e a c t i v -  
i t y  of the  CO-alkali-water system a s  opposed t o  
hydrogen alone f o r  convert ing wood from the  s o l i d  
form a s  shown e a r l i e r  by PNL, and o t h e r s ;  and 
second, t h e  a p p l i c a t i o n  of a hydrogen donor s o l -  
ven t  t o  the  CO-alkali-water r e a c t a n t  system with 
hydrogen p resen t  has  a b e n e f i c i a l  e f f e c t  on 

TABLE 3 .  CONVERSION OF WOOD I N  DIFFERENT SOLVENTS 

Conversion O i l  Yield  

Dihydronaphthalene 97 .O 40.6 

Tetrahydronaph tha lene  92.6 22.2 

Coal t a r  d i s t i l l a t e  90 .O NA 

Naphthalene (40 minutes)  87 NA 

Heavy petroleum o i l  85.7 N A 

Dodecane (40 minutes)  82 NA 

Decahydronaphthalene 78.2 5 .O 

Expt.  a t  60 minutes ,  350°C, R21CO 1200 p s i g  
i n i t i a l  p r e s s u r e .  

TABLE 4 .  HYDROGEN DONOR wERIMENTS 

Wood O i l  T e t r a l i n  
Conversion Yield Conversion 

T e t r a l i n ,  H z ,  91.3 22.9 8 .O% 
400°C, 60 min. 

T e t r a l i n ,  H2, 85 .O 25.8 2.9% 
3500C, 60 min. 

T e t r a l i n ,  H2, 89.7 28.7 1.7% 
3500C, 20 min. 

Coal Tar,  H z ,  . 73.8 34.6 NA 
350°C, 40 min. 



convers ion of wood from the  s o l i d  form a s  measured 
by benzene s o l u b i l i t y .  ' 

A l t e r n a t e  Feedstocks 

Addi t iona l  t e s t s  were made t o  examine a l t e r n a t e  
feedstocks for  use  i n  the  Albany p l a n t .  The 
biomass feed p r e s e n t l y  used a t  Albany i s  -60 mesh 
wood f l o u r  made from d r i e d  and harmnerlnilled 
Douglas F i r  wood c h i p s .  Feedstocks examined in- 
c lude  both a c t u a l  biomass feedstocks which could 
be used i n  the Albany u n i t  and a l s o  biomass com- 
ponents such a s  c e l l u l o s e  and l i g n i n .  The com- 
bined r e s u l t s  of a l l  these  t e s t s  should h e l p  us  
develop a model t o  p r e d i c t  r e s u l t s  ob ta inab le  with  
o t h e r  p o t e n t i a l  biomass teedseocks.  A l i s t i n g  of 
p a r t i a l  r e s u l t s  is given i n  Table 5. 

Two feedstock f a c t o r s  vhich appear important t o  
biomass convers ion i n  the  CO-Steam o i l  s l u r r y  
prooocs we the. 'compactness of the  s t r u c t u r e  a s  
measured by c r y s t a l l i n i t y ,  wood s t r u c t u r e ,  and 
p a r t i c l e  s i z e ;  and the composition of the  feed 
r e l a t i v e  t o  the amounts of c e l l u l o s e  and l i g n i n .  

By examining the t a b l e  the  reader  can see  t h a t  
conversion drops a s  the  r a t i o  of  c r y s t a l l i n e  ,to 
amorphous s t r u c t u r e  inc reases  from the powdered 

two s t a r c h e s  t o  the  two sugars .  P a r t i c l e  s i z e  
c e l l u l o s e s ,  t o  m i c r o c r y s t a l l i n e  c e l l u l o s e ,  t o  t h e  

and compactness of s t r u c t u r e  a r e  a l s o  important 
a s  shown by t h e  r e l a t i v e  r e a c t i v i t y  of the t h r e e  

.forms of b l o t t e r  paper .  The l i g n i n  and sodium 
l igno-sulfonate  e x h i b i t  low r e a c t i v i t y .  Rye- 
g r a s s ,  which i s  low i n  l i g n i n , '  exh ib i t ed  h igher  
r e a c t i v i t y  than the  Douglas F i r  wood f l o u r  cur- 
r e n t l y  used a t  Albany. The oak and mesquite a r e  
both r e l a t i v e l y  lower i n  l i g n i n  than F i r  but  
showed s l i g h t l y  lower conversion; t h i s  lower con- 
ve r s ion  may be due t o  the  l a r g e r  p a r t i c l e  s i z e .  
It may be t h a t  the  compactness problem can be 
ovprcnme by the  use  of more water i n  the  system. 
Water would se rve  t o  swe l l  the  biomass s c r u c c u r r ,  
a s  we l l  a s  a l low c a t a l y s t  p e n e t r a t i o n  i n t o  the  
feed m a t e r i a l .  The Douglas F i r  wood f l o u r ' s  
h igher  r e a c t i v i t y  r e l a t i v e  t o  the  q u a n t i t i e s  of  
c e l l u l o s e  and l i g n i n  p resen t  i n  the  wood has  
a e v e r a l  p e o o i b l ~  aupl.anationa. 'Ihe l i g n i n  which 
we t e s t e d  was produced by a decompression tech- 
nique wherein the  wood is "pop corned" i n  a s teau 

, . 
TABLE 5 .  FEEDSTOCK COMPARISON 

Ace t ic  Acid Calculated Mole CO Mole Hp Nole C02 Mole HC ( 

Feedstock Inso lub le  Conversion Consumed ' Produced Produced Producec 

u - c e l l u l o e e  1.43 93 .I10 .lo9 .227 .025 

Pulver ized chemical 
pulp,  e x t r a c t e d  

Micro-c rys ta l l ine  . ce l lu lose  2.25 89 -091 .010 .I30 

Milled b l o t t e r ( 2 )  paper 3.37 83 .068 .033 .I49 

118" squares  sheared 
b l o t t e r  paper 

I/Z" squares  torri  
b l o t t e r  paper 

Cornstarch 2.64 87 .056 .050 .120 

Potato  s t a r c h  

DextroLe ( 2 )  

Sucrose ( l ) ( 3 )  

Pyegrass 

Douglas F i r   WOO^ f l o u r  2.28 89 .082 .I11 .I73 

Ground mesquite ( 2 ) ( 3 )  2.69 87 - - - 
~dtd 'c~ood .q*w<luat . 3 -55 82 .096 -064 .145 

Sodium l igno-su l fona te  (3 )  6.44 68 - - - 
Poplar l i g n i n  (370 '~ )  7 .69 62 .I26 .039 .165 

Poplar l i g n i n ,  e x t r a c t e d  - 47.9 . lo4 .018 .I10 

20 g feeds tock ,  r e a c t i o n  a t  350°c,. 1 h r  ., 1200 p s i g  i n i t i a l  ~ 0 / ~ ~ : 6 0 / 4 0  

(1 )  20 minutes a t  350°C 
( 2 )  N2 included i n  i n i t i a l  p r e s s u r i z a t i o n  
(3 )  Autoclave l eak ,  gas  a n a l y s i s  inaccura te  



tmosphere and the lignin is then extracted by 
than01 . The resulting lignin is in the form of 
k ospheres which are likely less hydrophilic wood flour. 'lhey may preferentially isolate 
hemselves in the oil vehicle away from the water 
oluble catalyst. Their sphereical shape would 
lso allow less surface area for chemical attack 
han the fibrous wood flour. 

hermolysis 

rogress in this area has advanced to the stage 
f experimental reactor fabrication. Future ex- 
erimental work will be aimed at optimizing oil 
uality as measured by clarity, heating value, 
nd viscosity by varying process .parameters such 
s residence time, temperature and solvent 
omponent s . 

FUTURE WORK 

CO-Steam process development at the Albany ~ i t e  
' is scheduled to continue at least through June, 
1980. Bench scale support of that effort should . 
be an ongoing activity to provide input for plan- 
ning of the more cost intensive facility opera- 
tions. In addition, new processes should be 
screened at the bench scale for possible future 
development at the Albany facility. Specific 
plans call for continued investigation into the 
.intricacies of operating CO-Steam biomass conver- 
sion as a continuous operation. Utilization of' 
the hydrogen in the synthesis gas as a catalyzed 
reducing agent will be evaluated. Additional 
process options including high temperature injec- 
tion of the feedstock and fractional distillation 
for product recovery will be investigated as 
dictated by time, money and sponsor interest. 





THE POTENTIAL FOR BIOMASS LIQUEFACTION 

. Manu Seth and Sabri Ergun 
Lawrence Berkeley Laboratory 
University of California 
Berkeley, California 

TRACT OVERVIEW 

irst, broad, overview of biomass liquefaction 
presented. Four desirable chemical conversion 
,tes that may he us;fl.ll i.n the liquefaction of 
d have been identified. Process conceptualiza- 
n has been attempted based on an analysis of 
.nges in physical structure, elemental composi- 
Nn and chemical transformation that may occur 
.ing liquefaction. Possible process screams 
,e been characterized and likely separation 
~cedures identified. 

technical monitors for the Thennochemical Con- 
.sion of Biomass, a major responsibility of the 
11 and Siomass Group at LBL is to identify and 
iine promising research and developmental areas 
.ated to the production of liquid fuels from 
,mass. As a first step a framework for techno- 
jnomic evaluation of developing liquefaction 
:ions is being formulated. This paper outlines 
r objectives, scope, approach and consequences 
our first overview of biomass liquefaction. 
,sequent papers will attempt to fill in the 
:ails and discuss experimental results and how 
cse fit into or modify the evaluation framework. 

Several biomass feed-stocks are available for con- 
version to desirable fuels. These feedstocks ,in 
turn may be used to ob'tnin o brood mix of products. 
Our objective, then, is to look for and develop a 
family of conversion processes. An integrated 
approach would enable us to apply experience 
gained with one feedstock or process-concept to 
other biomass feeds and conversion options. The 
developmental scheme is well represented by Figure 
1, which outlinessome of the feed-stocks and 
products of interest. 

Each biomass liquefaction scheme can be character- 
ized by the feed being processed, the products 
produced and the severity of the treatment. Apart 
from their ability to handle various feedstocks, 
the processes selected for development must also 
span a wide range of processing conditions. High 
severity processes, being capital intensive, could 
be used for large scale production wehreas low 
severity processes could be used for dispersed, 
small-scale applications. As a first approximation, 
the severity of a process can be defined by the 
reaction temperature and residence.time in the 
major conversion step. Figure 2 shows a hypotheti- 
cal temperature-time region which future biomass 
conversion processes must attempt to span. 

CONVERSION ROUTE 

(Family of Processes) 

Feed Product 

: Manures 

Hamest residues 

Municipal wastes 

Forest residues 

Wood 

Kraft pulping liquor 

Specially grown plants 

Low Btu gases 

High Btu gases 

Alcohols 

Gasoline range oils 

Heavy oils 

Utlllry fuels 

Solid fuels 

XBL 795-  1649 

Fig. 1: Possible biomass feeds and products. 
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Fig. 7: Hypothetical temperature-time region .for 'future biomass processes. . 
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The conversion.of solid biomass, especially wood, 
can be viewed on three levels. The physical state, 
elemental composition and chemical structure of 
the biomass feed all change simultaneously as the 
material mnves through a process train. Analysis 
of each of these transformations and identification 
of desirable changes leads to an approximate 
definition of process boundaries and flow schemes. 
For the sake of simplicity and clarity their dis- 
cussion is limited to a sin~le biomass feed-stock 
--wuudi 
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Lignin. is a polymeric substance whose complexity 
results from the variety of ways in which constitu 
ent phenyl propane and other building blocks can 
be linked. Several models have been proposed for 
the structure of lignin. One such model, by 
Frcudmbtl~g [3] i s  shown in Fi~ure 4. The mole- 
cular weight of lignin polymers in wood ranges 
from 8,000 to 11,000 (or higher) corresponding 
to a degree of polymerization of 35 to 55. 

CHEMICAL STRUCTURE OF WOOD WOOD CHEiiISTRY AND ITS MPLICATION TO LIQUEFACTION 

Wood is composed of three major compurlents, cellu- 
. lose (30-50 wt-X), henicellulose (10-35 wt-X) and 
lignin (15-35 wt-%). The chemistry of wood can 
for the most p3rc be d ~ s , : i - i L c d  by thc chemistry of  
its constituents. 

Cellulose is formed from D-glucose blocks joined 
by B-1,4-glucosidic bonds. Wood cellulose occurs 
as polymeric molecules with molecular weights 
gonorally ln,the ranee of 80,000 to 340,000. The 
structure of cellulose is shown in Figure 3. 

Hemicelluloses are complex molecular chains of 
xylose or arabinose backbones. Xylans combined 
with substantial amounts of uronic acids are the 
most important hemicelluloses in wood. 

Several areas of wood chemistry have been well 
explored. A variety of chemical conversions were 
tested with a view to elucidate the chemical struc 
tnre of cellulose, lignin and hemicellulose [1,3, 
4,5]. Pulping of wood for the manuraceure of l t i ' lJe  
is probably the nost studied and best understood 
area of wood chemistry [1,6]. Hydrogenation of 
waste liquor from paper manufacturing processes 
has also been well investigated [4,7,8]. The 
hydrogenation and hydrogenolysis of wood and lignj 
were rxLe~lsivcly 3eudiad by Lindhlad [9], Harris 
[lo], Lautsch [ll] and Hachihama [12], among othel 
Substantial information also exists on the selec- 
tive hydrogenation of carbohydrate materials such 
as celiuloie, sugars and polyhydric alcohols [e.~. 
13, 141. 
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Fig .  3: Structure of cellulose. 
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Review of the various methods of the degradation 
and hydrogenolysis of wood and its components lead 
to the selection of four major chemical routes for 
liquefaction. Criteria used for the selection 
included acceptable process conditions and the 
possibility for pilot-scale testing at the DOE 
Experimental Facility at Albany, Oregon. 

The four selected chemical conversion routes are 
briefly discussed below, together with illustrative 
examples of processing conditions, reagents and 
possible applications to wood liquefaction. 

TREATMENT WITH INORGANIC SALT SOLUTIONS 

In both the Soda and Kraft processes for the pro- 
duction of cellulosic pulp for paper manufacture, 
the lignin in wood is degraded by the cooking 
chemicals and its fragments dissolve in the 
liquor. Typically cooking times of 4 to 6 hours 
at 170°C are used for delignification. Several 
complex reactions occur during the dellgnfficacion 
process. It has been suggested [15,16] that aro- 
matic ether links in lignin are hydrolyzed by the 
alkaline cooking liquors. Etherification of 
specific phenolic groups are postulated to, result 
in rapid cleavage of some of the ether groups 
[15], resulting in the solubilization of about 
113 of the lignin. The presence of sodium hydro- 
sulfide ions (-SH-) in Kraft cooking liquors are 
assumed to cause the increased extent of lignin 
solubilization in this process [15]. Model 
experiments indicate the initial step is addition 
of -SH- ions to quinone methide lignin inter- 
mediates to form mercaptide ions (S-). The 
mercaptide ion is a strong nucleophile, and by a 
complex series of rearrangemets leads to the 
depolymerization of virtually all the lignin i15]. 

Modifications of the chemistry of paper manufac- 
ture could lead to new process schemes tor wbOd 
liquefaction. Research in this area must be 
geared to overcoming three drawbacks. Other 
inorganic nucleophiles should be screened to find 
salts that i) do not result in sulfur (or nitrogen) 
incorporation in the products; ii) substantially 
rl~pnlymerize cellylose; iii) result ,in products 
which either have no inorganic base incorporation 
or products from which incorporated inorganic 
materials can be easily removed. 

Extensive screening of various catalysts by the 
I,RL group has resulted in the identification of 
an acceptable catalyst, These results will be 
repurre~ l .wl l r?a  tcoting La cemplatod. 

Xild oxidation of wood prior to treatment with 
alkaii may also result in the simultaneous 
depolymerization of cellulose and lignin at 
170-180°C [lj]. This option is also being 
tested at LBL. 

Hydrogen Transfer from Hydrocarbon Molecules 

Hydrogenation of wood to distillable products can 
be achieved by treatment with hydrogen donor sol- 
vents at 320 to 400°C for 1 to 4 hrs [17]. Cyclo- 

hexanol [18], tetralin [17] and decalin [19] hav 
all been tested as sources of hydrogen. Liquefa 
tion occurs by the donation of hydrogen from sol- 
vent molecules to thermally cleaved bonds in wood. 
An alternative approach for the transfer of hydro- 
gen to wood is the acid catalyzed hydride transfer 
reaction. In this reaction, a hydrogen atom is 
transferred with its pair of electrons to a car- 
bonium ion [20]. a-Pinene has been used as a 
hydride donor in the presence of a strong acid at 
120-15O0C [21] . 
Both thermal hydrogen donation and catalytic 
hydride transfer hold promise for wood liquefac- 
tion. In each case the spent solvent would have 
to be hydrogenated preferably in a separate hydro- 
genation reactor. Two possible problems may occur 
with either scheme. First, incorporation of sol- 
vent by condensation reactions with products or 
with wood residues could lead to unacceptably high 
solvent losses. Second, separation of solvent fro] 
reaction products by distillation may be difficult 
because of overlapping boiling ranges. To circum- 
vent both problems wood-derived molecules should 
be tested as hydrogen donors or hydride transfer 
agents. Partially hydrogenated phenyl propane 
units (derived from lignin hydrogenaration) and/or 
alcohols (from cellulose hydrogenation) may prove 
to be adequate hydrogen sources. 

Solvolysis 

Solvolytic degradation of cellulose and of lignin 
have both been well studied [7,22]. Solvolysis in 
an acidic medium can occur under a variety of con- 
ditions ranging from 0.8 wt-% acid at 170°C to 
40% acid at 40-60°C, with solvents such as water 
(hydrolysis),methanol, ethanol and even phenol [8] 

Sol~mlyni.~ of cellulose i s  an acid catalyzed reac- 
tion invol.ving the rapid formation of an intermedi 
ate complex between the glycosidic ox.ygen and a 
proton; this is followed by the slow, rate- 
determining scissionof the glycosidic bond adja- 
cent to C(l) [22]. ijhen lignin is treated with 
alcohols i.n an acidic medium new alkoxy groups are 
introduced a t  rrrnbiont c0nrlf.t i,nns [7] wi ehol~t sig- 
nificant lignin depolymerization. At higher tem- 
peratures (e.g., 7g°C with ethanol) this rapid 
hydroxyl displacement reaction is followed by 
degradation of lignin to monomers and soluble 
oligomers. 

By carefully controlling reaction temperature and 
acid concentration3 it M y  ba goEeFblu tr.1 l:i.quefy 
wood by simultaneous solvol~sis of lignin and 
cellulose. using acceptably small levels of solven 
consumption. If low boilins alcohols are used for 
solvolysis the overall process must also include 
an alcohol recovery or production unit. 

Organometallic Complexes as Liquefaction Catalysts 

The application of homogeneous organometallic corc- 
plexes for hydrogenation and hydroformulation 
reactions are well known. Such catalysts app 



t hold considerable promise for wood liquefaction. 
ntly Gaslini (231 'and Nahum (241 'reported tne 

f dicobalt octacarbonyl as an effective 
lyst for the delignification of wood. Their b 

~jective was to produce a cellulosic pulp suit- 
,le for the manufacture of paper. Red spruce 
>od meal was suspended in a polar solvent and 
reated with 1:l hydrogenlcarbon monoxide at 
30-170°C in the presence of dicobalt octacarbonyl, 
soluble catalyst. Tests were run for residence 
imes ranging from 6 to 24 hrs (23,241. Under 
lese conditions about 97% of the lignin was 
Ilubilized,. Extensive characterization of the 
roducts indicated the formation of substituted 
laiacols and guiacyl tetrahydrofurans, with up 
70% of the soluble product boiling under 400°C. 

le cellulose and hemicellulose fractions of the 
~ o d  were essentially unchanged. 

J effectively utilize homogeneous organometallic 
~mplexes (especially carbonyls) for wood liquefac- 
ion, two changes in the above scheme must become 
xsible. First, the catalysts selected must be 
~luble in dilute aqueous acids (pH 2-4). The 
cid would hydrolyze the wood to soluble sugars, 
hich in turn may also be hydrogenated. The 
ctivity of catalysts must also be improved so as 
o achieve hydrogenation rates comparable to those 
f sugar degradation. 

aving selected potentially attractive process 
hemistries we now turn our attention to process 
onceptualization. 

ROCESS DEFINITION 

rocess development involves establishing of 
hemical,technical and economic feasibility of a 
rocess scheme, usually in that order. When an 
.rray of partially understood chemical conversion 
.themes exist, even a limited prior understanding 
~f process parameters and economics can be of 
.nvaluable assistance in formulating a reasonable 
xperimental program. The changes in physical 
itructure and elemental composition of wood as it is 
:onverted to liquid products have been analyzed 
For a first overview of process concepts. 

'hysical Transformations 

Jood may be fed to a process as chips (318" to 1" 
jize pieces) or as flour (typically -60 mesh 
,owder). Use of wood chips avoids the cost of 
irying, crushing and grinding associated with the 
~roduction of flour. Chemical (or mechanical) 
iegradation of chips to fine particles is, however, 
lecessary if the wood is to be fed as a slurry 
through high pressure pumps to pressurized reaction 
tanks. III the f irst .  lower pressure ehomicol oon- 
version step wood chips must be transformed into a 
pumpable slurry and/or material soluble ih the 
slurrying solvent. Early,depolymerization of wood 
to soluble material is also chemically advantageous 
because of greater accessibility of the substrate 
due to.reduced mass transfer limitations. Further- 

0 
cellulose must be depolymerized in the first 

conversion step, since delignification alone would 
result in the formation of fibrous cellulose which 
would still be difficult to pump. 

The next major physical transformation would be 
the conversion of the pumpable slurry to low 
molecular weight product. This step could, if 
necessary, occur at high pressures. 

In retrospect the chemical structures of major 
wood components involve a large number of func- 
tional groups containing oxygen. In the early 
stages of depolymerization a polar reaction medium 
could be expected to be beneficial because the 
oxygen-containing groups are quite polar. 

Elemental Transformations 

The overall mass balance for any biomass conversion 
scheme can be represented by: 

C H O  + a H 2 + b C 0 2 + c C O + d C H 0  
x y z  P q r  
(feed) (product) 

This equation is a plant-battery-limit mass balance 
that ignores ash, nitrogen and sclfur but includes 
the production of any reducing gases or wood de- 
rived reagents needed for the overall conversion 
(e.g., CO, Ha or' alcohols). 

An essential element for wood liquefaction is the 
removal of nearly all the chemically bound oxygen 
which, together with depolymerization, can lead to 
formation of liquid products with a high heating 
value. Oxygen remo-red from wood would exit any 
processing scheme as water, carbon dioxide or 
carbon monoxide. Removal or addition of water to 
or from an organic molecule results in little 
change in its molar heating value, as indicated 
by the Dulong Formula for estimation of heating 
values. spontaneous removal of carbon dioxide in 
the major reaction step would lower the consump- 
tion of reducing gases and hence the load on any 
auxiliary gasification system. Better carbon 
utilization would be obtained if an increased 
fraction of C02 is produced since two oxygen 
atoms are removed for every carbon (instead of 
one for one in a CO mnl ernle) .  

If hydrogen, carbon monoxide or alcohols are used 
for depolymerization and/or deoxygenation of wood 
the extent to which they are consumed will affect 
the total wood consumption per unit of oil. 
Furthermore, the ability of a process to accept 
mixtures of CO and H2 could result in a substantial 
saving in overall cost by eliminating the need for 
cryogenic gas separation. 

Separation Processes 

Separation and recovery of products from reactor 
effluents could be an important (and expensive) 
part of biomass liquefaction processes. Typical 
intermediates and products obtained from the 
depolymerization of cellulose and lignin in reduc- 



ing atmosphkres were examined so as to obtain some 
understanding of the unit operations that could be 
used for pr'oduct separation and recovery. A 
partial list of cellulose and lignin decomposition 
products is shown in Figures 5 and 6, together 
with their estimated boiling points and solubili- 
ties in water. 

The depolymerization of wood in reducing atmo- 
spheres results in the formation of products of 
progressively lower oxygen content and polarity. 
In general the lignin in wood decomposes to form 
water-insoluble, high boiling products, whereas 
cellulose decomposition results in the formation 
of water-soluble products having lower boiling 
points. This i s  a rather simplified view of wood 
liquefaction since it ignores the possibility of 

Example Boiling point Solubility 
in water 

I 
Oligomen Insoluble 

I 
Sugars Glucose - Soluble 

1 
Polyalcohols Sorbitol 295(@ 3.5mm Soluble 

Hg) 

Glycerol 290 v. Soluble 

1 
Alcohols Propanol 98 v. Soluble 

Ethanol 79 v. Soluble 

I 
Alkanes 

Fig. 5: Cel-lulose depolymerization products 
in reducing atmospheres. 

Example . 

Lignin 

the formation of polymeric materials from 
sation and degradation reactions. It does, how- 

cal properties of process streams and selection 
ever,.enable us to begin estimation of the physi- 

of possible separation processes. 

A two-phase liquid effluent can be expected from 
the liquefaction reactor(s). The light, aqueous. 
phase would contain any added process water (and 
water f.rom wood dehydration) together with dis- 
solved low-molecular-weight phenols and alcohols. 
Higher molecular weight wood-derived oils and 
any non-polar organic slurring solvents could be 
expected in the heavy, organic, phase. The 
organic phase would also contain any unreacted 
wood or high-molecular-weight condensation and 
degradation pr0dUc~s. 

Where the aqueous phase is a large fraction of 
the prodrsct stream, decantation or centrifugal 
separation may be considered so as to avoid high 
evaporation custs. Such phase separation would 
ahoo parmit tt?~ rerirot~lation of water soluble 
catalysts. 

Of the organic phase only materials lower boiling 
than dilignols (from lignin) and sugars (from 
cellulose) can be distilled. Reactor conditions 
should therefore be optimized for the production 
of substituted phenyl propanes (monoliquids) and 
polyhydridic- alcohols. The non-distillable 
fraction of the organic phase could be used for 
the production of reducing gases and/or process 
heat generation. 

CONCLUSION 

A two-step wood liquefaction process has been 
envisioned using wood chips as the feed. The , 

first low-pressure step would be used to obtain 

Boiling point (OC) Solubility 
in water 

lnsoluble 

4 
Oligomers 

1 
Phenylpropanes 265-400 

O C H 3  H 3 C 0  
OH O H  

1 4-rnertiuxy.2 1.11etilyl 252 
phenol 

Subnituted phenols Cresolol 249 
and cresols Ethyl phenol '207 

1 
Phenols 

1 
Cyclohexanols 

Phenol 182 

Methyl cylohexanol 155 

Insoluble 

Soluble 

Insoluble 

I 
Cyclohexanes Cyclohexane 81 Insoluble 

Fig. 6: Lignin depolymerization products in reducing atmospheres. 



pumpable slurry. The second step, which could 

P at higher pressures, would convert the ss LU tlisLlllatlr uil.' Fuur possible cheml- 
routes that could'prove useful for wood 

.quefaction have been identified. An analysis 
' likely changes in elemental and physical com- 
 siti ion during liquefaction resulted in a broad 
:finition of process characteristics and the 
.entification of desirable changes. Probable 
tmponents of reactor effluent streams have also 
.en identified and appropriate separation pro- 
:dures suggested. 
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THERMOCHEMICAL CONVERSION OF BIOMASS TO GASOLINE 

J. P. Diebold and G. D. Smith 
Naval Weapons Center 
China Lake, CA 93555 

STRACT 

s noncatalytic process involves the low pressure, 
ective pyrolysis of organic wastes to gases containing 
ntively high amounts of ethylene and other olefins. 
:er char, steam? and tars are removed at low pressure, 

gases are compressed to 450 psia (3100 kPa) for 
ification. The concentrated olefins are then further 
npressed to 750 psi (5200 kPa) and fed to the poly- 
rization reactor where they react with each other to 
m larger molecules, 90% of which boil in the 
soline" range. Using organic feedstock derived from 
sh, gasoline was produced on a bench scale system 
ch had the same appearance and distillation charac- 
istics as gasoline made from pure ethylene which had 
unleaded motor octane of 90. Preliminary economic, 
lyses indicate that the process is currently compe- 
ve with petroleum derived gasoline. This program has 
n funded by the U.S. Environmental Protection 
mcy. 

'RODUCTION 

petroleum resources of the free world are becoming 
.easingly scarce and expensive. As the search for new 
poes further out to sea and deeper in the ground, this 

oil will be increasingly expensive to produce. Many 
the existing oil fields in some countries apparently 
not be pumped at their maximum rate in an effort to 
! that oil for future generations when the price will 
resumably higher. Thus, it appears advantageous to 
?lop sources of synthetic petroleum and in particular 
hetic gasoline. Due to the high volumetric energy 
:ent of hydrocarbon liquids, they would have been 
nted for mobile transportation if they had not been 
rally occurring. Usually the term "synthetic 
oleum" brings to mind coal and/or oil shale 
?faction. However, these processes will involve a 
iiderable amount of environmentally questionable 

mining and are normallv considered to require a 
e amount of scarce water "resources. The process to 
liscussed in this paper involves the use of organic 
:es and/or biomass in a noncatalytic selective process 
roduce unleaded, high octane gasoline. Byproducts 
fuel oil, lubricating oil, ash, water vapor, and carbon 
ide. Commercial sized plants would resemble small 
refineries in many aspects and could be widely 
~ y e d  in order to be near the feedstock source. 

advantage of producing gasoline rather than other 
s becomes apparent hy comparing common fuels I 

on a relative wholesale value basis. If a wholesale value 
of $1.00 per unit of energy is assigned to natural gas for 
interruptible commercial usage, then in 1975 the value of 
noninterruptible domestic natural gas was $1.42 per unit 
of energy. Number six fuel oil was $3.08, while the value 
of gasoline was $5.48 per unit of energy. Recent relative 
increases in the value of natural gas have reduced the 
ratio of gasoline to natural gas prices temporarily. 
However, the widely predicted continuation of today's 
petroleum shortage will cause the value of gasoline to 
escalate at a rate much greater than boiler fuels. This is 
because, although coal can again become the primary 
boiler fuel for the nation, coal fueled automobiles having 
today's performance are not being actively considered. 

The conversion of organic waste to automotive fuel was 
consequently investigated for remote military instal- 
lations in a Department of Defense Advanced Research 
Projects Agency sponsored program because of the high 
potential value of the product. The synthesis of 
methanol from organic wastes was evaluated in detail 
with mass and energy balances developed about two 
different flow diagrams. This approach would have 
pyrolyzed the organic fraction to form synthesis gases 
which would then have been compressed, purified, and , 

catalytically reacted to form methanol. During the 
course of this study (11, several references were found 
which indicated the possibility of using pyrolysis to form 
a significant amount of low molecular weight 
hydrocarbons rather than just carbon oxides, methane, 
and hydrogen. These gaseous hydrocarbons of interest 
were predominantly ethylene, propylene, and other 
olefins. 

In the 1930's the oil industry began to extensively 
pyrolyze ("crack") crude oil to increase the yield of 
gasoline. By-products of that process included large 
amounts of ethylene, propylene, and butylene. Extensive 
research was performed on the utilization of these by- 
product gases which led to the commercialization of 
their conversion to gasoline by both catalytic (2) and 
non-catalytic (3) processes. The gaseous hydrocarbons 
were compressed, purified, and then heated such that 
they reacted to link up with themselves to form the 
larger gasoline molecules by polymerization. This 
process produced a liquid which was over 75 percent 
gasoline. The proposed process substitutes solid organic 
wastes for the crude oil feedstock, but otherwise 
parallels the petroleum process used to make polymer 
gasoline. Due to the high ethylene content of the olefins 
formed during pyrolysis of cellulosic materials, the 
thermal or non-catalytic polymerization was chosen for 



this process because the traditional catalytic method 
polymeriz'ed ethylene with difficulty. 

The overall process for converting organic wastes to 
gasoline consists of: first, the pyrolysis of the wastes to 
gases containing large amounts of olefins, i.e. ethylene, 
propylene, etc.; second, the compression and purification 
of the olefins; and third, the polymerization of the 
smaller olefins to forin larger gasoline molecules. 
Overall this amounts to a process which removes the 
oxygen from the cellulosic wastes to produce a gasoline 
consisting of hydrocarbons. Most of the rejected oxygen 
is in the form of carbon dioxide. 

The critical technolorn that this program needed to 
demonstrate was the pyrolysis of cellulosic organic waste 
materials into gases containing large amounts of olefins 
and their subscqucnt processability. If the selective 
pyrolysis could be verified, and demonstrated, then the 
remainder of the process to make gasoline was thought 
to be relatively straightforward due to industrial 
experience with similar processes. II! effect, the process 
parallels that of an oil refinery with the most significant 
difference being the use of today's cellulosic waste 
material rather than eons-old organic matter (crude oil) 
as a feedstock. 

The potential impact this process could have on the 
gasoline consumed in the United States appears to be 
substantial. Assuming that this process will undergo a 
traditional develoomental or scale-uo ~e r iod  followed by 
a well financed 'program with hieh 'national priority, 
widespread deployment of conversion plants could be 
accomplished by 1998. A recent Market Oriented 
Program Planning Study by the Department of Energy 
(DOE) estimated the U.S. gasoline consumption in 1990 
a t  115 billion gallons (4). If 10% of the land currently in 
forest, pasture, or range usage having at  least 25 inches 
of precipitation and less than 30% slopes were to be 
developed for silvicultural energy farms, approximately 
28% of the gasoline consumed could be roduced from 
the resultant biomass (5). Another 16% o f t h e  projected 
gasoline consumption could be produced from crop 
residues and spoiled forages (6). If the trash generated 
by 120 million people were to be converted to gasoline, 
4% of the 1990 gasoline consumption would result. From 
these three biomass sources, slightly less than half of the 

\ FEED / 

projected 1990 gasoline consumption could be produc 
by the conversion process described without impacti 
food production to any extent. To determine the net 
energy produced by the overall system including energy 
inputs to grow, harvest, transport, and process biomass 
into gasoline requires a very specific analysis for a given 
site and is outside the scope of this'paper. However, the 
process would have tile best economics where the 
biomass is a waste ,by-product and which now requires 
energy for its disposal. 

Initial preliminary economic analyses looked very 
promising for fairly small cities to rid themselves of 
trash so the Environmental Protection Agency (IERL, 
Cinn.) was contacted to , generate interest in this 
economical approach to trash dispbS€d. AS a result of 
their interest in this process, an intcrogency agreement 
(EPA-IAG-D5-0781) was written for NWC to pursue the 
technical and economic feasibility of converting organic 
wastes to gasoline by evaluation in a bench-scale unit (5 
kg/hr). This EPA effort was begun in June 1975 and has 
been continuing. 

EXPERIMENTAL . 

Pyrolysis 

Figure 1 shows the currently evolved pyrolysis schema- 
tic. A finely ground organic fraction of municipal solic 
waste is continuously fed by a one-inch screw feeder. A1 
the end of the screw feeder, the feed is fluidized an( 
conveyed by a carrier gas stream (normally carbor 
dioxide) to the steam ejector. The mixture of solic 
waste, carrier gas, and steam then enter a long, red-ho 
314 inch diameter tubular reactor. Reactor lengths of : 
and 6 meters resulted in pyrolysis times of about 50 tc 
150 milliseconds, respectively. The char is remove4 
from the pyrolysis stream in a three inch diamete 
cyclone. The steam and tars are condensed out of thl 
pyrolysis gas stream by the water quench system. Thl 
noncondensible gas stream volumb i9 measured by ti! 
orifice flow meter and then either flared off or fed intm 
a three stage compressor for storage at  high pressure 
This system pyrolyzes a nominal 5 kg of feed per hour. 
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WATER 
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ICE 
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Fig. 1. Pyrolysis Schematic 



le composition of the pyrolysis products has been found 
be a function of the combination of temperature,' 

nce time, and especially the dilution of the solid 
s by inert gases inside the reactor. As shown in B 

gure 2, the total hydrocarbon product (other than 
?thane) can be varied by as much as, 165% depending 
on the relative dilution of the pyrolysis gases. Using 
e more. favorable combination of these variables, a 
rolysis product distribution such as that represented in 
zure 3 can be attained using organic material obtained 
)m municipal solid wastes. Slightly more than half of 
a energy contained in the organic waste can be 
?overed in the gasoline precursors. About one third of 
? energy is recovered in the "medium Btun by-product 
s stream of carbon monoxide, methane, and hydrogen. 
lout one-seventh of the energy is recovered in the 
ac, which has a heating value similar to lignite coal. 

o j f l l l  
0  4a 0  0  l o  i 

8 DRY ECO WM EASES 

Fig. 2. Pyrolysis Products as a Function of Dilution 
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Fig. 3. Pyrolysis Product Energy Distribution 

olysis Discussion 

olysis of cellulosic materials has long been recognized 
:he result of several competing reactions tfiking paace 
ultaneously. At low temperatures of 200 to 300 C, 

the predominant reaction is of dehydration to form char 
and waber vapor. At intermediate temperatures of 300 
to 600 C, the predomin~nt r ~ ~ r t i o n  is a depoly- 
merizatiori or chain cleavage reaction to form 
levoglucosan tars. At elevated temperatures, 
gasification is the predominant reaction to form 
combustible volatiles. (7) This gasification reaction 
itself appears to have a t  least two major competing 
reactions: a) to form olefins, carbon monoxide, 
hydrogen, and methane; and b) to form thermally stable, 
water soluble, oxygenated compounds. The data suggest 
that the olefin forming reaction is favored when the 
partial pressure of the pyrolysis products is reduced by 
the addition of a relatively inert carrier gas, e.g. carbon 
dioxide, steam, methane, nitrogen, or carbon monoxide, 
or mixtures of these gases with hydrogen. . It is 
interesting to note that although thequantity of gases 
produced can be varied by the relative dilution,, the 
relative' molar ratios of the gaseous species after water 
vyashing are relatively constant. 

The by-product gases could be used to fuel stationary 
internal combustion engines to generate shaft power for 
the compressors and shredders, as well as to fuel the 
pyrolysis furnace along with the by-product char. As was 
mentioned, it was found that the use of steam to dilute 
the pyrolysis gases results in a higher conversion to 
gasoline precursors. I t  now appears that the process will 
be optimized by making as much steam as possible by 
energy recovery from hot gas strefims RS well as by 
utilizing all of the char and the by-product fuel gases for 
process energy. This will result in only gasoline, fuel 
oils, and lubricating oils as the products from the organic 
fraction. These products will be readily marketable 
compared to char, pyrolytic oils, or "medium Btu" gas. 
The generation of high pressure, superheated steam to 
cogenerate shaft energy and low pressure process steam 
may optimize the process. 

It is interesting to note that the pyrolysis conditions 
found to be optimum for municipal solid wastes are 
coincidentally similar to those used by the petrochemical 
industry to pyrolyze napttha or grude oil to form 
ethylene: e.g. about 750 C (-1400 F), steam dilution, 
pyrolysis times of less than a second, and long tubular 
reactors having inside diameters of less than five cm (8, 
9, 10). It is even more interesting to note that if the 
carbon monoxide and carbon dioxide in the pyrolysis gas 
are ignored, and the remaining products are then 
normalized, that the relative weight percentages of the 
pyrolysis products from naphtha (8), solid wastes, and oil 
shale (11) are very similar, as shown in Figure 4. It 
appears that the molecular fragments from the pyrolysis 
of both cellulosic and large hydrocarbon molecules are 
very similar and that they achieve a similar short-lived 
"equilibrium" between the products. If not rapidly 
quenched, this psuedo "equilibrium" changes by the low- 
pressure, high temperature polymerization of ethylene, 
propylene, and butylene to form about half benzene and 
half aromatic tars with the evolution of hydrogen (12). If 
the pyrolysis system has a very long residence time, the 
benzene and tars further react to form char and 
hydrogen - the last mentioned being the traditional 
products from charcoal kilns, along with carbon 
monoxide. 



(WEIGHT PERCENTAGES CALCULATED AFTER CO AND C02 DELETED) 

Fig. 4. Pyrolysis Product Comparison 

Polymerization with Pure Ethylene 

To avoid the tar formation during polymerization, lower 
temperatures can be employed so that  the gasoline 
fraction in the product is optimized. However, in order 
t o  maintain reasonable reaction rates, the p rvsure  must 
be bncreased. Temperatures of 400 t o  500 C (750 t o  
950 P) and pressures of 4800 t o  6900 kPa (700 t o  1000 
psi) were often employed commercially (13, 14). TO gain 
insights into the exothermic polymerization reaction, an 
experimental reactor was constructed as shown in Figure 
5. This polymerization effort was conducted 
concurrently with the pyrolysis development, so no 
purified pyrolysis gases a t  elevated pressures were 
available for use. Since ethylene was the largest single 

constituent in the gasoline precursors found in thc 
pyrolysis gases, bottled ethylene was purchased and usec 
for this study. The ethylene was regulated into a o n e  
half inch diameter stainless steel tube which had beer 
coiled and placed in a constant temperature, fluidize( 
sand bath. The sand bath served to initially heat thc 
coiled reactor until the exothermic reaction wa! 
initiated, af ter  which the bath served to remove the hea' 
generated. The ethylene slowly moved down the lengtt 
of the reactor for a few mir~utes while polymerizing 
The polymerized gases were then cooled to condense ou 
the gasoline and oils. Noncondensable gases werc 
measured and then flared off. Conversions per pass wen 
as high as 80 percent. The liquids formed had very lov 
viscosities and when distilled produced about 90 percen 
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PRESSURE 
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Fig. 5. Experimental Polymerization Reactor 



soline. This distilled gasoline fraction was tested 
[lowing the ASTM motor method and found to have a 

tane rating in the unleaded condition (the research b d would have resulted in a slightly higher octane 
mber). The higher boiling liquids will yield a fuel oil 
d a lubricating oil fraction. 

.sed on the pyrolysis and ethylene polymerization 
perimentation it is estimated that 0.28 liter of gaso- 
e and 0.03 liter of oils will be produced per kilogram 
90% by weight organic material (68 gallton gasoline, 8 

[/ton oils). The amount of lubricating oil in the oils is 
rrently conjectured to be fairly small, but with a high 
tential total value due to  its reported excellent 
icosity characteristics (15). 

nch Scale Purification and Polymerization 

e bench scale pyrolysis gas purification and poly- 
!rization flow diagram is shown in Figure 6. The 
?olysis gases are  first compressed to 3100 kPa (-450 
1. The purification starts 'with the removal of carbon 
bxide, hydrogen sulfide, and other water solubles with a 
I, aqueous solution of potassium carbonate (16). Next 
? desirable olefins are  absorbed in an organic solvent 
:h the by-product fuel gases passing through 
absorbed. The olefin rich solvent is then heated t o  
ve off the relatively volatile olefins (17). The purified 
:fins a re  then further compressed to 5200 kPa (-750 
),and fed Anto the polymerizing reactor held a t  about 
1 C (-850 F). The polymerizing reactor consists of a 
l e te r s  long by 1.3 cm diameter 316 stainless steel tube 

f t  by 112 in dial immersed in a boiling sulfur bath. 
E boiling sulfur bath has an extremely high heat 
nsfer capability and serves to  maintain a constant 
nperature as it removes the heat of polymerization. 
s polymerization reaction proceeds under these 
~ditions of heat and pressure without catalysts to  form 
product consisting primarily of gasoline. After 

polymerization, the hot gasoline vapors are  cooled, 
condensed, and stored. Unpolymerized olefins can be 
recycled. 

This bench-scale system is in the final stages of 
debugging. The hot carbonate system for carbon dioxide 
removal is very selective and has resulted in a carbon 
dioxide stream .having a purity of greater than 99% by 
volume with the primary contaminant being acetylene. 
The potassium carbonate solution is easily regenerated, 
although i t  does require a ~onsidergble amount of energy 
to boil the, solution a t  120 C (250 F). The hydrocarbon 
absorption system needs additional tuning, but has 
resulted in a byproduct gas stream containing 2 0 8  
hydrogen, 5% nitrogen, 11% methane, 61% carbon 
monoxide, and 2 to  3% gasoline precursors (mostly 
ethylene and propylene). . The hydrocarbon stripper 
system also needs some additional tuning, but it  has 
resulted in an enriched stream containing as high as 48% 
gasoline precursors with 4% hydrogen, 1% carbon 
dioxide, 1% nitrogen, 16% methane, and 29%. carbon 
monoxide as the impurities. 

The effect of these impurities in the polymerization was 
t o  lower the partial pressure of the reacting olefins to  
slow the bimolecular polymerization reaction. A longer 
residence time is indicated in the polymerizer reactor 
depending upon the relative purity attainable from the 
gas purification system. Using pyrolysis gases made 
from organics derived from trash, a small quantity of 
synthetic crude oil was produced from the partially 
purified gases available. This synthetic crude oil was 
distilled and 93% of it  boiled in the gasoline range. The 
distillation curve for the polymer gasoline made from 
pure ethylene was virtually identical t o  that for the 
gasoline made from trash derived organics. The physical 
appearance of the two synthetic gasolines is an identical 
very pale yellow and with a gasoline odor. Although 
sufficient gasoline made from pyrolysis gases has not yet  

BY-PRODUCT GASES 

KHS 

Fig. 6. Purification and Polymerization Schematic 
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been produced to allow an octane test to  be run, it  would 
appear reasonable to  expect it to have an octane rating 
similar to  that of the gasoline made from pure ethylene. 

Additional effort needs to  be expended in the bench scale 
system particularly in the areas of: low pressure 
pyrolysis gas scrubbing t o  more completely remove the 
tar  mists; the hydrocarbon absorption and stripping 
system to verify that  the reported high levels of gas 
purification can be attained with gases that contain 
carbon monoxide; the addition of a soaking chamber to  
the polymerizing reactor t o  increase the residence time 
t o  increase the conversion per pass; the addition of a 
recycle loop around the polymerizer t o  increase the 
overall yield; the full characterization of the synthetic 
gasoline and oil product; and the evaluation of feedstocks 
other than traoh de~ivcd  organico. A modact program to 
pyrolyze pure cellulose and pure lignin powders t o  be 
able to project biomass potential for this process has just 
been started with funding from the Solar Energy 
Research Institute. 

It  was noted previously that  the pyrolysis conditions used 
in development for organic waste a re  very similar to  
those used to pyrolyze crude oil and naphtha to ethylene. 
It  follows that once the solid wastes are  fluidized by the 
carrier gas stream, that  the technology exists in the 
petrochemical and petroleum industry to  design and build 
commercially-sized organic waste pyrolysis units. Since 
similar compression, purification, and polymerization of 
the gaseous hydrocarbons have all been commercialized 
in the past, i t  would appear that the process could be 
contracted to any one of several petrochemical or 
petroleum construction firms with a fairly low technical 
risk. For pilot plant demonstration purposes, i t  may be 
economically advantageous to  add this gasoline module 
t o  an existing trash processing plant already in operation 
or to locate i t  in an area having several types of agri- 
cultural wastes available. 

PRELIMINARY ECONOMICS 

Municipal Waste Feedstock 

To determine the economic feasibility of the process to 
convert municipal trash into gasoline requires a long list 
of assumptions. For the use of municipal trash as feed- 
stock i t  was assumed t o  contain 60% dry, ash free 
organic material, 13% inorganics (iron, aluminum, and 
glass), and the balance moisture. A credit of $4.85 per 
tonne ($4.40 per ton) of trash processed was assumed for 
the value of the reclaimed metals and glass. A yield of 
0.19 liters of hydrocarbon liquids per kilogram (45 
gallton) of trash processed was assumed. The relative 
economics of the process were taken to be a function of 
source of capital, plant size, gasoline (hydrocarbon) 
value, and the dump fee per tonne of trash credited to 
the process. The plant size can.  be converted to  the 
population served by the process by assuming a daily per 
capita trash .generation rate  of 2.27 kglday (2.5 
tonsI1000 daily people). The capital and operating cost 
figures a re  based on those generated by an outside 
petrochemical consultant under contract to EPA for a 
100 ton per day plant during their evaluation of the 

process. The consultantts cost estimate in early 1978 
was $7.6M capital costs and $1.1M annual operating c 
(exclusive of debt service). The capital costs we 

whereas 0.20 was used as the labor cost factor. 

4 
scaled using 0.65 as  the exponential scaling factor, 

As will be illustrated, the method of financing the  
construction costs has a significant impact on the 
apparent economics of the process. Figure 7 shows the 
economics for a plant financed a t  an interest rate of 8% 
and a 25 year amortization. This would be fairly typict~l 
of a municipally financed plant which could be operated 
either by the municipality or by a contractor. It is seen 
that  with a $10/tonne dump fee credited to  the plant 
that  a 250 tonnelday plant would produce gasoline worth 
$O.lO/liter ($0.38/gallon). 

8S MUNICIPAL AMORTIZATION 
Y.8SflONNE INORGANIC RECOVERY CREDIT 

OASOLlNC VALUE YLI'IER WGALI  

'00 . 250 64) 160 low 1QX) 

PLANTStZE. TONNE /DAY 
Fig. 7. Trash to  Gasoline Economics with Municipal 

Financing 

Figure 8 has the same assumptions as before, but wit1 
private enterprise involved a t  a 15% rate  of return. At ; 

15% rate  of return, the small 250 tonne per day plan 
with a $lO/tonne dump fee must charge about $O.2O/lite 
($0.75/gallon) t o  meet its financial obligations. Fo 
prlvnte onto~p~ico ,  l n ~ g a ~  plnrll tiizor UrQ rrlostrl: 
indicated. For example, a t  a 15% rate  of return and th 
same dump fee, a 500 tonne per day plant size i 
estimated t o  produce gasoline valued at  about $0.13/lite 
($0.50/gallon). 

16% RATE OF RETURN 
$4.85 /TONNE INORGANIC RECOVERY 

100 259 5Q) 750 loo0 ZCQO 
PLANT SIZE. TONNE I DAY 

Fig. 8. Trash to Gasoline Economics with 
Financing 



le  500 tonne per day plant therefore appears to be an 
omically interesting size. One of the problems in 
ating the economics of this system is to project the 

e of gasoline over the estimated 25 year life of the as 
ant. Figure 9 shows the rate of return on the 
vestment for a 500 tonne per day plant using the same 
s e s  as before. With a $10 per tonne dump fee and a 
lrrent $0.685/gallon wholesale gasoline value, a 23% 
te of return would be realized. If the wholesale value 
gasoline were $1.00 per gallon, the projected rate of 

turn would be 34%. 

biomass-togasoline plant were to be located at the 
center of a biomass producing area having an assumed 
annual biomass production rate of 11.2 tonnelhectare (5 
tonslacre), the necessary biomass could be raised within 
a 10.2 km radius. Long hauling distances would not seem 
to be involved with this process and the gasoline 
produced would be consumed relatively locally. 

-- 
PLANT SIZE. TONNEIDAY 

Fig. 10. Biomass-to-Gasoline Economics with Private 
Financing 
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Fig. 9. Rate of Return for 500 Tonne/day Trash Plant 

omass Feedstock 

le process to convert trash to gasoline is thought to be 
plicable also to agricultural and silvicultural materials. 
lese organics could be a mixture of wastes and/or 
~ter ia l  specifically grown for conversion to fuel. The 
jumptions were modified somewhat to reflect the lack 
metal and glass recovery equipment and the lack of 

ese salvage products. The feedstock was assumed to 
ntain 90% dry, ash-free organic material. The yield of 
soline per unit weight of organic material was assumed 
be the same as with municipal trash derived organics. 

nilar economic trends are observed with the biomass 
xessing plants as with the trash plants, but the 
onomical size of the biomass plants is larger than that 
the trash plants due to the difference in feedstock 

st. 

interest private capital a t  a 15% rate of return, a 
00 tonne per day plant could pay $30 per tonne of 
~anics and charge $0.72 per gallon as can be seen in 
gure 10. Examining a 1000 tonne per day plant in more 
tail, in Figure 11 it is seen that if the feedstock cost is 
Dltonne and the local wholesale gasoline value is $1.00 
: gallon, the projected rate of return would be 31%. 

ese economic predictions for the process point out 
it for the process to be able to buy the organic 
!dstock, fairly large plants will need to be constructed. 
wever, by commercial standards these plants at the 
I0 tonne/day size are in reality not very large and 
uld have an output .of a fairly small oil refinery '(less 
tn 2000 barrel per day). If the 1000 tonnelday 

Fig. 11. Rate of Return for 1000 tonnelday Plant 

SUMMARY 

This process converts organic waste materials into the 
basic hydrocarbon building blocks, i.e. the olefins: 
ethylene,' propylene, and butylene. Although these 
compounds could be used as highly valued 
petrochemicals, they can also be profitably converted to 
a high octane, unleaded gasoline with only a small 
amount of fuel and lubricating oils as the by-products. 
The process utilizes a high temperature, short residence 
time pyrolytic process with steam dilution to optimize 
the production of the desired gaseous olefins. This 



process is virtually identical to that used by the petro- 
chemical industry t o  make' ethylene and propylene from 
crude oil. Once the gaseous olefins a re  produced, the 
technology required t o  convert them into gasoline is 
state-of-the-art. Experimentation on a 5 kg/hr bench 
scale system has demonstrated the selective pyrolysis to  
form unusually large amounts of the desired olefins as 
well as  their purification and subsequent polymerization 
t o  gasoline. It is projected that  about 1.8 U.S. petroleum 
barrels of gasoline can be produced per ton of dry ash 
f ree  organic material or about a 50% efficiency in 
energy conversion. The economic projections indicate 
that  this process will be viable in moderately sized plants 
which could be widely dispersed. 

Although some additional bench-scale process 
development work is needed, it  is timely t o  make long 
range plans to  exploit this technology. The outlook of 
rising trash disposal costs and restrictions on agricultural 
burning of wastes, as well a s  increased petroleum costs 
combine t o  make the potential of this process very 
promising. 
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ECONOMIC mSIaILITY ASSESSMENT OF SIQMASS LIQWACTION 

Sabri Ergun 
Energy & Environment Division 
Lawrence Berkeley Laboratory 
University of California 
Berkeley, California 

Abstract 

reral assessments have been made of the ncnnmic 
~sibility of liquefaction of organic municipal 
jte and/or biomass since 1972, placing the 
.&even cost of liquefying from about $16.00/dry 
1 to over $58.00/dry ton cellulosic material 
xessed, exclusive of the cost of biomass, in 
ints pr,ocessing roughly 2,500 dry tons biomass 
ily. 

; studied the cost assessments in order to trace 
? origins of disparities and to identify the unit 
brations or unit processes that are costly so 
at the fl & D effort could be diverted to find 
.utions to the costly steps. The major causes 
the disparity (corrected for inflationary trends) 
-e traced to the differences in the interpreta- 
>n of process chemistry. The LBL analysis 
Licated that the econonic feasibility of bio- 
rs liquefaction approaches that of coal lique- 
:tion in spite of the fact that the biomass 
luefaction plants have to be smaller by an order 
magnitude. 

. . 
INOMIC FEASIBILITY ASSESSMENT 

.s economic feasibility assessment concerns the 
-eau of Mines process for which the Albany facil- 
' was designed.and built and which is now being 
Luated. On the basis of bench scale experiments, 
Tence Berkeley Laboratory (LBL) conceptualized 
,ee optional biomass liquefaction processes, one 
which has already been tested at Albany, Oregon 
, found to be chemically and technically feasible. 
other two process options are scheduled to be 
ted at Albany during July 1979. The cost assess- 
t made in this report pertains to the Bureau of 
es process. 

1973, Dfivo Corporation was commissioned by the 
eau of Mines to make a technical and economic 
sibility study of biomass liquefaction by a. 
cess conceptualized at the Bureau of Mines and 
provide the conceptual design of e process 
elopment unit (FDU) that would permit the dwel- 
ent of the process should the process economics 
roach econmic feasibility. The ~Favo study 
ced the breakeven cost of oil produced at 
00/bbl exclusive of .the cost of raw material. 

8 years later, National Science Foundation com- 
sioned Bechtel Corporation to make a technical 
. economic desirability study of organic waste 
uefaction in order to assess the operational 

of the PDU by ERDA. ?hi Bechtel 
aced the breaeyen C Q S ~  at $i6.13/bbl. 

During the sane year Battelle Pacific Northwest 
Laboratories (PNL) made an independent analysis 
of the process for ERDA as a part of a study de- 
signed to explore the best use of the facility. 
The Battelle study placed the breakeven cost at 
about $12.00/bbl. 

The plant construction was completed during Decem- 
ber of 1976 and Bechtel Corporation was contracted 
to commission the facility, and conduct some exper- 
imental runs. The final Bechtel report (June 1978) 
included a cost analysis of the process which 
placed the breakeven cost of oil produced at 
$29.00/bbl, exclusive of the raw material cost, 
from a plant processing 2,500 TPD dry wood. Al- 
though Bechtel strongly recammended the continua- 
tion of the development program with the stated 
belief that the costs can be reduced through de- 
velopment, the high cost caused concern and LBL was 
asked to review the cost estimates. 

Bechtel conceptualized two integrated plants, one 
for liquefaction, another one for gasification to 
provide synthesis gas for the liquefaction plant 
and other heat requirements. Each plant was sized 
to process 1,250 dry tons daily. The cost esti- 
mates nade by Bechtel included the items listed 
below: 

1. Annualized direct costs,: site and yard, civil/ 
structural, mechanical, piping and instruments, 
electrical, indirect (80% of labor), engineer- 
ing, and uncertainty (20%). 

2. Owner costs: land, startup, A F D C ,  and miscel- 
laneous (4% of the total construction costs). 

3. Operating costs: labor and material for main- 
tenance, operating labor, supervision, adminis- 
tration and overhead, supplies, local taxes and 
insurance, and utilities. 

The cost estimates were thorough and consenrative. 
Tne totals translate into a wood processing'cost of 
$58.00/dry ton. Bechtel has assumed that 2 bbls 
oil (a round figure) would be produced per dry ton 
total wood utilized. The $39.00/bbl figure trans- 
lates into $78.00/dry ton. Subtracting the cost 
of 'wood ($20.00/dry ton), the. cost of processing 
becomes $58.00/dry ton. 

A n  examination of the cost breakdown for the two 
plants leads to the following figures for process- 
.ing costs: 

1. Tho oo~t of liqucwing woad in &4C.O0,'dry Lul l .  



2. The cos t  of g a s i e i n g  wood i s  $ 7 4 . 0 0 / ~ 7  ton.  
The average being $58.00/ton. 

To t r ans l a t e  these operating cos ts  t o  a breakeven 
cos t  for  t h e  o i l  produced, Bechtel made the  follow- 
ing assumptions : 

1. Fi f ty  l b  dry wood w i l l  y ie ld  35 l b  o i l  upon li- 
quefaction. 

2. Fi f ty  l b  dry wood has t o  be gas i f ied  t o  produce 
the carbon monoxide needed f o r  l iquefaction 
and process heat requirements. 

3. The o i l  produced has a heating value of 15,000 
~ t u l b b .  

4 .  The gross thermal ef f ic iency of the  process is  
66%. 

Neither t he  conceptual design nor the  operating 
cos ts  a r e  i n  question. However, the  assumptions 
c i t e d  above are  not acceptable. 

Assumption 1 requires an o i l  y ie ld  of 70%! Exper- 
imental r e s u l t s  obtained a t  the Bureau of Mines, 
PNL, and LBL indicate t h e  y ie ld  of an o i l  having 
t h e  composition assumed by Bechtel cannot exceed 

- 58%. I f  the  Bechtel cos t  estimate is corrected 
f o r  t h i s  lower y ie ld ,  t h e  cost of o i l  would be 
$49.00/bbl instead of $30.00/bbl. This assump- 
t i o n  i s  over-optimistic. 

Assuqt ion  2 i s  a consequence of the reaction s t o i -  
chiometry assumed by Bechtel. There %re no data  
i n  the l i t e r a t u r e  indicating t h a t  carbon monoxide 
consumption is over sevenfold t h a t  determined by 
t h e  Bureau of Mines. This a s s u q t i o n  i s  very 
pessimist ic.  

Assum~tion 3 i s  baseless.  .4n o i l  having the compo- 
s i t i o n  t h a t  Bechtel a s s u e d ,  i . e . ,  23% oyygcn, ?s 
l i ke ly  t o  have a heating value of about 13,300 Btu/ 
l b  and not 15,000. This assumption is  very opt i -  
mistic. 

A s s m ~ t j ~ n  4 may not be regarded, as  an assuuptibn 
because it i s  t he  consequence of the  three  pYeCeb- 
ing assumptions. However, we a re  not sure of t h i s .  
This may have been the  assumption t h a t  d ic ta ted  or 
influenced assumptions 2 and/or 3. I f  corrected 
fo r  lower o i l  y ie ld  end lower Btu value, the gross 
thermal ef f ic iency of t h e  process would be 48% 
instead of 66%. Even a 66% gross thermal e f f i -  
ciency i s  extremely conseyat ive  fo r  a l iquefaction 
process ( fo r  coal  it is about 80%). 

In summary, the  chemical and stoichiometric bases 
of cost estimates are  fraught with many inconsis- 
tencies and inval id  assumptions. 

After a careful  evaluation or the  r e s u l t s  of rece~li; 
research on wood l iquefaction a t  PNL and LBL, and 
comparing these r e s u l t s  with those reported by the  
Bueau of Mines, we'arrived a t . t h e  chemical bases 
l i s t e d  below: 

2. Twenty ton dry wood w i l l  be gas i f ied  t o  pro 
the  carbon monoxide and heat requirements. 

3. The o i l  produced w i l l  m e  a heating value of 
about 13,500 Btn/lb . 

These bases lead t o  a gross thermal efficiency of 
about 78%, i. e .  , do not include the e l e c t r i c i t y  
used. 

Using the  chemical bases l i s t e d  above and process 
costs  provided by aechte l ,  the  breakeven cost  of 
o i l  is as  shown below: 

The fac tor  350/2000 converts barre ls  t o  tona. 

The cheniical bases l i s t e d  above require a l a rge r  
l iquefaction plant (80 vs. 50) and a smaller gasi-  
f i ca t ion  plant (20 ss. 50) than those assumed i n  
the  Bechtel conceptutil design. I f  rre adjust the 
processing costs  fo r  changes i n  plant sizes (42 
becomes 36.5 and 74 becames 97),  the  cost i nc reas~  
by only $1.00. However, we cannot take the  $97.01 
f igure  seriously.  

In summary, had Bechtel interpreted the reaction 
chemistry properly, they would hzve arrived a t  a 
breakeven cost of about $26.00/bb1 and an o i l  
y ie ld  33% higher than they projected. 

In  te rns  of heating value ,of t he  o i l  produced, t h  
l a t e s t  Bechtel cost estimate places the  breakeven 
cost of o i l  a t  $6.13/m Btu, exclusive of the  
material  cost  ( $ 8 . 2 5 1 ~ ~  Btu including the  cost of 
the  wood). The cost estimate revised by LBL plac 
the  corresponding costs  a t  $3.86 and $ 5 . 4 6 / ~ ~  Btu 
respectively.  In the  Bechtel report  the  cost of 
o i l  produced from coal  by the  SRC I1 process i s  
placed betwccn $3.00 and $L. r30/MM R t r l  includfrig 
the  cost of coal. I f  we assign $1.00/MM Btu for  
the  cost of the  coal and 80% fo r  thermal ef f ic ien  
the  cost  of the  SRC. I1 o i l  would be between $1.7 
and $2.75/m Btu. I f  the  l a t t e r  f igures are  t ran  
l a t ed  in to  plants processing 3,000 TPT) cod. ins te  
or jU,UU0 TFb, Ll~c CUJL UP pr~ccaalng ~ r o u l d  near1 
double, i. e .  , $3.50 t o  $5.50/HM atu.  Considerin@ 
the  f ac t  t h a t  biomass i s  much more reactive than 
coal ,  l i que f i e s  a t  much lower temperatures (680°? 
vs. 8 6 0 ° ~ ) ,  does not require pure hydrogen m d  
contains no elaborate cleanup system in  the lique 
faction process because it contains l i t t l e  o r  no 
sul fur ,  nitrogen, and ash, the  cost f igure revise 
i n , t h i s  report  I s  very co~~sa rvu t ive .  In i t o  
conceptual design Bechtel incorporated an expensj 
product o i l  recovery systen and a very expensive 
gas cleanup systen - + t h o u t  a va l id  6ata base. 

1. Eighty ton dry wood - + r i l l  y i e ld  k6 .4  ton o i l  
( 58% conversion efficiency ) upon l iquefaction.  





THE BURNING ISSUE 
(Banquet Address) 

Pau l  F. Bente,  Jr. 
Execut ive  D i r e c t o r  

The Bio-Energy Council  

d i e s  and Gentlemen: 

e m o s t  urgent  i s s u e  of our  times i s  t h e  r a p i d l y  
panding popu la t ion  of t h e  world.  Two symptoms of 
i s  phenomenon a r e  1 )  i n t e n s i v e  farming t o  produce 
od and 2) t h e  e x p l o i t a t i o n  of t h e  w o r l d ' s  non- 
newable r e sources .  Both symptoms have a common 
a r a c t e r i s t i c  -- heavy consumption of l i q u i d  and 
seous  f o s s i l  f u e l s .  

.n t h a t  be  a l l  had? Our food product ion is  
undant ,  even s u f f i c i e n t  t o  f o r e s t a l l  famines i n  
h e r  p a r t s  of t h e  uor ld .  C e r t a i n l y ,  a l a v i s h  
pp ly  of m a t e r i a l  goodies  has  placed u s  i n  t h e  l a p  

luxury.  From t h a t  p e r s p e c t i v e  one might say  
o f a r ,  s o  good." 

. i s  reminds me of t h e  s t o r y  you have probably 

.ard ,  bu t  s i n c e  I have t h e  microphone, I ' l l  t e l l  
anyway. An o p t i m i s t  a t t ended  a c o c k t a i l  p a r t y  

. t h e  top  f l o o r  of a h igh  r i s e  apartment bu i ld ing .  
more and more g u e s t s  a r r i v e d ,  he  f i n a l l y  go t  

.owded o f f  t h e  balcony. As he  f e l l ,  peop le  on t h e  
bwer f l o o r  b a l c o n i e s  heard him r e p e a t i n g  t o  him- 
I f ,  "So f a r ,  s o  good. So f a r ,  s o  good:" 

.s s e l f  a s su rance  seems t o  me t o  b e  a t  t h e  h e a r t  
t h e  problems I want t o  d i s c u s s .  H i s  r a t i o n a l e  
t y p i c a l  of mankind's o b s t i n a t e  r e j e c t i o n  of 

: a l i t y  and mankind's c o l l e c t i v e  f a i l u r e  t o  make 
!me hard d e c i s i o n s .  These d e c i s i o n s  a r e  necessa ry  
1 r e c o n c i l e  demands f o r  more and more energy and 
b t e r i a l s  wi th  t h e  i n e v i t a b l e  d e p l e t i o n  of t h e  
m-renewable r e sources  from which they  a r e  der ived.  
*en product ion of food must b e  under taken wi th  due 
ire s o  a s  no t  t o  des t roy  renewable p a s t u r e s  and 
.oplands. Th i s  f a t e  h a s  a l r e a d y  b e f a l l e n  v a s t  
.eas i n  t h e  world because of overuse  and c a r e l e s s  
inning t h a t  causes  e ros ion .  By causing a tremen- 
 us amount of d e f o r e s t a t i o n ,  food p roduc t ion  has  
' t e n  been coun te r  p roduc t ive .  

!t me r e t u r n  t o  t h e  b a s i c  i s s u e  of popu la t ion  
:owth. Within my l i f e t i m e  modern advances i n  
td i c ine  and s a n i t a t i o n  have sp read  worldwide. 
 is h a s  improved t h e  h e a l t h  and inc reased  t h e  
m g e v i t y  of a l l  peoples  remarkably. Babies  fo r -  
zr ly  doomed t o  d i e  now s u r v i v e  t o  become p a r e n t s .  
)nsequent ly ,  popu la t ion  h a s  expanded a t  a mind 
)ggl ing r a t e  (sometimes r e f e r r e d  t o  a s  geometr ic  
:owth) . 

Throughout e a r l y  unrecorded and recorded ages  of 
t ime,  world popu la t ion  grew very s lowly,  f i n a i l y  
r each ing  t h e  one b i l l i o n  mark by t h e  yea r  1830. 
It took only  100 y e a r s  more f o r  t h e  popu la t ion  t o  
double.  I n  t h e  nex t  30 y e a r s  i t  added t h e  t h i r d  
b i l l i o n .  The f o u r t h  b i l l i o n  a r r i v e d  a f t e r  15  more 
y e a r s  -- t h a t  i s ,  by 1975. Today, t h e  world 
popu la t ion  has  a l r e a d y  passed 40 pe rcen t  of t h e  
f i f t h  b i l l i o n .  

People who a r e  now 70 y e a r s  old  have l i v e d  through 
a growth of 2-1/2 b i l l i o n  i n  world popu la t ion .  I f  
such a growth r a t e  were t o  con t inue ,  and I s e r i o u s -  
l y  d o u b t . i f  it could be  s u s t a i n e d ,  those  who a r e  
born today and l i v e  t h r e e s c o r e  y e a r s  and t e n  w i l l  
s e e  t h e  world popu la t ion  i n c r e a s e  about 5 t imes 
more than d i d  t h e  sep tuagenar i an  of today. How t o  
cope wi th  t h e  popu la t ion  exp los ion  is  mankind's 
g r e a t e s t ' c h a l l e n g e .  As one wag s a i d ,  "We simply 
c a n ' t  grow on l i k e  th is!"  

The l a s t  cen tu ry  h a s  produced an e q u a l l y  mind 
boggl ing technblogy explosion.  Th i s  has  bo th  
enabled and induced mankind t o  t a p  t h e  wor ld ' s  non- 
renewable and renewable r e sources  a t  f a n t a s t i c  
r a t e s .  Over t h e  y e a r s ,  on t h e  average,  each i n d i -  
v i d u a l  o f  t h e  expanding popu la t ion  is consuming 
eve r  g r e a t e r  q u a n t i t i e s  of m a t e r i a l s  and foods. 
Those who haven ' t  y e t  s t a r t e d  t o  consume more, a r e  
a s p i r i n g  t o  do so. Those who a l r e a d y  have a n  
abundance have developed an  i n s a t i a b l e  a p p e t i t e  f o r  
more. They o f t e n  r e f e r  t o  t h e  "have-nots" a s  
having " r i s i n g  expec ta t ions . "  Th i s  phenomenal 
growth i n  consumption would no t  have been p o s s i b l e  
wi thout  cheap energy de r ived  from f o s s i l  f u e l s .  

We could spend a l l  n i g h t  on s t a t i s t i c s  documenting 
i n c r e a s i n g  consumption of m a t e r i a l s  wrested from 
t h e  e a r t h  w i t h  cheap energy. But I s h a l l  c i t e  only  
a few which t y p i f y  t h e  t r end .  World-wide produc- 
t i o n  of automobi les  had by 1975 grown t o  about  
25 m i l l i o n  p e r  y e a r ,  and t h a t  of buses  and t r u c k s  
t o  about 8 m i l l i o n .  These have a f e r o c i o u s  t h i r s t  
f o r  l i q u i d  f o s s i l  f u e l s .  The U.S. f l e e t  of about 
100 m i l l i o n  a u t o s  consumes about 100 b i l l i o n  
g a l l o n s  of g a s o l i n e  p e r  y e a r .  T h a t ' s  about twice  
a s  much a s  can be produced from our  coun t ry ' s  o i l  
w e l l s ,  A laska ' s  included.  I n  o t h e r  words, h a l f  of 
t h e  motor f u e l s  we consume comes from imported 
petroleum. 



S o c i e t y  today h a s  n o t  on ly  become v e r y  mobile.  I n  
a d d i t i o n  i t  has  become dependent on export / import  
o f  c o u n t l e s s  m a t e r i a l s  and p roduc t s  from a l l  p a r t s  
o f  t h e  world.  Shipping t h i s  seemingly inexhaus t i -  
b l e  supply of goods a l s o  depends on l i q u i d  f o s s i l  
f u e l s .  We n i g h t  s a y  t h a t  today ' s  way o f  l i f e  is 
founded on petroleum, which we now f i n a l l y  under- 
s t a n d  is  d i sappear ing .  

The f i r s t  t h i n g  we must do  is  u s e  l e s s  energy by 
w i n g i n g  more goods and s e r v i c e s  o u t  of t h e  energy 
we use .  T h i s  means more t h a n  e l i m i n a t i n g  waste  o r  
s imply c u t t i n g  back on what we do i n  o r d e r  t o  con- 
s e r v e ,  bo th  noble  o b j e c t i v e s  i n  themselves.  Im- 
proving e f f i c i e n c y  i n  u s e  o f  energy must become a 
new way o f  l i f e .  

The Council  on Environmental Q u a l i t y  h a s  p resen ted  
t h i s  p i c t u r e  c l e a r l y  i n  i t s  r e c e n t  r e p o r t  "The 
Good News About ~ n e r g y . ' '  It p o i n t s  ou t  t h a t  growth 
i n  energy u s e  by t h e  end of t h e  cen tu ry  can be  r e -  
duced t o  no more t h a n  10  t o  15 p e r c e n t ,  i n s t e a d  of 
t h e  250 p e r c e n t  i n c r e a s e  over  1970 usage t h a t  was 
p r e d i c t e d  b e f o r e  t h e  o i l  embargo occurred.  

Th i s  change can occur  a s  we apply c o s t  e f f e c t i v e  
measures t h a t  i n c r e a s e  energy p r o d u c t i v i t y .  Th i s ,  
i n  t u r n ,  w i l l  have a p o s i t i v e  e f f e c t  on employment, 
provide a h igh  s t andard  o f  l i v i n g ,  cause  cont inued 
economic expansion and h e l p  f i g h t  i n f l a t i o n .  
F u r t h e r ,  t h i s  w i l l  b e n e f i t  t h e  environment by 
c a u s i n g ' l e s s  p o l l u t i o n .  Before  moving on t o  o t h e r  
themes, l e t  me t a k e  t h e  fo l lowing  a s  a given,  ' 

namely, t h a t  r e g a r d l e s s  o f  t h e  source  of energy,  we 
w i l l  l e a r n  t o  use  i t  more e f f i c i e n t l y ,  g e t t i n g  more 
goods and s e r v i c e s  from a l l  t h e  energy t h a t  i s  
used.  

Although i n  our  s o c i e t y  one can s t i l l  u s e  a s  much 
energy a s  one wishes ,  o r  a s  one can  a f f o r d ,  ob- 
v i o u s l y  a person can on ly  e a t  s o  much. Food, a f t e r  
a l l ,  is  a renewable r e source .  I f  t h a t  r eason ing  
were c o r r e c t ,  we could conclude t h a t  a t  l e a s t  ou r  
e a t i n g  h a b i t s  a r e n ' t  compounding t h e  d e p l e t i o n  of 
non-renewable r e sources .  But t h a t  r eason ing  over- 
looks  t h e  f a c t  t h a t  t h e r e  has  a l s o  been a l a r g e  p e r  
c a p i t a 4 n c r e a s e  i n  food consumption i n  t h e  more 
developed c o u n t r i e s  of t h e  world. 

Th i s  has  occurred because of advances i n  a g r i c u l -  
t u r e  which have a l s o  occurred i n  my l i f e t i m e  -- 
namely, growing huge amounts of co rn  and o t h e r  
g r a i n s  a s  feed f o r  l i v e s t o c k  i n  o r d e r  t o  have 
p l e n t y  of w e l l  marbled meat i n  t h e  marketplace .  
S p e c i f i c a l l y .  U.S. farms produce about 7 b i l l i o n  
bushe l s  o f  corn p e r  yea r  on 65 m i l l i o n  a c r e s  of 
good farmland. Ninety-f ive  pe rcen t  of t h a t  corn i s  
f e d  t o  l i v e s t o c k .  

Farm product ion h a s  been more tnan doubled by 
g e n e t i c  improvements coupled wi th  i n t e n s i v e  a g r i -  
c u l t u r a l  p r a c t i c e s .  These r e q u i r e  much l e s s  man- 
power than  e a r l i e r  methods of farming b u t  a g r e a t  
d e a l  more energy,  aga in  most ly  i n  t h e  f o r n  of 
petroleum f u e l s .  These a r e  used t o  run t r a c t o r s ,  . 
combines and o t h e r  farm equipment, t o  manufacture 

f e r t i l i z e r s ,  i n s e c t i c i d e s ,  h e r b i c i d e s  and fungi- 
c i d e s  and t o  p rov ide  necessa ry  t r a n s p o r t a t i o n .  

The non-farm popu la t ion  i n  t h e  food system then 
u s e s  large 'amounts  of energy t o  p rocess ,  package, 
d i s t r i b u t e  and merchandise t h e  food. The con- 
sumers a l s o  u s e  l a r g e  amounts of energy d r i v i n g  t o  
t h e  supermarkets  and f i n a l l y  cooking t h e  food. 

Al toge the r ,  about  13 pe rcen t  of t h e  energy con- 
sumed i n  our  country  ( o r  about  10  Quads) is used 
t o  p u t  food on our  t a b l e s .  Only about  one-fourth 
o f  t h i s  is a c t u a l l y  used on t h e  farms. To t h i n k  
t h a t  our  foods  a r e  s a f e  because they a r e  produced 
from renewable r e sources  is a myth. Our food 
supply is now h e a v i l y  dependent on non-renewable 
energy. I f  we run s h o r t  of petroleum, we may n o t  
on ly  h a v e . t o  d r i v e  less, we may have t o  e a t  l e s s ,  
o r  a t  l e a s t  e a t  l e s s  corn-fed beef .  

Without doubt ,  h i s t o r y  w i l l  record t h a t  i n  our  day 
and age we consumed most of t h e  wor ld ' s  pee ro leua  
r e s o u r c e s  and q u i t e  p o s s i b l y  most of t h e  n a t u r a l  
gas  r e sources .  W i l l  h i s t o r y  a l s o  e v e n t u a l l y  r ecord  
t h a t ,  b e f o r e  t h e  f o s s i l  f u e l s  r a n  o u t ,  we managed 
t o  swi tch  complete ly  t o  renewable energy? That is 
t h e  burning i s s u e  which we must address .  

I c o n g r a t u l a t e  you f o r  having ded ica ted  yourse lves  
t o  t h a t  t a sk .  You have an  as su red  p l a c e  i n  h i s -  
t o r y  a s  having been among t h e  e a r l y b i r d s  who took 
t h e  f i r s t  s e r i o u s ,  though somewhat f a l t e r i n g  s t e p s  
i n  t h a t  d i r e c t i o n .  It w i l l  probably t u r n  o u t  t h a t  
many of t h e s e  s t e p s  were r a t h e r  meandering and of-  
t e n  l e d  down b l i n d  a l l e y s .  But some, I b e l i e v e ,  
w i l l  b l a z e  a pathway t o  success .  

W e  a r e  still ,  r e l a t i v e l y  speaking,  i n  t h e  da rk .  
ages  i n  terms of making e f f i c i e n t  and e f f e c t i v e  
u s e  of t h e  r a d i a n t  energy s e n t  o u t  by t h e  sun. We 
s t i l l  have a g r e a t  d e a l  t o  l e a r n  i n  o r d e r  t o  t a p  
t h e  vasc  s to rahouso  o f  green.energy c o l l e c t e d  b y .  
p l a n t s .  

The amount of s o l a r  energy is simply s t agger ing .  
Le t  me g i v e  you t h e  round numbers f o r  t h e  bio- 
energy por t ion .  Although p l a n t s  c a p t u r e  only  
about  1 , p i r c r r ~ t  of s o l a r  r a d i a t i o n ,  they a t e r a  up 
some 20 t imes a s  much energy i n  a yea r  a s  t h e  whole 
world now uses .  Today biomass is t h e  main source  
of f u e l  f o r  h a l f  of t h e  people  i n  t h e  world.  It 
h a s  been es t ima ted  t h a t ,  used e f f i c i e n t l y ,  10  per- 
c e n t  of t h e  wor1d"s c u r r e n t  y e a r l y  product ion of 
biomass could r e a d i l y  meet t h e  e n t i r e  p ro jec ted  
year-2000 requirements  f o r  food and energy,  bu t  n o t  
i f  t h e  whole world l i v e s  u11 a s  grand and w a s t e f u l  
a s c a l e  a s  we do. 

A tremendous amount of p rogress  must b e  made be fo re  
bio-energy can r e a l i z e  i t s  p o t e n t i a l .  There is  
a l r e a d y  cons ide rab le  a c t i v i t y  going on i n  t h e  bio-  
energy f i e l d ,  bu t  we l o c k  on adequace invontory of 
what is occur r ing .  

The Bio-Energy Counci l ,  w i th  which I am a f f i l i a t e d ,  
h a s  s t a r t e d  t o  address  t h i s  problem by pub l i sh ing  
t h e  Bio-Energy Di rec to ry .  The May 1979 Di rec to  
g i v e s  one-page summaries of almost 500 a c t i v i t  e going on i n  t h e  North American s e c t o r .  There a 



v i o u s l y  many more a c t i v i t i e s  i n  North America 

k t o  mention o t h e r  r eg ions  of t h e  world) which 
v e n ' t  y e t  l ea rned  about and some which we know 

t ,  bu t  which t h e  o r g a n i z a t i o n s  c a r r y i n g  o u t  
o-energy a c t i v i t i e s  d e c l i n e  t o  have pub l i c i zed .  

me a c t i v i t i e s  r epor t ed  a r e  e f f o r t s  t h a t  have been 
s t a i n e d  over  a pe r iod  of many y e a r s .  Some have 
ready been commercialized invo lv ing  major inves t -  
n t s .  Others  a r e  j u s t  g e t t i n g  s t a r t e d  o r  r e p o r t  
l y  t h e  c u r r e n t  l e v e l  of e f f o r t .  Some programs 
ve been proceeding which d u p l i c a t e - t h o s e  :of o t h e r s  
d e w a y  w i t h  t h e  same goals .  At b e s t ,  i t  i s  a 
xed bag. 

v e r t h e l e s s ,  i t  i s  i n s t r u c t i v e  t o  compare t h e  
gn i tude  of t h e  e f f o r t  t h a t  h a s  been launched by 
e Federa l  v e r s u s  t h e  non-federal  governments and 

t h e  p r i v a t e  s e c t o r ,  as compiled i n  t h e  Directory. 
d i n g  a l l  k inds  of d o l l a r s  t o g e t h e r ,  t h a t  i s  ex- 
n d i t u r e s  f o r  p a s t  work, investments  made, 
r r e n t  l e v e l  of spending and f o r e c a s t  expendi- 
r e s  g ives  t h e  fo l lowing  p i c t u r e .  

d e r a l  funding accoun t s  f o r  $180 m i l l i o n ;  non- 
d e r a l  government funding amounts t o  $160 m i l l i o n ;  
d p r i v a t e  s e c t o r  expend i tu res  a r e  about $600 
l l i o n ,  f o r  a t o t a l  of about $940 m i l l i o n .  Hoped- 
r f u t u r e  funding,  a s  d i s t i n c t  from f o r e c a s t  ex- 
n d i t u r e s ,  would add $30 m i l l i o n  t o  t h e  Federa l  
l l y  a s  w e l l  a s  t o  t h e  non-federal  government 
gure ,  and $585 m i l l i o n  more t o  t h e  p r i v a t e  
c t o r  t o t a l ,  i f  r e a l i z e d .  Adding t o g e t h e r  a l l  
mmitted f o r e c a s t  and hoped-for expend i tu res  
vered i n  t h e  Di rec to ry  g i v e s  a grand t o t a l  of 
a r l y  $1.6 b i l l i o n .  

e l i o n ' s  s h a r e  of t h i s ,  60 pe rcen t  of t h e  
mmitted and a l l  of t h e  hoped-for funding,  f a l l s  

t h e  a r e a  of thermal  convers ion of biomass. 
i s  c o n s i s t s  most ly  of combustion p rocesses .  
a r l y  30 p e r c e n t  more of t h e  committed funding 
.lls i n t o  t h e  a r e a  of biomass product ion,  c h i e f l y  
l a t e d  t o  f o r e s t r y .  Microbial  convers ions  com- 
i s e  8 pe rcen t  of fundings .  C e r t a i n l y  i f  unre- 
r t e d  investments  and R and D expend i tu res  made by 
e wood p rocess ing  i n d u s t r y  f o r  i n t e r n a l  use  of 
o cncrgy could be incllldpd, t h e  grand t o t a l  
u l d  be  s e v e r a l  t imes t h e  $1.6 b i l l i o n  repor ted .  

e of bio-energy i n  t h e  United S t a t e s  is  a l r e a d y  
, e a t e r  than most people  r e a l i z e .  It is  r e p o r t e d  

b e  about 1 .8  Quads p e r  yea r .  That is  e q u i v a l e n t  
I about  10  pe rcen t  of t h e  petroleum imported, and 
o u t  2 .5  pe rcen t  of t h e  t o t a l  energy consumed. 

.st month, S e c r e t a r y  Bergland s e t  some t a r g e t s  f o r  
:velopment of bio-energy. He s e t  t h e  g o a l  of 
~ v i n g  a l l  U.S. a g r i c u l t u r a l  product ion and a l l  
,rest p roduc t ion  and p rocess ing  o f  f o r e s t  p roduc t s  
come s e l f - s u f f i c i e n t  i n  n e t  energy by 1990 with- 
,t impa i r ing  p r o d u c t i v i t y .  I am glad t o  s e e  one 
m of t h e  government f i n a l l y  s e t  a g o a l  f o r  con- 
l rs ion of biomass t o  energy. 

.cording t o  t h e  S e c r e t a r y ' s  e s t i m a t e s ,  ach iev ing  
,is goa l  w i l l  r e q u i r e  p roduc t ion  of on ly  4 more 

PO of energy from biomass,  assuming a l l  t h e  

energy comes from t h a t  source .  This  goa l  i s  
judged t o  be "achievable" because t h e  "u l t ima te  
p o t c n t i a l , "  i s  s t p t ~ r l  hy t h e  USDA t o  be  "well  above 
10 Quads." Th i s  i s  a p o t e n t i a l  which won't pre- 
empt o r  i n t e r f e r e  i n  any way wi th  p r e s e n t  food 
product ion and i ts  system of  land s e t - a s i d e  s a f e -  
guards.  A f t e r  a l l ,  t h e  Emergency A g r i c u l t u r e  Act 
of 1978 p r o h i b i t s  growing g r a i n  f o r  a l c o h o l  on 
s e t - a s i d e  land.  The goa l  of 4 Quads impresses  me 
a s  be ing  a s a f e  b e t  on a business-as-usual  b a s i s ,  
p i ck ing  up t h e  e a s i e s t  p a r t  of t h e  more than 10  
Quad p o t e n t i a l  t h a t  i s  now untapped. 

What about a l s o  s e t t i n g  ou t  t o  use  farmlands and 
f o r e s t s  t o  enhance biomass product ion? The week 
b e f o r e  l a s t  a t  t h e  Purdue meet ing,  we were informed 
t h a t  by simply f e r t i l i z i n g  t h e  so-cal led marg ina l  
l a n d s  t h a t  l i e  e a s t  of t h e  M i s s i s s i p p i  R ive r ,  
t h a t  is,, t h e  30 m i l l i o n  a c r e s  of haylands ,  t h e  42 
m i l l i o n  a c r e s  of permanent p a s t u r e s ,  p roduc t ion  of 
g r a s s e s  could b e  inc reased  by over 200 m i l l i o n  d r y  
t o n s  above p r e s e n t  needs ,  enough t o  y i e l d  about 3 
Quads of bio-energy. The energy y i e l d  would be  
8 t imes t h e  energy pu t  i n  t o  ach ieve  t h i s  i n c r e a s e .  

Is t h i s  worth doing? It is e q u i v a l e n t  t o  10  per- 
cen t  of a l l  l i q u i d  f u e l s  consumption o r  20 pe rcen t  
of f u e l s  consumed on t h e  highways. 

We h a r v e s t  about 330-340 m i l l i o n  a c r e s  of cropland 
annual ly .  There is  more land t h a t  could b e  c u l t i -  
va ted  bu t  is  s e t - a s i d e  so  t h a t  farms d o n ' t  produce 
more than t h e  market can absorb.  Three ou t  of 
every 10  a c r e s  of croplands  produce p roduc t s  f o r  
expor t  t o  o t h e r  c o u n t r i e s .  I s n ' t  t h e  day dawning 
when we and o t h e r s  i n  t h e  world should s t o p  feed ing  
c a t t l e  and o t h e r  farm l i v e s t o c k  95 pe rcen t  of t h e  
co rn  produced on U.S. farmlands? Why n o t  add a 
1990 goa l  of making a l c o h o l  from h a l f  of t h i s  
g r a i n  and feed ing  t h e  p ro te in - r i ch  r e s i d u e s  t o  t h e  
c a t t l e ?  Of course ,  t h e r e  a r e  n o t  now l a r g e  expor t  
markets  f o r  d i s t i l l e r s  d r i e d  g r a i n s .  But,  w i t h  
t h e  tremendous world demand f o r  foods  and f e e d s  
and wi th  no o t h e r  coun t ry  having t h e  farms t h a t  
can meet t h i s  expor t  demand, it seems t h a t  economi- 
c a l l y  rewarding expor t  markets  f o r  t h e  p ro te in -  
r i c h  r e s i d u e s  l e f t  ove r  from a l c o h o l  p roduc t ion  
could b e  developed. That should b e  p a r t  of t h e  
rargec. 

We should s e t  much h igher  bio-energy g o a l s  f o r  t h e  
farm and f o r e s t r y  s e c t o r s ,  f o r  t h e s e  a r e  t h e  b a s i c  
sources  of biomass. For s t a r t e r s ,  t h e  USDA 1990 
goa l  of 4 Quads ought t o  b e  t r i p l e d .  

I n  a d d i t i o n  we should s e t  year-2000 and 2020 goa l s  
which inc lude  product ion of biomass by aquacu l tu re ,  
t h a t  is,  bo th  marine and f re shwate r  farming of 
wa te r  p l a n t s .  Likewise we need g o a l s  f o r  produc- 
t i o n  on land of t r e e s  and c rops  from g e n e t i c a l l y  
improved s t o c k s  developed s p e c i f i c a l l y  f o r  pro- 
d u c t i o n  of b i o f u e l s .  

L e t ' s  no t  f o r g e t  energy t h a t  can be  recovered from 
municipal  and i n d u s t r i a l  was tes .  N a t i o n a l l y ,  we 
should b e  a b l e  t o  r ecover  a t  l e a s t  one Quad of 
energy from such wastes .  We genera te  2 .3  l b s .  o f  
waste  pe r  person pe r  day i n  urban a r e a s  and 1 . 3  i n  
r u r a l  a r e a s .  I f  t h e r e  were a wnrld p r i z e  f o r  



waste  g e n e r a t i o n ,  we'd win i t  hands down. More- 
ove r ,  c u t r e n t  was te  h a n d l i n g  procedures  a r e  
coun te r  p roduc t ive .  Consider ,  f o r  example, t h a t  i t  
c o s t s  t h e  c i t y  of Columbus, Ohio between 112 and 
3/4  m i l l i o n  d o l l a r s  p e r  yea r  t o  bury g r a s s  
c l i p p i n g s !  

The USDA g o a l  should  b e  i n t e g r a t e d  w i t h  yet-to-be 
de f ined  g o a l s  of  t h e  Department of  Energy, t h e  
Environmental P r o t e c t i o n  Agency, t h e  Department of 
Defense ( t h e  l a r g e s t  u s e r  of energy) and o t h e r  
government agenc ie s .  W e  need a  Na t iona l  Goal. 

P r e s i d e n t  C a r t e r  a l l u d e d  t o  t h e  importance  of  b io-  
energy ove r  a  y e a r  ago when he  v i s i t e d  SERI on Sun 
Day (May 3 ,  1978 ) .  Ho promiocd then t h a t  by Labor 
Day a  Domestic P o l i c y  review would produce an 
assessmear  w i t h  some . We d o n ' t  have i t  y e t .  
Then t h e  Department ofoalS Energy announced t h a t  by t h e  
end of 1978 i t  would r e l e a s e  an a l c o h o l  s t u d y ,  pre- 
sumably a l s o  wi th  g o a l s .  We s t i l l  awa i t  t h i s  re-  
p o r t .  On May 4 ,  a  y e a r  and a  day a f t e r  P r e s i d e n t  
C a r t e r  spoke h e r e  on Sun Day, he  made a  speech i n  
Iowa endors ing  Gasohol and on-farm p roduc t ion  of  
e t h y l  a l c o h o l .  He announced $11 m i l l i o n  i n  funding 
f o r  100 s m a l l - s c a l e  p l a n t s  t o  produce a l c o h o l  a s  a  
t r a n s p o r t a t i o n  f u e l ,  namely Gasohol. He a l s o  re-  
f e r r e d  t o  $30 m i l l i o n  of  a l r e a d y  guaranteed l o a n s  
t o  c o n s t r u c t  a  l a r g e  Gasohol p l a n t  i n  F l o r i d a  and 
ano the r  i n  Texas. 

He s a i d ,  "Our b e s t  c a l c u l a t i o n s  a r e  t h a t  ou r  
Nat ion can  produce 300 m i l l i o n  g a l l o n s  of Gasohol 
annua l ly  by 1982 -- and doub le  t h a t  a g a i n  by 1985." 
The people  applauded,  b u t  d i d  they  unders tand? By 
my c a l c u l a t i o n s ,  t h e  300 m i l l i o n  g a l l o n s  of  Gasohol 
w i l l  r e q u i r e  30 m i l l i o n  g a l l o n s  of e t h y l  a l coho l .  
I f  we t a k e  a  g a l l o n  of  e t h y l  a l c o h o l  a s  e q u i v a l e n t  
t o  a  g a l l o n  of g a s o l i n e ,  t h e  30 m i l l i o n  g a l l o n s  of  
a l c o h o l  would ex tend  t h e  Na t ion ' s  100 b i l l i o n  
g a l l o n s  o f  g a s o l i n e  consumption by o n l y  0.03 of  one 
pe rcen t .  I n  t r u t h  i t  would be  n o t  much more than  
h a l f  of t h a t  i f  c o r r e c t e d  f o r  t h e  f u e l  t h e  farmer  
u s e s  t o  grow t h e  g r a i n s  needed t o  make t h e  a l c o h o l .  

Based on t h e  May 16 t e s t imony  o f  Alvin  L. Alm, 
DOE'S A s s i s t a n t  S e c r e t a r y  f o r  P o l i c y  and E v a l u a t i o q  
P r e s i d e n t  C a r t e r  should  b e  g iven  t h e  b e n e f i t  of 
some doubt .  It appea r s  t h a t  h e  r e a l l y  meant t o  say  
300 m i l l i o n  g a l l o n s  of e t h y l  a l c o h o l ,  n o t  300 
m i l l i o n  g a l l o n s  o f  Gasohol,  a s  t h e  White House 
p r e s s  r e l e a s e  s t a t e s .  That  amount would extend n e t  
g a s o l i n e  s u p p l i e s  by n e a r l y  0.2 of  one p e r c e n t .  

I b e l i e v e  t h a t  t h e  new biomass managers i n  DOE, 
SERI and t h e  r e g i o n a l  c e n t e r s  r ecogn ize  t h e  u r -  
gency of t h i s  s i t u a t i o n  and want t o  b reak  o u t  of 
t h i s  business-as-usual  syndrome. I t h i n k  i t  is 
'nigh t ime t h a t  we s h i f t  i n t o  a  much more determined 
pace .  

Nero f i d d l e d  whi l e  Rome burned. Are we f i d d l i n  
wh i l e  our  pet roleum i s  burning up? Is anybody 
running s c a r e d ?  The burning q u e s t i o n ,  I r e p e a t ,  
i s  t h i s :  "Can we l e a r n  t o  r e p l a c e  pet roleum wi th  
renewable energy?" L e t ' s  n o t  worry y e t  about re-  
p l a c i n g  c o a l .  We have t o  t a k e  t h i s  one s t e p  a t  a  
time. L e t ' s  u s e  t h e  tremendous r e s o u r c e  of s o l a r  
ene rgy ,  and i n  p a r t i c u l a r ,  t h e  energy c o n s t a n t l y  
be ing  s t o r e d  up by e a r t h ' s  o r i g i n a l ,  endur ing,  
and u b i q u i t o u s  energy f a c t o r y  -- pho tosyn thes i s .  
W e  have t o  a rouse  t h i s  s l e e p i n g  g i a n t ,  bio-energy, 
t o  come t o  o u r  r e s c u e  and keep mankind from be ing  
crowded o f f  h i s  balcony.  For i f  t h a t  happens,  
i t ' s  too  ha rd  t o  change cour se  on t h e  way down, 
p i c k i n g  up speed. 

I d o n ' t  have t o  t e l l  you t h a t  similar chal.1.enges 
were a  way of  l i f e  i n  ou r  p a s t  and t h e  d e d i c a t i o n  
t o  t h e  s o l u t i o n  of t h e s e  cha l l enges  is what made 
o u r  coun t ry  g r e a t .  I hope we haven ' t  l o s t  t h e  
v i g o r  and t h e  v i s i o n  t o  surmount t h e  dilemma we 
a r e  i n .  

L e t ' s  keep our  eyes  on t h e  sun, f o r  i t  w i l l  n o t  
on ly  b r i n g  u s  tomorrow a s  a  new day, i t  w i l l  show 
u s  t h e  new way. Th i s  hopeful  thought h a s  been , 

cap tu red  by a  p e r c e p t i v e  h igh  schoo l  s e n i o r  i n  t h e  
fo l lowing  v e r s e s  which I now quo te ,  hoping t h a t  
t h i s  p e o t i c  expres s ion  w i l l  i n s p i r e  you t o  develop 
bio-energy s o  t h a t  tomorrow w i l l  b e  a  worthwhi le  
t ime f o r  l i v i n g .  

I watch t h e  sun q u i e t l y  r i s i n g  
Giving b i r t h  t o  a  new day. 
Tomorrow has  come, a  t ime f o r  l i v i n g .  

Wishing f o r  youth  e v e r l a s t i n g ,  
Dreaming of c h i l d r e n  a t  p l a y ,  
I watch t h e  sun q u i e t l y  r i s i n g .  

With a  saddened h e a r t  I c l i n g  
To t h e  p a s t ,  g ra sp ing  i t ,  wishing t o  s t a y ,  
But tomorrow has  come, a  t ime  f o r  l i v i n g .  

Memories a r e  pass ing .  
C lu tch ing  them, I c o n s i d e r  today 
As I watch t h e  sun qu ie fSy  r i s i n g ,  

Th i s  is  t h e  day f o r  s i l e n t  th i i lk ing,  
Deciding on a  d i f f e r e n t  way. 
Tomorrow has  come, a  t i n e  f o r  l i v i n g .  

I l i s t e n  t o  t h e  swallows c h i r p i n g ,  
Welcoming t h e  warm sun r a y s .  
I watch t h e  sun q u i e t l y  r i s i n g  
Tomorrow has  come, a  t ime f o r  l i v i n g .  

L i s a  

For "so f a r ,  s o  good" i s  s u i c i d a l  l o g i c  -- which 
b r i n g s  me back t o  t h e  o p t i m i s r  who f e l l  c f f  t h e  
h igh  r i s e  balcony.  The t r o u b l e  wi th  h i s  i o g i c  i s  
t h a t ,  a l though  i t  was a b s o l u t e l y  i r r e f u t a b l e  d u r i n g  
h i s  f a l l ,  on h i s . a r r i v a 1  a t  ground l e v e l ,  it re -  
vea led  a  f a t a l . f l a w .  For a s  t h e  o l d  saw p u t s  i t .  
" I t ' s  n o t  t h e  f a l l  t h a t  k i l l s  you, i t ' s  t h e  sudden 
srop!" 
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t e l e r a t i n g  dep le t ion  o f  the  wor ld  supply o f  non- 
newable energy resources has brought i n t o  focus 
e need t o  employ renewable resources f o r  f u t u r e  
obal energy and chemical feedstocks. Biomass, 
a myriad o f  forms, can supply a l a r g e  p o r t i o n  
t h a t  demand. 

e c r e a t i o n  o f  t e c h n i c a l l y  and economical ly f e a s i -  
e biomass energy systems w i l l  r e q u i r e  t h e  e f f e c t -  
e coup l ing  o f  e x i s t i n g  technologies w i t h  b o l d  new 
i e n t i f i c  concepts. Concentrated i n t e r d i s c i p l i n -  
y research e f f o r t s  supported by la rge-sca le  fund- 
g, from both governmental and i n d u s t r i a l  sources, 
e being brought t o  bear upon t h e  problem of as- 
ss ing the  t o t a l  biomass p o t e n t i a l  and how i t  may 

The f i r s t  category, Study of Process A l t e r n a t i v e s  
and Techno1 ogies, may i n v o l v e  o n l y  a cursory rev iew 
o f  e x i s t i n g  o r  proposed technology be fo re  s e l e c t i n g  
the bes t  process; bu t  f o r  many evaluat ions,  several. 
processes may have t o  be s t u d i e d . i n  p a r a l l e l .  Once 
the bes t  process o r  processes technologies have 
been selected, the  engineer proceeds w i t h  the  pro- 
cess design. 

S l i d e  Number 1 o u t l i n e s  a t y p i c a l  sequence of 
events. 

STEPS FOR PROCESS EVALUATION 

1. Establish the Design Basis 

rea l i zed .  . Many o f  those present  here a re  i n -  2 .  Accumulate and Assemble A l l  Available ' 

l v e d  w i t h  these e f f o r t s  i n  some manner. Process Data 

e engineering community i s  faced w i t h  t h e  chal -  3 .  Prepare Preliminary Block Flow Diagrams 

nge o f  coupl ing research and development r e s u l t s  4. Prepare Conceptual Flowsheets 
t h  "best  a v a i l a b l e  technology" t o  produce v i a b l e  
m e r c i a l  biomass-based energy systems. The s t r a -  5 .  Prepare General Material and Energy 

gy which we a t  Raphael Katzen Associates use t o  Balances 

compl i s h  successful commercial i z a t i o n ,  o r  indeed. 6. Revise Process Based on Insights  Gained 
j ec t ion ,  of proposed processes i s  the  sub jec t  of i n  Steps 3 ,  4 and 5 
i s  paper. 

7 .  Establish Final Process Design Including 

i l l u s t r a t e  the  methodology which we employ, we 
ve chosen, as an example, a grass-roots f a c i l i t y  
produce 50 MM g a l / y r  o f  motor f u e l  grade a lcohol  

om corn. I n  l n t e  1978, we were asked ,to prepare 
major study f o r  the Department o f  Energy; the  re -  
I t s  o f  which were repor ted  l a s t  week a t  t h e  T h i r d  
t e r n a t i o n a l  Alcohol Fuels Technology Symposi um a t  
i lomar,  C a l i f o r n i a .  A l l  the examples used here 
ve been,taken from t h a t  repor t .  

e s t a b l i s h i n g  the  commercial v i a b i l i t y  o f  a pro-  
sed venture, the  engineer must f o l l o w  a meth0d.i- 
1 sequence of steps. These steps may be categor- 
ed i n t o :  

Detailed Material and Energy Balances. 

SLIDE NO. 1 

The design basis  must be es tab l i shed  f i r s t .  Next, 
i t  i s  a good idea t o  accumulate and assemble a l l  
a v a i l a b l e  process data and in format ion,  inc lud ing ,  
i f  necessary, a computer-aided l i t e r a t u r e  search. 
This  prevents d i s r u p t i o n  o f  t h e  engineer 's  thought 
p a t t e r n  o r  delays i n  making process decis ions due 
t o  n o t  having data a t  ones f i n g e r  t i p s .  

The p repara t ion  o f  p r e l i m i n a r y  b lock diagrams and 
conceptual process f lowsheets i s  j u s t  t h a t  - PRE- 
LIMINARY and CONCEPTUAL. Th is  i s  abso lu te ly  neces- 

r Study o f  Process A l t e r n a t i v e s  and Tech- 
sary i n  order  t o  e s t a b l i s h  an optimum design. 

no1 ogi  es 
F l e x i b i l i t y  i n  design i s  the key a t  t h i s  po in t .  

'There  i s  no th ing  more wastefu l  .and demoral iz ing 
. a  Develop Process Desiqn than t o  spend a l l  o f  ones t ime, e f f b r t ,  and money 

r Prepare Economic Analys is .  
e s t a b l i s h i n g  a process f lowsheet  w i t h  d e t a i l e d  
m a t e r i a l  and energy balances, o n l y  t o  d iscover  l a -  
t e r  t h a t  a cursory look  a t  the  s i t u a t i o n  would have 



shown other options to be more desirable. At this 
stage of the study one must decide on such options 
as : 

r Vapor recompression evaporators versus 
mu1 tiple effect evaporators 

r Use of reboilers, direct steam, or compres- 
sor to provide vapor traffic for distil- 
lation columns. 

r Co-generation of electricity versus pur- 
chased power 

r Staging of distillation columns versus 
single column operations. 

In most situatlons, these options can'be decided 
by evaluating the single unit operations. Some- 
times, however, the option may be SO complicated 
that parallel studies nave to be par.formed. 

Slide Number 2 illustrates a block diagram of the 
basic process modules in the production of motor 
fuel grade alcohol from grain. 
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At this point, the engineer has established the 
most desirable process or processes. His procesr 
decisions have been based principally on elementary 
economic rules. The next step is to prepare a 
complete economic analysis. 

The first step In developing an economic analysis 
is to determine the accuracy requirement of the 
project. An analysis may be developed ranging 
from "back of envelope" quality information, to a 
detailed analysis based on complete drawings, 
speclflcations, accurate material and energy balan- 
ces and actual freight and utility costs. The 
first may be accurate to ~ 5 0 % ~  whereas the latter 
may be accurate to 25%. Between the two extremes, 
the engineer selects an analysis quality dictated 
by the needs of the project. 

After establishing the accuracy, the engineer de- 
termines the type of financial analysis required 
of the project. Historically, engineers have 
relied chiefly upon three methods: 

r Simple return on original investment 

r Payout time or cash recovery 

SLIDE NO. 2 

r Return on average investment 

These methods are useful (though they are not with- 
out drawbacks), when comparing alternative proces- 
ses, but they are inappropriate when evaluating a 
capital expenditure program based on the time value 
of investments and money returned to the project. 

Over the past two years, Raphael Katzen Associates 
has developed a method for evaluating the true fi- 
nancial return o f  a venture; or alternatively, the 
appropriate selling price required for a codpdny t o  
realize a satisfactory interest rate of return on 
investor equity. We call the method a "Preliminary 
Budget Authorization Analysis (PBAA)" . The accura- 
cy is in therange of 510% to t25%,  depending on 
the accuracy of the data and cost projectrans. 

The steps necessary to complete a PBAA economic an- 
alysis are shown in Slide 3: 

STEPS REQUIRED FOR ECONOMIC ANALYSIS (PBAA) 

1. Gotabtifin ra7.I mat~rii?Ls & chemicals 
usage, and labor requlremencs 

2. Prepare listing of total utility re- 
quirements . 

3. Prepare battery limits investment esti- 
mate 

From this diagram an engineer sets out to estab- 
lish the best process under the conditions pre- 4. Decem,ine total plant capital 

vailing at the proposed site. 5. Detentlne cost projections for a11 
purchased items 

After optimizing the overall design, the process 
flowsheet is finalized. Only after finalizing th'e 6. Develop financial analysis. 
process does the engineer preDare the detailed SLIDE NO. 3 
material and energy balance. 



2 f i r s t  f i v e  steps e s t a b l i s h  the necessary i n f o r -  
t o  prepare the f i n a n c i a l  analys is .  L e t ' s  
c i o s c r  1031~ a t  th.c;c steps. 

v ma te r ia l s ,  chemicals and u t i l i t i e s  requirements 
obtained from the d e t a i l e d  mate r ia l  and energy 

lances. Adjustments must be made f o r  peak loads 
i process c o n t r o l  l i m i t a t i o n s .  The f lowsheets 
,vide average usages. Labor requirements a re  es- 
nated from t h e  number o f  c o n t r o l  loops and the  
ten t  t o  which ass is tance i s  provided the  opera- - (use of computer c o n t r o l  f o r  example). 

b a t t e r y  l i m i t s  investment est imate i s  o n l y  a 
-t o f  the t o t a l  p l a n t  investment. The l i m i t s  

c i r cumva l la te  the t o t a l  p l a n t ,  o r  more t y p i c a l -  
, j u s t  the operat ing u n i t s .  The procedure f o r  
termin ing the b a t t e r y  l i m i t s  investment i s :  

r Size a l l  major equipment 

a Determine major equipment purchase p r i c e  

r Use cos t  f a c t o r s  t o  e s t a b l i s h  the  i n s t a l -  
l a t i o n  c o s t  

r Apply appropr ia te  i n f l a t i o n  esca la t ion  t o  
cons t ruc t ion  schedule 

r Determine cons t ruc t ion  cos t  and con t rac to r  
fees 

r Estimate overhead expenses 

r Estimate engineering, s ta r t -up  and p r o j e c t  
management cos t  

r Apply cont ingency f a c t o r .  

i d e  4* shows t h e  investment, by process sect ion,  
r the  Grain Motor Fuel Alcohol p l a n t  evaluated 
t h e  DOE r e p o r t .  S l i d e  5* gives a more d e t a i l e d  . 

eakdown f o r  each p a r t  o f  the  p lan t .  

e t o t a l  p l a n t  c a p i t a l  requ i red  i s  the  sum o f  sev- 
a1 .components. Many mistakes can be made i n  de- 
rm in ing  the  p l a n t  investment by n o t  t a k i n g  i n t o  
~ u u r ~ L  d l 1  cos t  components. S l i d e  6 demonstrates 
ese components: 

We have a l ready t a l k e d  about the  b a t t e r y  l i m i t s  
investment. L e t  us now discuss what the  o ther  
t ~ r m ~  mean. 

X-Plant d i s t r i b u t i o n  i s  the investment associated 
w i t h  feedstock r e c e i v i n g  o r  product  sh ipp ing out-  
s ide  the  boundaries o f  the p l a n t .  I t inc ludes 
i tems such as trucks,.  garages, and storage depots. 
U t i l i t y  pers are investments associated w i t h  u t i l i -  
t i e s  n o t  inc luded i n  the  b a t t e r y  l i m i t s  investment. 
An example i s  the purchase o f  steam from a c e n t r a l  
b o i l e r .  The investment must show i t s  share of the  
cost .  Investments f o r  general f a c i  1 i t i e s  and land 
must a lso  be inc luded.  

Working c a p i t a l  i s  sometimes l e f t  ou t  o r  gross ly .  
under-estimated. Components o f  working c a p i t a l  
are shown i n  S l i d e  7.  

WORKING CAPITAL 

1. Raw materials inventory (1 month) 

2. Products in stock (1 month) 

3. Accounts receivable (12% annual 
income) 

1. Operating cash (2 months) 

5. Accounts payable (negative - 12% raw 
material cost) 

SLIDE NO. 7 

The f a c t o r s  associated w i t h  each component of work- 
i n g  c a p i t a l  w i l l  vary  depending on the  requirements 
o f  the  p r o j e c t .  For example, i n  t h e  DOE r e p o r t ,  
working c a p i t a l  was minimized by p r o v i d i n g  f o r  on ly  
one week's g r a i n  storage. Th is  meant the  g r a i n  
would be purchased from l o c a l  g r a i n  e leva to rs ,  
probably a t  a s l i g h t l y  h igher  p r i c e  than what one 
would pay i f  long-term storage were provided. 

The k e y . t o  developing an accurate c a p i t a l  requ i re -  
ment i s  t o  take a l l  f a c t o r s  i n t o  considerat ion.  

A f t e r  t h e  engineer has completed tasks a fsoc ia ted  
w i t h  the  f i r s t  f i v e  i tems l i s t e d  i n  S l i d e  3, he 
i s  prepared t o  proceed w i t h  the  f i n a n c i a l  ana lys is .  

I f  the  engineer uses one o f  t h e  s impler  ana lys is  
techniques mentioned e a r l i e r ,  h i s  remaining work 
i s  r e l a t i v e l y  easy. For example, the  steps associ -  
a ted w i t h  percent  r e t u r n  on investment are: 

a Develop the  s i n g l e  year opera t ing  cos t  

r Determine t o t a l  income 

r Determine gross p r o f i t  f o r  one year 

r E s t a b l i s h  percent  r e t u r n  on investment a f -  
t e r  t a x e s .  

SLIDE NO. 6 
es 4 and 5 appear a t  end o f  paper. 



Slide 8 jndicates the cost items that must be con- 
sidered in establ ishi ng the single year operating 
cost. 
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SLIDE NO. 8 

Operating cost i terns include: 

r Kaw materials 

r Utilities 

r Labor 

Miscellaneous expenses 

o By-product credits. 

In our discussions earlier we stated that Raphael 
Katzen Associates has developed a financial analy- 
sis method called "Preliminary Budget Authoriza- 
tion Analysis (PBAA)". We developed this method 
bccauso tho convpnt.innai analyses often do not re- 
present the real life situation correctly. The 
PBAA analysis has the following specific advan- 
tages : 

6 Time value of money taken into account 

o 1nrlation i s  included as an input variable 

r Each cost item may be inflated at dif- 
ferent rates 

e Present value of product selling price is 
established 

r Complete profit picture of the venture 
(both actual and discounted) is establis 
ed over i t s  projected life. 

r The effect of leveraged capital can be 
easily studied 

r Tax credits and other governmental incen- 
tives can be adequately evaluated. 

As you can see, the engineer must have a multi- 
di sci pl i,nary background in order to successfully 
carry out a financial analysis. In order to re- 
duce the engineer's work load to a manageable 
level, we developed a computer program to do the 
tedious but routine computations, prepare annual 
cost tables, and summar i re  l'esul t3. Thc program 
compresses several man-weeks of work into just a 
few hours. The pragrsm contalns thp latest t a x  
computations, credits, etc; but the engineer still 
has to supply input variables associated with 
these CbAlpUtat lur~s. With thc program, the engi - 
neer is forced to take all factors into consldera- 
tion. Slide No. 9* demonstrates the amount of in- 
formation that must be provided to the computer 
before meaningful results can be obtained. 

Slide No. 10 demonstrates the computer flow logic. 

-- 
YES 

SLIDE NO. 10 
* Slide 9 included at end of paper. 



6 2steps.of the program are shown in Slide 11. 
nnual operating cost  information developed by 

e computer i s  the same as tha t  shown in Slide 8. 
separate table i s  prepared fo r  every operating 
ar .  

P B M  PROGRAM FLOW LOGIC 

1. Input Data File 

2. Input Investment Schedule if Required 

3. Input Additional Expenses Charged to 
Project 

4. Input Debt or Leveraged Capital Fi- 
nancing 

5. Compute Debt Financing Schedule 

6. Compute Depreciation Schedule 

7. Compute Amount Operating Cost (Slide 8) 

8. Compute By-Product Credits 

9. Establish if Product Selling Price Known 
or % ROI Required 

10. Compute Taxes 

11. Compute Tax Credits 

12. Print Annual Financial Tables 

13. Determine if all Operating Years have 
been Evaluated 

14. ~stablish Salvage Value of Plant 

15. Compute DCF-IROR for Project 

16. Print Project Profitability Tables 

17. Continue to Another Analysis 

18. Stop - End of Analysis 
SLIDE NO. 11 

example of the summary printout from the PBAA 
ogram i s  shown in Slide No. 12. 
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SLIDE NO. 12  

In addition t o  th i s  printout,  the program pr in ts  
a1 1 pertinent information for  each operating year. 
The equation for  calculating the discounted cash 
flow - in teres t  r a t e  of return i s  shown in Slide 13. 
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The DCF-IROR solution i s  by t r i a l  -and-error. The 
l e f t  hand side of the equation represents the dis-  
counted investment and the r ight  hand side repre- 
sents the discounted cash flows. 

The a b i l i t y  to  evaluate the real e f f ec t  of inf la-  
t ion ,  tax credi ts  and leveraged capital  over the 
en t i r e  " l i f e  cycle" economics of a venture i s  an 
absolute necessity. For example, a l l  of us rea l ize  
tha t  the inf la t ion  r a t e  of petroleum based products 
i s  substantial ly d i f ferent  from non-petroleum pro- 
ducts. The financial  analysis must be able to  
demonstrate t h i s  e f f ec t  on venture p ro f i t ab i l i t y .  

Another example'is the e f fec t  of leveraged capi ta l .  
One of the governmental incentives being offered 
fo r  motor fuel alcohol plants i s  loan guarantees. 
An example of how leveraged capital  can a f fec t  a 
products se l l ing  price necessary to  achieve an 
adequate in t e res t  r a t e  of return i s  demonstrated 
in Slide 14. This s l ide  i s  from the DOE report. 
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For example, let's look at the effect of a 20% 
OCF-IROR. By increasing the debt to equity ratio 
from 0/100 to 80/20, the alcohol selling price, 
a 20% DCF-IROR is reduced from $1 :17/gallon to 
$0.98/gallon, 1978 prices. The profitability in 
the leveraged capital case is based on a 20% com- 
pany equity. The leveraged capital case has a 
lower selling price for a specific DCF-IROR due 
primarily to tax laws which permit interest pay- 
ments to be deducted from the tax base profits; 
whereas dividends to investors cannot be.deducted 

As you can see from the step-by-step procedure we 
have gone through this morning, the determination 
of commercial feasibility is a difficult task. 
Not only must one have a good procedure, but the 
cost factors must be representative of "real life" 
situations.' It takes years of exper'ierjce to de- 
velop the factors and techniques. 
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RAPHAEL K4TZEN ASSOCIATES . . 

DEPARTMENT OF ENERGY 
WASHINGTON, D.C. 

GRAIN MOTOR FUEL ALCOHOL PLANT 

TABLE 4-5 
50 MM GAL/YR PLANT INVESTMENT 

BASE CASE 

December 1978 Percent of 
Identification Cost ( $  MM) Investment 

Receiving, Storage & Milling 2,086,800 3.96 

Cooking and Saccharification 2,824,300 5.36 

Fungal Amylase Production 3,485,900 6.61 

Fermentation 4,195,600 7.96 

Distillation 5,123,800 9.72 

Dark Grain Recovery 13,018,400 24.69 

Alcohol Storage, Denaturing 
& By-product Storage 4,399,900 . 8.34 

Utilities 15,090,000 28.62 

Building, General Services 
and Land 2,494,000 4.73 

52,719,000 100.00 
+ 10% Contingency 5,272,000 

Total Plant Cost $ 57,991,000 

1 59 

SLIDE #4 



100 Receiving, Storaqe 
and Mil l ing 

200 Cooking snd , 

Sacchar i f i ca t ion  

300 Funqal Arylase 
Product ion 

400 Fermentat jot, 

500 D i s t i l l a t i o n  

600 Residue E'eed 
Pcocessjnq 

700 ~ l c o h o l  S to rage ,  
Der~atur i  nq and 
By-Psduct  ,Storage 

800 U t i l i t i e s  

900 Bui ldings  and 
General Sc rv ices  

T o t a l s  

E = Erected-  
NE = Not Erected 
T T o t a l  
PK = Packaged Unit 

DEPARPCIEHT OF E N E ~ G Y  
WASHINGlON, D.C. 

GRAIN MWWR FUEL ALCOIIOL PLANT 

TABLE 4-6 
50 MM GnL/YR - INVESTMENT BREAKOOWN 

BASE CASE - 1978 COST 

E'ield Di rec t  Construct ion S a l e s  Tan Contractor  Bui ldings  6 . 
Equipment Maaerials Labor Overhead C F re igh t  Engineer ing S t r u c t u r e s  

* 182.400 244,000 

;02,900 593,000 

&Ol,Y)O 665,000 

478,000 695,800 

001.500 1,182,100 

1,079,400 2,308,000 

580. coo 957,000 

0 0 

0 0 

4,009.000 
Land 
Contingency 

TOTAL PLANT IWESTHEKP (1978) 

SLIDE #5 



RAPHAEL KATZEN ASSOCIATES 
DOCEWSK DATA INPUT SHEET 

DATA LINE DATA 

100 JOB, TITLE *loo-, 

110 TFI,BASIS,DYRS,RINF,TAX,YRI ,YRCA,ROIPC *11O.-s-,-s-~-.~-~-~- 

120 NRM,NBYP,ISP,IDEP,IDEBT,ISWCB, IVTFI ,IADDC *I20 , , s , - 9 * - 9 -  

130 FEES,FYRS,MAINPC,TALPC * 1 3 0 - - , , , - .  

140 DEBT,DBYRS,YRL,'IROL * 1 4 0 , - , , , -  

150 ' IOWC "50' 

200 RM(~ ,l) ,RM(I ,2) , ~ ~ ( l , 3 )  ,~~(l,4) *Zoo S-9-9- 

210 ~~(2,l) ,RM(2,2) ,~~(2,3),RM(2,4) 2 1 0 . - , , , -  

280 RM(9,1),RM(9,2) ,RM(9,3),RM(9,4) 280 , , , 
290 R~(10,l) ,RM(10,2) ,R~(10,3) ,RM(10,4) 290 9 9 9 

300 STM(1) ,STM(2) ,STM(3) ,STM(4) * 3 0 0 , - , , r - .  

310 CW(I),CW(2),CW(3),CW(4) *31O 9 9 9 

320 ELC(~),ELC(~),ELC(~),ELC(~) *320 9 9 9 

330 FUEL(1) ,FUEL(2), FUEL(3) ,FUEL(4) *330 9 3 9 

340 PW(1) ,PW(2) ,PW(3) ,PW(4) * 3 4 0 - , r r -  

400 LABR(1 , I )  ,LABR(1,2) ,LABR(1,3) ,LABR(1,4) *400 9 9 s 

410 LABR(2,1),LABR(2,?) ,LABR(?,~),LADR(~,~) *41 O - , , , - -  

420 LABR(3,l) ,LABR(3,2) ,LABR(3,3) ,LABR(3,4) *420 9 9 3 

500 BYP(l,l),BYP(1,2),BYP(1,3),BYP(1,4) *500 9 r 3 

510 BYP(~,~),BYP(~,~),BYP(~,~),BYP(~,~) 5 1 0 - , , , -  
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n s t r a i n t s  a r i s i n g  because of the  i n s t i t u t i o n a l  
mposition of our s o c i e t y  w i l l  slow the  e s t a b  
shment of wood energy systems a s  a s u b s t i t u t e  
r imported petroleum f u e l s  i n  s t a t i o n a r y  source 
p l i c a t i o n s .  These c o n s t r a i n t s  which occur i n  
1 phases of wood energy systems-harvest and 
anspor t  of the  wood and cons t ruc t ion  and 
e r a t i o n  of cogenerat ing f a c i l i t i e s - - m u s t  be 
cognized by the  n a t i o n ' s  energy managers i f  
ployment of  wood energy is  t o  take p lace  a t  a 
s i r a b l e  r a t e .  This  paper i d e n t i f i e s  i n s t i t u -  
ona l  c o n s t r a i n t s  t o  wood energy systems and 
oposes s t e p s  enabl ing t h e i r  r e so lu t ion .  
r t i c u l a r  a t t e n t i o n  is  given t o  wood harves t ing  
d c o n s t r u c t i o n  of wood-fired power p l a n t s .  The 
ergy community has f a i l e d  t o  recognize t h a t  
od, whi le  a renewable resource ,  is  a f i n i t e  
source around which i n t e r e s t  groups have become 
rmly es tab l i shed .  The Department of Energy 
ou ld  support  and encourage improved Fores t  
m i c e  resource i n v e n t o r i e s  t o  address  t h e  needs 
energy systems managers. S imi la r ly ,  t h e  

opera t ion  of the  pulp and paper i n d u s t r y  and 
vironmental  i n t e r e s t s  must be sought and 
t e n t i o n  paid t o  t h e i r  concerns i f  wood energy 
ograms a r e  t o  be success fu l .  I n a b i l i t y  t o  
t a i n  f inanc ing  is  the  major c o n s t r a i n t  t o  the  
n s t r u c t i o n  of wood-fired cogenerat ing f a c i l i -  
es. Three p P 6 g t a s  a r e  proposed t o  address  t h i s  
oblem. In  a d d i t i o n ,  inaccura te  Environmental 
o t e c t i o n  Agency air emissions  f a c t o r s  f o r  wood 
rn ing  f a c i l i t i e s  may unnecessa r i ly  slow t h e  
n s t r u c t i o n  of wood-fired power p lan t s .  Addi- 
o n a l  r e sea rch  t o  v a l i d a t e  more o p t i m i s t i c  
c t o r s  i n  the  l i t e r a t u r e  should be conducted and 
e f a c t o r s  r ev i sed  where necessary.  

TRODUCTION 

6tnii6usly comes a s  no s u r p r i s e  t o  those of you 
e s e n t  t h i s  morning t h a t  t h e  United S t a t e s ,  and 
deed,  t h e  western world, has  entered an e r a  of 
a n s i t i o n  from r e l i a n c e  on petroleum a s  i ts p r i -  
r y  f u e l  source t o  dependence on an assor tment  of 
h e r  energy systems. The s h o r t f a l l s  i n  g a s o l i n e  
p p l i e s  i n  recen t  weeks and t h e  narrow margin of 

e s  of home hea t ing  o i l  l a s t  win te r  l end  fu r -  
redance t o  e a r l i e r  s i g n s  of i ~ a n d i n g  f u e l b  

s c a r c i t y  r e f l e c t e d  by t h e  Arabian o i l  embargo of 
t h e  e a r l y  1970's.  P a s t  exper ience with  major 
energy t r a n s i t i o n s  i n  t h e  United States-from wood 
t o  c o a l  i n  t h e  l a s t  century and from coa l  t o  o i l  i n  
t h i s  century-has ind ica ted  t h a t  60 years  a r e  
requ i red  t o  move t h e  s o c i e t y  from primary depen- 
dence on one source t o  another .  We must, the re -  
f o r e ,  sea rch  f o r  and develop t r a n s i t i o n a l  energy 
sources-fuels t o  t i d e  us w e r  whi le  our c loudy 
v i s i o n s  of energy systems f o r  the  next cen tu ry  
c l e a r .  

In  our r ecen t  rush t o  d i scover  "near term" energy 
sources  and match them with  t h e i r  "appropr ia te  end 
uses",  we have stumbled onto wood--a f u e l  t h a t  
grows i n  t h e  f o r e s t ,  and must t h e r e f o r e  be c l e a n ;  a 
f u e l  t h a t  c u r r e n t l y  s u p p l i e s  a t  l e a s t  one h a l f  a s  
much energy nationwide a s  t h e  n u c l e a r , i n d u s t r y  and 
must the re f  o r e  be success fu l  . 
I f  we w e r l o o k  domestic use of wood t o  produce 
space hea t  which has grown d r a m a t i c a l l y  i n  t h i s  
decade, i n d u s t r i a l  genera t ion  of steam and cogen- 
e r a t i o n  of steam and e l e c t r i c i t y  a r e  the  most 
p reva len t  uses  of wood t o  produce energy i n  t h i s  
c o u n t r y [ l ] .  Because t h e  technology required f o r  
such processes  is  he re  and now, and many f a c i l i t i e s  
a r e  i n  p lace ,  most of us i n  r o l e s  a s  energy system 
a n a l y s t s  o r  managers have assumed t h a t  t h e r e  a r e  
few i n s t i t u t i o n a l  b a r r i e r s  t o  increased r e l i a n c e  on 
wood t o  produce steam and e l e c t r i c i t y .  Because the  
technology is commonplace and t h e r e f o r e  does not  
r i n g  b e l l s  o r  blow w h i s t l e s ,  we have not  eva lua ted  
t h e  c o n s t r a i n t s  hinder ing the  rap id  deployment of 
i n d u s t r i a l  cogenerat ion systems-a deployment which 
makes sound economic sense i n  many c a s e s ,  today,  
and which would d i s p l a c e  f a r  g r e a t e r  q u a n t i t i e s  of  
imported petroleum than would the  product ion of 
s u b s t i t u t e  l i q u i d  f u e l s  from t h e  same amount of 
feedstock.  

I want t o  t a l k  t h i s  morning about t h e  i n s t i t u -  
t i o n a l  c o n s t r a i n t s  demanding recogn i t ion  i n  f o u r  
system phases of power cogenerated from wood: t h e  
h a r v e s t  of  wood, t h e  t r a n s p o r t  of wood, construc-  
t i o n  of cogenerat ing systems, and opera t ion  of 
cogenerat ing systems. I w i l l  not  t a l k  about a 
f i f t h  phase -e lec t r i c  transmission-where t h e  i n s t i -  
t u t i o n a l  s e t t i n g  i s  r a p l d l y  evolving a s  a r e s u l t  of 



t h e  Fede ra l  Energy Regu la to ry  Commission's promul- 
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HARVESTING 

Few energy sys tems a n a l y s t s  o r  managers have 
achieved any s i g n i f i c a n t  deg ree  of  e x p e r t i s e  i n  
t h e  p roduc t ion  o r  procurement of wood from t h e  
n a t i o n ' s  e x i s t i n g  f o r e s t  r e source  base .  This h a s  
r e s u l t e d  i n  a  number of c o g n i t i v e  f a i l u r e s  among 
t h e  energy community which have r a i s e d  s i g n i f i c a n t  
d i s t r u s t  among concerned onlookers .  We have 
f a i l e d  t o  r ecogn ize  t h a t  wood, a l though  a  renew- 
a b l e  r e s o u r c e ,  is a  f i n i t e  r e source .  To provide  a  
s u s t a i n a b l e  f u e l  sou rce ,  careful a t t u n L l u t ~  'nust be  
g i v e n  t o  t h e  r a t e  of h a r v e s t  of wood and t o  economi- 
c a l l y  j u s t i f i a b l e  and env i ronmen ta l ly  sound methods 
of  enhancing f o r e s t  regrowth. I was amazed r ecen t -  
l y  i n  a  p u b l i c  meet ing when a  s e n i o r  Department o f  
Energy o f f i c i a l  argued t h a t  t h e r e  would be no con- 
s t r a i n t s  on t h e  wood re source  base  i n  t h e  fo resee -  
a b l e  f u t u r e .  I a m  c o n t i n u a l l y  s u r p r i s e d  ( though 
i n c r e a s i n g l y  l e s s  s o )  3y t h e  r e p o r t s  coming f o r t h  
from around the  coun t ry  which s u b t r a c t  t h e  c u r r e n t  
r e g i o n a l  h a r v e s t  of  wood from t h e  n e t  annual  growth 
and assume t h a t  t h e  remainder w i l l  be a v a i l a b l e  f o r  
energy product ion.  

Many f a c t o r s  a f f e c t  t h e  a v a i l a b l i t y  of wood f o r  
energy product ion.  Can i t  be economical ly  
ha rves t ed?  Are landowners w i l l i n g  t o  s e l l  i t ?  
Does t h e  t e r r a i n  a l low h a r v e s t i n g ?  1s t h e r e  a  road 
network of s u f f i c i e n t  c a p a c i t y  t o  enab le  c h i p  v a n s  
t o  reach t h e  r e s o u r c e  once it is c u t ? [ 2 ] .  I was 
d e l i g h t e d ,  y e s t e r d a y ,  t o  hea r  a. Grosskreutz  s a y  
t h a t  SERI w i l l  t a k e  a  r o l e  i n  biomass r e source  
a s ses smen t s [3 ] .  Cur ren t  wood r e s o u r c e  i n v e n t o r i e s  
conducted by t h e  F o r e s t  Se rv ice  s imply a r e  r~oL 
adequate  f o r  sound p r o j e c t i o n  of energy r e source  
a v a i l a b i l i t y .  Hopeful ly ,  SERI w i l l  be  a b l e  t o  
a s s i s t  t h e  F o r e s t  S e r v i c e  f i n a n c i a l l y  and perhaps 
a l s o  t e c h n i c a l l y  i n  updat ing its inven to ry  tech- 
d q u e s  tu meet t h e  needs of t he  energy community. I 
hope t h a t  SERI w i l l  no t  des ign  and implement new 
inven to ry  t echn iques  of i t s  own. The e s t a b l i s h -  
ment of  a n o t h e r ,  s e p a r a t e ,  f o r e s t  i nven to ry  team 
would be w a s t e f u l  of t h e  t a x p a y e r ' s  money. 

The energy community has  a l s o  f a i l e d  t o  r ecogn ize  
groups w i t h  long s t a n d i n g  i n t e r e s t  i n  the  manage- 
ment o f  f o r e s t  r e s o u r c e s  and t o  i n c o r p o r a t e  t h e s e  
groups i n t o  energy product ion a c t i v i t i e s .  The 
pulp and paper i n d u s t r y ,  f o r  example, has been a  
l a r g e l y  monopo l i s t i c  consumer of f i b e r  from t h e  
n a t i o n ' s  f o r e s t s .  I was amused r e c e n t l y  when a  
r e p r e s e n t a t i v e  of a  company t h a t  some of you may 
know a s  t h e  J o l l y  Green Giant spoke up i n  a  wood 
energy meeting and argued t h a t  h i s  company had a  
p r o p r i e t r y  i n t e r e s t  i n  t h e  f o r e s t  r e source ;  and 
t h a t  it in tended t o  ma in ta in  a s  t i g h t  a  c o n t r o l  on 
t h e  f o r e s t s  on which i t  depends a s  poss ib l e .  

But why bemoan t h i s  f a t e ?  Tne pulp  and paper 
i n d u s t r y  is one of  t h e  l a r g e s t  consumers of energy 
i n  the  United S t a t e s  and it is l a r g e l y  dependent 

on #6 o i l .  Recent e s t i m a t e s ,  a s  I r e c a l l ,  i n d l -  
c a t e  t h a t  t h e  pu lp  and paper i n d u s t r y  c u r r e n t l y  
consumes about  5% of  t h e  t o t a l  energy use  i n  t h i s  
na t ion .  C u r r e n t l y ,  t h e  i n d u s t r y  is roughly  40% 
s e l f - s u f f i c i e n t  i n  i ts energy consumption. That 
is,  bark  and l i g n i n  supply  40% of  the  i n d u s t r y ' s  
f u e l [ 4 ] .  An i n t e n s i v e  program t o  a s s i s t  t h i s  
i n d u s t r y  i n  ach iev ing  a  h i g h e r  dependence on wood 
cou ld  go  a  long way toward t h e  g o a l  of doubl ing 
t h e  n a t i o n ' s  use of biomass announced y e s t e r d a y  b j  
Bob San Mart in[5] .  Such a  program could  cap i t&-  
i z e  on t h e  n a t i o n ' s '  primary source  of e x p e r t i s e  

..in wood h a t v e s t i n g ,  t r a n s p o r t ,  and hand l ing ,  and 
could  d i s p l a c e  t h e  consumption of m i l l i o n s  of 
b a r r e l s  of  imported o i l  each yea r .  Wood energy 
programs c a p i t a l i z i n g  on t h e  e x p e r t i s e  of t he  p u l ~  
aud paper i n d u s t r y  w i l l  be f a r  more s u c c e s s f u l  
t han  programs which, p i t  t h e  e s t a b l i s h e d  i n d u s t r y  
a g a i n s t  newcomers t o  t h e  use  of  wood. 

'fie energy community f o r  t h e  most p a r t  has a l s o  
f a i l e d  t o  r ecogn ize  ano the r  important  group wi th  
an  e s t a b l i s h e d  i n t e r e s t  i n  the  use of fores ts- - the  
environmental  community. Unfor tunate ly ,  t h e  
ene rgy  market f o r  wood is developing a t  a  time of 
i n c r e a s e d  concern  ove r  non-point sources  of  wa te r  
p o l l u t i o n  ( p a r t i c u l a r l y  e r o s i o n  and water  eut ro-  
p h i c a t i o n  stemming from t imber  h a r v e s t i n g ) ,  pres- 
e r v a t i o n  of r a r e  and endangered s p e c i e s ,  and t h e  
d e s i g n a t i o n  of  wi lde rness .  The environmental  
i m p l i c a t i o n s  of h a r v e s t i n g  wood f o r  any purpose 
a r e  h i g h l y  i n t e r r e l a t e d ,  o f t e n  s i t e  s p e c i f i c ,  and 
c e r t a i n l y  management dependent.  The energy com- 
munity has  concen t ra t ed  on t h i s  l a t t e r  po in t  and 
hoped t h a t  environmental  concerns  over h a r v e s t i n g  
can  be m i t i g a t e d  by t h e  promise of sound manage- 
ment. They w i l l  no t  be. One r e c e n t  s tudy  i n  
Maine i n d i c a t e d  t h a t  l e s s  than  f i v e  pe rcen t  of the  
h a r v e s t  o p e r a t i o n s  i n  t h a t  s t a t e  used even the  
s i m p l e s t  mrLlluds uf c o n t r o l l i n g  environmental  
impacts  [ 6 ] .  The environmental  community recog- 
n i z e s  t h e  m e r i t s  of  cogene ra t ion  from renewable 
r e s o u r c e s ,  however, and could  become a  s t r o n g  
s u p p o r t e r  of wood energy systems. However, 
rumbl ings  from t h e  environmental  community where 
wood energy programs af  e  I'elatYVel ji far adVdiiCed-- 
f o r  example, i n  Maine and Vermont-indicate t h a t  
e n v i r o n m e n t a l i s t s  i n t end  t o  i n s u r e  t h a t  t h e  energ) 
community pays more than l i p  s e r v i c e  t o  sound 
h a r v e s t i n g  t echn iques [7 ] .  

Another concern  t o  t h i s  commalnity, and more 
s p e c i f i c a l l y ,  t o  many f o r e s t  e c o l o g i s t s ,  a r e  the  
unanswered q u e s t i o n s  surrounding the  n u t r i e n t  
c y c l i n g  i m p l i c a t i o n s  of whole-tree ha rves t ing .  
Whole-tree ch ipp ing  i s  only  a  r e c e n t l y  employed 
technology and t h e  energy market promises to  
g r e a t l y  expand i t s  use.  As a Department of Energy 
confe rence  he ld  i n  I l l i n o i s .  l a s t  year concluded,  
t h e r e  is  nut: a  s i g n i f i c a n t  corpus  of researcki ab le  
t o  be a p p l i e d  t o  answer q u e s t i o n s  r ega rd ing  the  
n u t r i e n t  i m p l i c a t i o n s  of  whole-tree removal[8].  
Ava i l ab le  r e s e a r c h ,  however, does  demonstra te  t h a t  
removal of a n  i n c r e a s i n g  p o r t i o n  of t h e  t r e e ,  
h a r v e s t  of l a r g e r  pe rcen tages  of the  s t a n d ,  
s h o r t e r  c u t t i n g  r o t a t i o n s  w i l l  l e a d  i n c r e a s i n  
toward problems r e s u l t i n g  from n u t r i e n t  d e p l e t i o n  



b- The Department of. Energy and o t h e r s  
x a t i n g  wood energy use could ach ieve  much 
I t e r  suppor t  from our  environmental  i n s t i t u -  
1s by f i n a n c i a l i y  and t e c h n i c a l l y  a s s i s t i n g  t h e  
:st Se rv ice  Experiment S t a t i o n s  and academic 
: i t u t i o n s  wi th  the  c a p a b i l i t i e s  t o  addres s  such 
~ l e m s  . 
i h e r  i n s t i t u t i o n a l  problem r e l a t i n g  t o  the  
l e s t  of wood is  t h e  absence of a market ing 
tern. Problems a s s o c i a t e d  wi th  t h e  e s t a b l i s h -  
: of  a system t o  h a r v e s t  wood from d i s p e r s e d  
j h o l d i n s s  by independent c o n t r a c t o r s  and 
i v e r y  of  i t  t o  an  energy consumer wi th  l i t t l e  
no e x p e r t i s e  i n  wood procurement a r e  immense. 
r e  e x i s t s  a ch icken  and egg phenomeon which may 
u i r e  government suppor t  t o  break and which cer-  
nly d e s e r v e s  t h e  a t t e n t i o n  of those  who would 
wood energy sys tems e s t a b l i s h e d .  The inves t -  

t r e q u i r e d  of a c o n t r a c t o r  d e s i r i n g  t o  provide  
3 c h i p s  t o  t h e  energy market now ranges  between 
u a r t e r  and a h a l f  m i l l i o n  d o l l a r s .  It w i l l  
t a i n l y  be impossible  f o r . c o n t r a c t o r s  a s  they 
st today t o  o b t a i n  f i n a n c i n g  f o r  such equipment 
hout gua ran tees  of a s a l e s  p l ace  f o r  t h e  
e r i a l  t h a t  they hope t o  produce. As I w i l l  
c u s s  i n  more d e t a i l ,  l a t e r ,  however, t h e  sma l l  
u s t r i a l  concern  seek ing  t o  i n s t i t u t e  a wood- 
ed cogene ra t ion  system f i n d s  it  d i f f i c u l t  t o  
u r e  f i n a n c i n g  wi thout  a guaranteed f u e l  supply.  
ernment l o a n  gua ran tees  f o r  one o r  both  p a r t i e s  
I d  perhaps  h e l p  overcome some of t h e  problems. 
i t i o n a l l y ,  a s s i s t a n c e  programs t o  wood 
v e s t o r s  t h a t  provided them wi th  t h e  organiza-  
~ n a l  s k i l l s  necessa ry  t o  o p e r a t e  s u c c e s s f u l l y  
! new, complex, and expensive  h a r v e s t i n g  systems 
lld h e l p  t o  ensu re  t h e  s t a b i l i t y  of t h e  f u e l  
 ply. Such programs might be suppor ted by t h e  
: bu t  conducted by the  Fores t  Se rv ice  ar t h e  
td-grant u n i v e r s t i e s .  

. ima tes  of t h e  p r i c e  of wood c h i p s  by those  i n  
! energy community have a l s o  f a i l e d  t o  provide  
: p o t e n t a i l  wood energy u s e r  wi th  a r e l i a b l e  and 
l e s t  p i c t u r e  of t h e  p r i c e  he can expec t  t o  pay 

vnnd c h i p s .  S t u d i e s  r m a i l ~ h l e  tn  d a t e  have 
.mined o n l y  t h e  c o s t s  of  h a r v e s t i n g  and t r a n s -  
t i n g  c h i p s  and added a 1 0 F . p r o f i t  margin f o r  
. h a r v e s t o r  and t r u c k e r .  'Such s t u d i e s  over look 
: microeconomic laws of supply  and demand, t h e  
. l i t y  o f  a l a r g e  puchaser o r  producer t o  modify 
tse laws,  and t h e  commodity c y c l e s  which inev i -  
11y surround a l a r g e  market f o r  any product .  
: p r t c e  of wood i n  t h e  pu lp  and paper i n d u s t r y  

t y p i c a l l y  v a r i e d  s u b s t a n t i a l l y  depending upon 
. market f o r  pape r ,  t h e  v a g a r i e s  of t h e  wea the r ,  

t h e  a b i l i t y  of  h a r v e s t i n g  c o n t r a c t o r s  t o  
, p ly  wood. Indeed,  t he  p r i c e  of energy q u a l i t y  
ps i n  Vermont ov.er t h e  p a s t  year  has  v a r i e d  
Im j u s t  ove r  $12 p e r  g reen  ton  t o  6 2 6 p e r  ton  and 
.k down t o  $16 pe r  t o n [ l l ] .  Imagine t h e  dismay 
an energy producer  new t o  t h e  wood market . 
i n g  t h a t  s o r t  of  v a r i a t i o n .  A t t e n t i o n  should  
paid  t o  t h i s  problem-I do  n o t  have t h e  s o l u t i o n  

me today! b t remark r ega rd ing  t h e  h a r v e s t  of wood t o  

produce energy r e l a t e s  t o  competing demands f o r  
t h e  r e source  over the  long-term. Trend ex t r apo la -  
t i o n s  a r e  f r a u g h t  wi th  danger s  and we a l l  recog- 
n i z e  t h e  d i f f i c u l t i e s  i n h e r e n t  i n  such projec-  
t i o n s .  Nonetheless ,  it i s  u s e f u l  t o  t ake  s t o c k  of  

.our c u r r e n t  p o s i t i o n  when s o n s i d e r i n g  the  f u t u r e  
a v a i l a b i l i t y  of  o u r  r e sources .  Over t h e  p a s t  50 
y e a r s ,  t h e  P a c i f i c  Northwest and C a l i f o r n i a  have 
supp ieda  d i s p r o p o r t i o n a l  s h a r e  of t h e  n a t i o n ' s  
lumber and plywood. I n  t h a t  r e g i o n ,  a s  i n  t h e  
Northeas t  and Lake S t a t e s  b e f o r e  i t ,  we have mined 
a r e source  t h a t  was indigenous  when we a r r i v e d  
t h e r e ;  b u t  soon t h e  e x i s t i n g  old-growth t imber  
w i l l  be gone. The i n c r e a s i n g  r a t e  of c l o s u r e  of 
P a c i f i c  Northwest m i l l s  i s  e a s i l y  documented, and 
perhaps  is  h i g h l i g h t e d  by ~ e o r ~ i a - ~ a c i f i d s  r e c e n t  
move of i t s  c o r p o r a t e  headquar t e r s  from P o r t l a n d ,  
Oregon, t o  At l an ta .  Th i s  d e p l e t i o n  of our o ld  
growth t imber  w i l l  cause  i n c r e a s i n g  demand f o r  
the  p roduc t ion  of p a r t i c l e b o a r d s ,  f i b e r  boards ,  
and s i m i l a r  p roduc t s  t o  s u b s t i t u t e  f o r  lumber and 
plywood. , Indeed,  t h e  p roduc t ion  and consumption 
of  such p roduc t s  today i s  r i s i n g  r a p i d l y [ l 2 , 1 3 ] .  
These m a t e r i a l s  depend f o r  f eeds tocks  on wood 
f i b e r  v e r y  s i m i l a r  t o  t h a t  used f o r  energy produc- 
t i o n .  With c u r r e n t  r a t e s  of t echno log ica l  devel- 
opment of  new p rocesses  f o r  t h e  product ion of  
t h e s e  m a t e r i a l s ,  i t  would be na ive  t o  assume t h a t  
t hey  w i l l  no t  compete i n c r e a s i n g l y  wi th  wood used 
f o r  energy p roduc t ion  dur ing  t h e  nex t  t h i r t y  
y e a r s .  The growth i n  r e c r e a t i o n a l  u se  of f o r e s t s ,  
a s  r e f l e c t e d  by Nat ional  Pa rk  a t t e n d a n c e [ l 4 , 1 5 ]  
and r e c r e a t i o n a l  v e h i c l e  s a l e s [ 1 6 , 1 7 ]  and t h e  
growth i n  persons  i n t e r e s t e d  i n  conse rva t ion  and 
p r e s e r v a t i o n  a s  evidenced by membership i n  
o r g a n i z a t i o n s  l i k e  t h e  Na t iona l  Audubon S o c i e t y  
[18]  have been demonstrably  exponen t i a l  over t h e  
p a s t  two decades.  I e x p e c t  t hese  f o r c e s  w i l l  
con t inue  t o  p l a c e  demands on f o r e s t s  which w i l l  
r e s t r i c t  t h e  product ion of wood from reaching i t s  
t h e o r e t i c a l  p o t e n t i a l .  S i m i l a r l y ,  t h e  i n c r e a s i n g  
p a r c e l i a z a t i o n  of land i n  t h e  e a s t  and convers ion 
of  woodlands t o  urban purposes  nat ionwide w i l l  
a f f e c t  t h e  a v a i l a b i l i t y  of t h e  wood resource .  

While t h e s e  p r o j e c t i o n s  may dampen t h e  a r d o r  of a 
group ga the red  t o  encourage biomass energy u s e ,  
t hey  need n o t  do so. I n  my op in ion ,  s u f f i c i e n t  
wood w i l l  be a v a i l a b l e  t o  make a s i g n i f i c a n t  con- 
t r i b u t i o n  t o  o u r  energy needs  du r ing  t h e  energy 
t r a n s i t i o n  pe r iod  t h a t  l tes ahead. It would be 
f o o l i s h ,  however t o  p l a n  t o  r e l y  on wood a s  a 
major energy r e s o u r c e  beyond the  n e x t  t h i r t y  y e a r s  
o r  s o  wi thou t  t a k i n g  s u b s t a n t i a l  s t e p s  t o  s e c u r e  
s o l e  r i g h t s  t o  a l a r g e  p o r t i o n  of t h e  resource .  
Given t h e  r e l a t i v e  socioeconomic b e n e f i t s  of  
m a t e r i a l s  product ion from wood over  energy produc- 
t i o n ,  I doubt such a p o l i c y  would be i n  t h e  b e s t  
n a t i o n a l  i n t e r e s t  whencons ide red  from a broad 
s o c i a l  p e r s p e c t i v e .  F u r t h e r ,  I doubt such a 
p o l i c y  w i l l  be necessa ry  t o  a s s u r e  t h e  United 
S t a t e s  of  adequa te  energy s u p p l i e s .  

WOOD TRANSPORT 

T r a n s p o r t a t i o n  of wood c h i p s  from t h e  h a r v e s t i n g  



s i t e  t o  t h e  wood-fired power p l a n t  t y p i c a l l y  
occur s  i n  80,000 pound g r o s s  v e h i c l e  weight c h i p  
vans .  Problems a s s o c i a t e d  wi th  t h e  t r a n s p o r t  of 
wood a r e  h i g h l y  dependent on t h e  road network . 
c h a r a c t e r i s t i c s  o f  t h e  biomass h a r v e s t  r eg ion  and 
t h e  p l a n t  s i t e .  I n  t h e  h a r v e s t  r e g i o n ,  t h e  pres- 
ence  o r  absence o f  roads  and b r idges  of adequa te  
q u a l i t y  t o  convey c h i p  v a n s  to  w i t h i n  one-half 
m i l e  of t h e ' c u t t i n g  o p e r a t i o n  can make o r  b reak  a  
wood-energy h a r v e s t  under  p r e s e n t  economic condi- 
t i o n s .  The c o s t s  of roadbu i ld ing  t o  s t a n d a r d s  
capab le  of suppor t ing  c h i p  van t r a f f i c  simply 
cannot  be s tood  by a  wood energy h a r v e s t  u n l e s s  
they  can be w r i t t e n  o f f  a g a i n s t  some o t h e r  purpose 
such a s  a  h igh  q u a l i t y  lumber h a r v e s t  o r  r ec rea -  
t i o n a l  development.  

At the  p l a n t  s i t e ,  t he  road network must be 
capab le  o f  a c c e p t i n g  t h e  inc remen ta l  t r u c k  t r a f f i c  
converging from d i f f e r e n t  p o i n t s  i n  t h e  h a r v e s t  
r eg ion  t o  t h e  f a c i l i t y ' s  woodyard. A wuud-flred 
power p l a n t  producing t h e  e q u i v a l e n t  of 50 mega- 
w a t t s ,  f o r  example, w i l l  r e q u i r e  t h e  a r r i v a l  and 
d e p a r t u r e  of approx ima te ly  105 t r u c k s  per  bus iness  
day. A n  i n v e s t i g a t i o n  conducted by t h e  Dartmouth 
Resource P o l i c y  Center  of 5  p o t e n t i a l  s i t e s  f o r  
such a  f a c i l i t y  i n  Maine found 3 wi th  s u f f i c i e n t l y  
adequa te  t r a n s p o r t a t i o n  networks t o  suppor t  t h e  
a s s o c i a t e d  t r u c k  t r a f f i c .  At t h e s e  s i t e s ,  t h e  
problems of  inc reased  n o i s e ,  a i r  p o l l u t i o n ,  and 
b r idge  and highway maintenance c o s t s  were a l s o  
found t o  be accep tab le .  'Itro of  the  f i v e  s i t e s  
examined c u r r e n t l y  expe r i ence  extreme t r a f f i c  
conges t ion .  At t h e s e  s i t e s ,  t h e  a d d i t i o n  of 210 ' 

one-way t r u c k  t r i p s  per  day-an average o f  15 
t r i p s  pe r  hour o r  one eve ry  fou r  minutes--would 
have r e q u i r e d  major road network c o n s t r u c t i o n  i n  
h e a v i l y  s e t t l e d  suburban a r e a s [ l 9 ] .  

A t h i r d  problem a s s o c i a t e d  wi th  t h e  t r a n s p o r t  of  
wood o c c u r s  on ly  i n  s p e c i f i c  r eg ions  of t h e  
coun t ry  where roads  become p a r t i c u l a r l y  f r a g i l e  
dur ing t h e  s p r i n g  break-up period. Some s t a t e s  
post  roads  t o  l i m i t  t h e  a c c e p t a b l e  a x l e  weight of  
a l l  t r u c k s  i n  t h i s  season.  D i f f i c u l t i e s  caused by 
t h i s  p r a c t i c e  can  be overcome by s t o c k p i l i n g  e x r r n  
wood f u e l  du r ing  the  w i n t e r  h a r v e s t  per iod o r  by 
a c c e p t i n g  h ighe r  d e l i v e r y  c o s t s  a s s o c i a t e d  w i t h  
v e h i c l e s  c a r r y i n g  l e s s  than  t h e i r  maximum 
c a p a c i t i e s  - 

I n  s h o r t ,  the  i n s t i t u t i o n a l  problems a f f e c t i n g  the  
t r a n s p o r t a t i o q  ~f  wood may d i c t a t e  t h e  cho ice  of 
p a r t i c u l a r  l o c a t i o n s  f o r  wood-using f ? c i l l C l e s  but 
should n o t  s i g n i f i c a n t l y  slow t h e  growth i n  t h e  
u s e  of wood a s  an  energy resouce.  

CONSTRUCTION 

Two major i n s t i t u t i o n a l  f a c t o r s  may a d v e r s e l y  
a f f e c t  t h e  c o n s t r u c t i o n  of  wood-fired cogene ra t ing  
f a c i l t i e s .  The f i r s t  problem, t h a t  of f i n a n c i n g  
proposed f a c i l t i e s ,  may a c t u a l l y  l i m i t  t h e  u l t im-  
a t e  q u a n t i t y  of energy produced from wood. In  a  
survey of  100 p o t e n t a i l  i n d u s t r i a l  uses  of  wood- 
f i r e d  b o i l e r s  conducted by the  Resource P o l i c y  
Center a t  Dartmouth Co l l ege ,  a l l  respondents  c i t e d  

f i n a n c i n g  a s  the  major c o n s t r a i n t  t o  t h e i r  
a 

- 
conver s ion  t o  a  wood energy sys tem[20] .  Financing 
d i f f i c u l t i e s  a r i s e  from t h r e e  main avenues of 
concern: F i r s t ,  i n v e s t o r s  simply l a c k  conf idence  
t h a t  wood f u e l  w i l l  be a v a i l a b l e  on a  s u s t a i n a b l e  
b a s i s  t o  supply  w e n  sma l l  cogene ra t ing  f a c i l i -  
ties. Bankers,  and bond b roke r s  do no t  unders tand 
t h e  market ing of  wood f i b e r  and regard  i t  a s  a  
h igh  r i s k  a c t i v i t y .  Second, wood energy sys tems,  
wh i l e  now i n  many i n s t a n c e s  comparing f a v o r a b l y  
w i t h  o t h e r  s o u r c e s  when t h e  t o t a l  c o s t  of energy 
p roduc t ion  is  cons ide red ,  do no t  compare f a v o r a b l )  
on a  c a p i t a l  c o s t  b a s i s  w i t h  the  f i n a n c i a l  commun- 
i t y ' s  c u r r e n t  benchmark-oil-fired systems. Th i s  
c a p i t a l  i n t e n s i t y ,  h s r e v e r ,  i n  most c a s e s  r e q u i r e €  
sma l l  i n d u s t r i a l  cogene ra to r s  t o  seek suppor t  i n  
t h e  f i n a n c i a l  community. A t h i r d  problem i n  
f i n a n c i n g  wood energy -systems today is  a  d i f f i -  
c u l t y  f a c i n g  most new p ro jec t s - the  p r o h i b i t i v e l y  
h igh  c o s t  of money. 

To d a t e ,  I am no t  aware of any programs providing 
a s s i s t a n c e  t o  i n d u s t r i e s  wishing t o  conver t  t o  a  
wood energy system. Such programs might f a l l  i n  
t h r e e  c a t e g o r i e s :  

1 )  Refinement of techniques  t o  inven to ry  
biomass on a  r e g i o n a l  b a s i s .  I n v e n t o r i e s  
which cons ide red  v a l i d  s o c i a l ,  i n s t i t u t i o n a l  
and economic const ra in ts-coupled wi th  an  
i n t e r p r a t i v e  a s s i s t a n c e  program t o  work wi th  
i n d u s t r y  and t h e  f i n a n c i a l  community-could 
g r e a t l y  ease  ccnce rns  which f i n a n c i e r s  have 
r ega rd ing  wood s u p p l i e s .  Such a  program 
would l o g i c a l l y  be d i r e c t e d  from the  regiona. 
s o l a r  energy c e n t e r s .  

2 )  T h i s  sugges t ion  is c l o s e l y  l i nked  wi th  tha 
f i r s t .  The r e g i o n a l  s o l a r  energy c e n t e r s  
d e s p e r a t e l y  need exper ienced members of t he  
f i n a n c i a l  community on t h e i r  s t a f f s  t o  a s s i s  
sma l l  i n d u s t r i e s  i n  the  assessment  and a n a l y  
sis of  t h e  c o s t s  and r e t u r n s  of wood energy 
sys tems.  Th i s  a s s i s t a n c e  should i n c l u d e  a i d  
i n  n e g o t i a t i o n s  wi th  t h e  f i n a n c i a l  community 
a s  neccssory .  h e  Northeas t  S o l a r  Energy 
Center  has  such a  person on i t s  s t a f f  workin 
wi th  o t h e r  s o l a r  a p p l i c a t i o n s .  Such a  perso  
is now needed who could  devote  t h e  substan-  
t i a l  p o r t i o n  of h i s  t ime t o  bioinass 
a p p l i c a t i o n s .  

3) F.ven wi th  s u c c e s s f u l  programs as  o u t l i n e d  
abovc on l i n c ,  1 stlcpecc chac lc may 1 . 1 ~  

necessa ry  t o  develop loan  gua ran tee  programs 
i f  we a r e  t o  s e e  t h e  r ap id  t r a n s i t i o n  t o  woo 
energy systems t h a t  we d e s i r e .  

The second major problem i n h i b i t i n g  c o n s t r u c t i o n  
of .  wood-fired energy .systems is the  requirement  
t h a t  a i r  q u a l i t y  permits  be i n  hand be fo re  con- 
s t r u c t i o n  of such a  f a c i l i t y  begins.  m e r e  a r e  a 
p l e t h o r a  of  r e g u l a t i o n s  which have been promul- 
ga t ed  by the  Environmental P r o t e c t i o n  Agency a s  a 
r e s u l t  of  t h e  Clean f i r  Act. A thorough 
t i o n  of these  r e g u l a t i o n s  would r e q u i r e  sev 
l e c t u r e s  i n  i t s e l f  and even then might not be 



P l e .  Perhaps t h e  most important  of t hese  
u a t i o n s  a r e  t h e  P reven t ion  of S i g n i f i c a n t  
e r i o r a t i o n  r u l e s  which r e q u i r e  a thorough 
l e n t  impact r w i e w  and t h e  u t i l i z a t i o n  of Best 
i l a b l e  Control  Technology f o r  any f a c i l i t y  
t t i n g  more than  250 tons  per  year  of any c r i -  
i a  p o l l u t a n t  when o p e r a t i n g  wi th  emiss ions  
o n t r o l l e d  and more than  50 tons  per year  when 
r a t i n g  wi th  emiss ions  c o n t r o l s .  S t r a n g e l y  
ugh, p a r t i c u l a t e  emiss ions  which common myth 
c r i b e s  a s  t h e  major p o l l u t i o n  problem from 
d- f i r ed  b o i l e r s  do not  pose a r e a l  d e l a y  t o  t h e  
s t r u c t i o n  of a wood energy systems. When con- 
l l e d  wf t h  e x i s t i n g  technology,  t h e s e  emiss ions  

a 50 mw p l a n t  can be kep t  below 40 t o n s  pe r  
r . w e n  when a b o i l e r  is  f u e l e d  on bark  a lone .  
s s i o n s  of .carbon monoxide, n i t r o g e n  oxides  and 
rocarbons  pose a f r u s t r a t i n g  problem, however. 
ng t h e  EPA's Compilation of Air  P o l l u t i o n  
t o r s [ 2 1 ] ,  one f i n d s  emiss ions  from a 50 mw 
i l i t y  a s  fo l lows :  

CO - 781 t o  24,000 t o n s  per year  
NO2 - 4000 t o n s  per  year  
HC - 781 t o  24,000 tons  per  yea r  

i o u s l y ,  emiss ions  of t hese  p o l l u t a n t s  appear  t o  
f a r  i n  excess  of t h e  250 ton  r w i e w  l i m i t .  
s ,  use of t h e s e  emiss ions  f a c t o r s  i n  a l i c e n s e  
permit  a p p l i c a t i o n  submits  t h e  a p p l i c a n t  t o  t h e  
s i b i l i t y  of a 4 t o  12 month ambient a i r  moni- 
i n g  program fol lowed by a computer modeling 
l y s i s  t o  determine ambient a i r  impacts.  

rn i n  f a v o r  of  p re se rv ing  a i r  qua l i ty -wen  a t  
s t a n t i a l  c o s t .  However, t h e r e  is now appea r ing  
t h e  l i t e r a t u r e  i n c r e a s i n g  evidence t h a t  t h e  
's volume. AP-42 emiss ion  f a c t o r s  f o r  wood 
rgy sys tems a r e  perhaps a s  much a s  two o r d e r s  
magnitude high[22] .  It is  time t h a t  t h e  DOE 
iew t h i s  problem, conduct a d d i t i o n a l  s t a c k  
i t o r i n g  r e s e a r c h  i f  necessa ry ,  and encourage 

EPA t o  r e v i s e  i t s  emiss ions  f a c t o r s  where 
r o p r i a t e .  Such an e f f o r t  could  result i n  a 
u c t i o n  i n  p r e c o n s t r u c t i o n  l ead t imes  of a s  much 
.I2 t o  18 months f o r  cognera t ing  sys tems 
igned t o  produce more than about 5 megawatts of 
rgy e q u i v a l e n t .  

h i r d  problem a f f e c t i n g  t h e  a p o t e n t i a l  con- 
u c t i o n  of a wood-fired f a c i l i t y  r e s u l t s  from 
t e  s i t e  l o c a t i o n  r equ i remen t s  f o r  i n d u s t r i a l  o r  
l i t y  f a c i l i t i e s .  These r e g u l a t i o n s  s e r v e  a 
i r a b l e  purpose i n  p r o t e c t i n g  t h e  q u a l i t y  of t h e  
ironment b u t  may slow t h e  c o n s t r u c i t o n  of wood 
rgy sys tems,  p a r t i c u l a r l y  by mna1.l S n d ~ ~ s t . r i . a l  
sumers who may not  be s o p h i s t i c a t e d  i n  such 
t e r s .  The development of  e x p e r t i s e  t o  a s s i s t  
s e  managers i n  complet ing t h e s e  a p p l i c a t i o n s  
I d  speed the  p e r m i t t i n g  p rocess  i n  many in-  
nces .  Funding f o r  such a program might b e s t  be 
t e d  i n  s t a t e  energy o r  development o f f i c e s .  

RAT I ON 

e -cons t ruc t ion  ope ra t ing  pe rmi t s  a r e  nh- 
t h e r e  appea r  t o  be few a d d i t i o n a l  i n s t i t u -  

t i o n a l  problems a s s o c i a t e d  wi th  t h e  o p e r a t i o n  of a 
wood-energy cogene ra t ion  system. Ash d i p o s a l ,  
however, may pose such a problem. A 50 Mw p l a n t  
produces approximately  80  tons  of wood a s h  p e r  
day--aquantity t h a t  would amount t o  about 800,000 
tons  i f  t h e  f a c i l i t y  were ope ra t ed  over a 30 yea r  
l i f e t i m e  a t  a 90% c a p a c i t y  f a c t o r .  While t h e  
composi t ion of wood a s h  i s  benign compared w i t h  
c o a l  a s h ,  i t  none the le s s  does c o n t a i n  m a l l  quan- 
t i t i e s  of  s e v e r a l  heavy m e t a l s  which could  contam- 
i n a t e  wa te r  bodies  i f  improperly l a n d f i l l e d .  In  
t h e  s t a t e  o f  Maine where we conducted environmen- 
t a l  a n a l y s e s ,  t h e  d i s p o s a l  of wood ash w i l l  c r e a t e  
d i f f i c u l t i e s  over  t h e  l i f e  of a wood-fired s y s -  
tem. In  t h a t  s t a t e ,  l a n d f i l l  space  is no t  r e a d i l y  
a v a i l a b l e  because of  t h e  c h a r a c t e r i s t i c s  of i t s  
s u r f  i c i a l  geogogy. A d d i t i o n a l l y ,  t h e  landf  i l l i n g  
of  any i n d u s t r i a l  m a t e r i a l  i s  c u r r e n t l y  a p o l i t i -  
ca l ly-charged i s s u e  because of s e v e r a l  n o t a b l e  
. i n s t ances  of  ground water  contaminat ion.  Th i s  
s i t u a t i o n  is  compl icated by t h e  f a c t  t h a t  good 
d a t a  r e g a r d i n g  t h e  composi t ion of wood ash  from 
b o i l e r s  o p e r a t i n g  under va ry ing  c o n d i t i o n s  w i t h  
d i f f e r i n g  f u e l  mix tu res  a r e  no t  r e a d i l y  a v a i l a b l e .  
I n v e s t i g a t i o n  of wood a s h  compostion from d i f f e r -  
e n t  combustion s i t u a t i o n s ,  p a r t i c u l a r l y  where 
f i r e d  wi th  sma l l  q u a n t i t i e s  of back-up f u e l  such 
a s  o i l ,  would be an  inexpens ive  p r o j e c t  which 
could  ease  t h e  o p e r a t i n g  l i c e n s e  procedures  f o r  
wood ene rgy  systems. Fur the r  work a l s o  should  be 
done t o  determine o t h e r  p o s s i b i l i t i e s  f o r  d i s -  
posing of  wood ash.  Its economic p o t e n t i a l  a s  a 
s o i l  c o n d i t i o n e r ,  l ime  s u b s t i t u t e ,  o r  w i th  
a d d i t i v e s ,  a s  a f e r t i l i z e r ,  should  be  i n v e s t i g a t e d  
and would r e q u i r e  on ly  modest r e s e a r c h  funding.  

SUMMARY 

C o n s t r a i n t s  o r  h ind rances  t o  wood-energy use a r i s e  
a s  a r e s u l t  o f  o u r  s o c i e t y ' s  c u r r e n t  i n s t i t u t i o n a l  
composi t ion i n  a l l  phases of wood energy sys tems:  
h a r v e s t  and t r a n s p o r t  of  wood, and c o n s t r u c t i o n  
and o p e r a t i o n  of cogene ra t ing  systems. None of 
t h e s e  c o n s t r a i n t s ,  i n  i s o l a t i o n  o r  combined, w i l l  
sound t h e  d e a t h  k n e l l  f o r  wood energy systems. 
Together ,  however, t hey  w i l l  s low i n d u s t r i e s '  
t r a n s i t i o n  t o  inc reased  r e l i a n c e  on wood f o r  t h e  
p roduc t ion  o f  cogenerated steam and e l e c t r i c i t y  
and w i l l  r e t a r d  s o c i e t y ' s  s h i f t  away from depen- 
dence on imported petroleum products .  The appro- 
p r i a t e  s o l u t i o n  and m i t i g a t i o n  of t h e  problems I 
have r a i s e d  v a r y  from c o n s t r a i n t  t o  c o n s t r a i n t .  
However, t hey  can be summarized i n  s e v e r a l  broad 
c a t e g o r i e s :  F i r s t ,  energy sys tems managers must 
r ecogn ize  t h a t  such problems e x i s t .  i d e n t i f y  them, 
and deve lop  i n d u s t r i a l  a s s i s t a n c e  programs t o  
smooth t h e  pa th  f o r  companieswishing t o  i n s t a l l  
such systems. These problems a r e  r e g i o n a l  i n  
n a t u r e  and should  be managed through t h e  r e g i o n a l  
s o l a r  energy c e n t e r s ,  t h e  groups  charged w i t h  
commercia l iz ing s o l a r  a l t e r n a t i v e s .  Second, t h e  
Department of Energy must i n t e n s i f y  i t s  e f f o r t s  t o  
deve lop  i n t e r a g e n c y  programs t o  reduce environ- 
menta l  u n c e r t a i n t i e s  and r e source  ambiguity.  
F i n a l l y ,  where a d d i t i o n a l  r e s e a r c h  is  needed, t h e  
DOE must r ecogn ize  t h a t  i t  i s  i t s  mandate t o  
commercialize t h e  n a t i o n '  s  a l t e r n a t i v e  energy 



systems. Funds must be appropriated where 
necessary to provide answers to the institutional 
questions impeding the rapid development of wood 
as a fuel for stationary source use. 
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PRELIMINARY CHARACTERIZATION OF TASE BIOMASS TECHNOLOGIES 

J. P. Harper, S. W. Ballou, L. J. Habegger, 
A. A .  Sobalr., and A. A. Antonopoulos 

Energy and Environmental Systems Division 
Argonne National Laboratory 

1978, the U.S. Department of Energy initiated 

e TASE (Technology Assessment of Solar Energy) 

9gram to assess the environmental consequences 

increased utilization of solar energy. An 

erview of the TASE Program and a discussion of 

e biomass technologies characterized in Phase 

dill be presented in this paper. Appropriate 

 mass conversion technologies were selected 

r various biomass feedstocks (i..e., agricul- 

cal and forestry residues, municipal wastes, 

nures, and agricultural and forestry energy 

3ps). The technology characterization process 

volved: description of a model system; input/ 

tput analysis of material and energy flows 

to the system; estimation of the amount of 

siduals (e.g., particulates, SOx, etc.) 

nerated during conversion; and estimation of 

pita1 and operating and maintenance costs for 

ch system. Results were computed on a per 

ad (loL5 Btu) basis and coded for input into 

e SEAS (Strategic Environmental Assessment 

stem) model. This discussion of the TASE 

>mass technology characterizations focuses on 

ricultural rcoiduea, forcrLcy ltldusrry resl- 

es, and livestock wastes. 

lar energy technologies have recently become a 

:us of intense research and development not 

ly because of their potential for replacing 

aventional nonrenewable energy resources but 

so because they are generally perceived to be 

Latively benign in terms of environmental and 

socioeconomic impacts. However, the use of 

solar technologies is not withou't externali- 

ties, especially' when coastruction, material 

supply, employment requirements, and other 

secondary or indirect impacts are considered. 

The potential environmental and socioeconomic 

impacts, both positive and negative, resulting 

from a widespread application of solar energy 

technologies have not been adequately addressed 

in the past. Accordingly, the Office of the 

Assistant Secretary for Environment of the 

Department of Energy has initiated the Tech- 

nology Assessment of Solar Energy (TASE) 

Program. 

The purposes of the TASE Program are to examine 

on a nation+, regional, and community level the, 

nature of the environmental and socioeconomic 

impacts likely to result from widespread use of 

solar energy technologies; to identify the 

potential for substituting solar technologies 

for conventional sources as a strategy for 

mit'igating energy-related environmental and 

socioeconomic problems; to identify physical, 

environmental, and institutional factors that 

may llulL Llle substirution 02 solar energy for 

energy from conventional sources; and to iden- 

tify regional variations that may facilitiate 

development and use of particular combinations 

of solar technologies. 

The TASE Program has two phases. Phase I 
provides a preliminary evaluation of the generic 

environmental impacts of solar energy technolo- 

gies. Phase I1 of the TASE Program will draw 

upon the results and analysis of the Phase I 

effort to assess the environmental consequences 



of a national deployment of solar energy techno- 
logies. 

One primary objective of the Phase I activity is 

to evaluate, on a per Quad (1015 Btu) basis, 

the amount of environmental residuals and the 

costs (capital, operating, and maintenance) of 

each solar technology system, from raw material 

extraction to end use. Results of these evalua- 

tions are the subject of this paper. 

Additional objectives of the Phase I program are 

to determine, by means of an input/output 

analysis of selected solar demand scenarios, the 

raw materials and resources needed to unufac- 

ture and operate the solar and any ancillary 

systems; to examine the ability of communities 

to assimilate into their physical, social, and 

institutional structures increasing quantities 

of solar-derived energy; to assess the environ- 

mental and institutional impacts of solar energy 

use on spatially constrained communities; 

and to examine the environmental and institu- 

tional character of a community, under varying 

solar growth assumptions. 

These objectives provide a basis for moving from 

generic assessment of impacts to the Phase I1 

assessment that considers specifics of national 

and regional resource usage, cumulative environ- 

mental impacts, socioeconomic impacts, and 

institutional uncertainties. As a basis for the 

Phase I1 analysis, two national scenarios for 

level of solar deployment in the year 2000 are 

specified: a scenario with a high level of solar 

penetration similar to the Domestic Policy 

Review "maximum practical" scenario and a second 

scenario with lower penetration, assuming a 

general continuation of current energy policies. 

The Phase I1 assessments are being conducted 

jointly by the DOE and the Argonne, Iroskhaven, 

Lawrence Berkeley, Los Alamos, Oak Ridge, and 

Pacific Northwest/Xattelle Laboratories, with 

support from DOE'S Division of Technology 

Assessment and MITRE Corporation. 

TASE Phase I Approach 

The broad scope of Phase I of the TASE Progr 

necessitated a division of the tasks required to 

effect the study. Eight technologies were 

selected for study, including some non-solar 

decentralized types. Los Alamos was primarily 

respansible for heating and cooling, agricul- 

tural and process heat, photovoltaics, and wind 

technologies. SERI, MITRE Corporation, and 

Lawrence Berkeley Laboratory also developed 

characterizations for these solar technologies. 

Argonne and Oak Ridge were assigned biomass 

technologies. Lawrence Berkeley was responsible 

for cogeneration and wa8tu comboetion. Oak 

Ridge was additionally responsible for district 

heating. Tho birrmass technology was divided on 

the basis of resources; Argonne was to identify 

appropriate applications for crop and forestry 

residues, livestock wastes, and sewage while Oak 

Ridge was to define terrestrial energy crop 

applications. 

Thus, ~rgonne's assignment for biomass tech- 

nologies during Phase I was to identify end-use 

energy applications for various biomass resources 

Upon selection of a biomass conversion applica- 

tion, the following tasks had to be performed to 

characterize the chosen system: 

A technical description of the model 
system alrd thc amount of  end-lrrta 
energy supplied; 

An input/output analysis of material 
and energy requirements of the model 
system per Quad of end-use energy; 

An assessment of the system's capital 
costs and operating and maintenance 
costs per Quad of end-use energy; and 

An assessment of operating residuals 
(e.g., pollutants) generated by the 
system per Quad of end-use energy. 



Ltal'and operating costs were identified 

L industrial sector in which expenditures 

de. 'This allowed inferences as to the 

.sic raw material requirements for the applica- 

on. 

le integrating factor in the study is SEAS 

itrategic Environmental Assessment System) 

louse, 1977). This model permitted the inte- 

.ation of the technology characterization 

ta being developed at the various national 

boratnries and other ilxtitutions, so that 

e national, regional, environmental, mate- 

al, energy, and economic objectives are 

hievable. 

AS is an extremely intricate system. Basic- 

ly, SEAS is a set of interrelated computer 

,ograms that can model energy flows in the 

S. ,  model the U.S. economy, calculate environ- 

ntal pollutants, and provide these energy, 

onomic, and environmental forecasts at the 

tional and various regional levels. Thus, in 

.SE Phase I the microlevel work on solar energy 

stems is melded via SEAS into macrolevel 

recasts. 

e remainder of this paper will be on.selected 

omass technology applications studied at 

gonne National Laboratory. This will provide 

representative perspective on the microlevel 

put for biomass technologies into the SEAS 

del. Because of space limitations, an ade- 

ate definition of all the assumptions and 

rspectives of our work is not possible and 

e readers are ref erred to f orthcorning project 

ports; one deals with agricultural and for- 

try residue applications (Harper et al., 1979) 

d the other with livestock wastes and sewage 

allou et al., 1979). These biomass technology 

plications will be presented for agricultural 

sidues, livestock .wastes, and forest industry 

sidues in this paper. 

RICULTURAL RESIDUE APPLICATIONS 

neral Soil Effects 

rhaps one of the most significant environ- 

B effects of using agricultural residuefi 

for energy is the deterioration of the soil by 

the erosive forces of water and wind. It has 

been reported 'that runoff almost doubles when 

crop residues were removed (Brady; 1974). The 

raindrop effect destroys surface soil structure, 

causing puddling, decreased water infiltration, 

increased runoff, reduced porosity, increased 

soil compaction, and a loss of organic matter 

and plant nutrients. In the semiarid wheat and 

cotton growing areas, the wind sorts the dry 

surface soil material by blowing away the 

fines, leaving only the semi-sterile skeletal 

matter (Lyles, 1975). This fine soil material 

contains a high portion of nutrients that 

are readily available to plants, and some 

experiments have shown eroded sediment to 

contain five times more organic matter and 

nutrients than the original soil. 

Another major loss of soil nutrients is in 

removal of the residues themselves. Table 1 

lists the amounts of major soil nutrients 

(nitrogen, phosphorus, .and potassium) removed 

with corn, wheat, and cotton residues. 

Table 1. Major Soil Nutri'ents Removed With 
Crop Residues 

~p 

Nitrogen Phosphorus Potassium 
(lblton (lblton (lblton 

Crop residue) . residue) residue) 

Corn Residue 22.2 3.6 26.8 

Wheat Residue 6.0 0.5 8.9 

Cotton Residue 34.8 4.5 29.4 

Thus, the nutrients are often removed in excess 

of those applied, and the difference.comes from 

the reserve previously built up in the soil. 

These nutrients must be maintained. Therefore, 

the total nutrients removed in the residue 

should be accounted for in the amount of ferti- 

lizer applied with the next corn crop to miti- 

gate the adverse consequences of soil deteriora-. 

tion. In the analyses of technologies, the land 

areas temporary affected by residue removal and 

the additional fertilizer requirement have been 

incorporated into the analysis of the various 

r.rop residue systemo. 



combustion of Cotton Ginning Residue 

Ginning of cotton produced in the U.S. gives 

rise to three distinct products: lint (cotton 

fibers), cottonseed, and ginning residues which 

consist of leaves, sticks, stems, hulls, soil, 

and motes (Griffin, 1976)(0ursbourn et al., 

1978). Residue production per bale ranges from 

98 lb for spindle-harvested mid-south cotton 

to approximately 750 It for Texas stripper- 

harvested cotton (Griffin, 1977). 

The seed cotton at the plant must be dried 

,before it can be ginned. Typically 430,000 

Btu per bale (Holder and McCaskill, 1963) are 

required for drying. Recently, drying systems 

have been developed that use cotton ginning 

residue as a fuel instead of natural gas for 

drying the seed cotton. The mean dry-basis fuel 

value of cotton gin residues is 7032 Btu/lb. 

The designs of systems for recovering gin 

residue and incinerating it to provide energy 

for drying have been reported by several authors 

(Lalor et al., 1976) (McCaskill and Wesley, 

1976) (McCaskill et al., 1977). Researchers at 

the U.S. Cotton Ginning Research Laboratory have 

developed a system with 30% heat exchanger 

efficiency (McCaskill and Wesley, 1976). This 

system provided sufficient heat recovery for 

processing rates from 6 to 30 bales per hour, 

which spans production capacities for most 

cotton gins in the U.S. 

For this study, the model system proposed for 

seed cotton drying proposed is simple: it 

consists of, three basic operations, ,separation, 

combustion, and heat transfer. The model system 

does not have a gas scrubber on the incinerator 

so' that a worst-case residual estimate is used 

to evaluate the conversion technology. The 

capacity of the system is 20,000 bales per 

year. 

Based upon one-Quad output of useful process 

heat .from the system (i.e., replacing natural 

gas), the major capital costs are identified in . 

Table 2. The operating and maintenance costs 

for this application ate approximately $3. 
billion (1972 dollars). 

Table 2. Capital Costs Per Quad for Cotton 
Residue/Combustion System 

Industrial Billions of 
Category 1972 $/Quad 

Industrial Patterns 7.4 

Plumbing & Heating Equipment 7.4 

Transportation 1.1 

New Construction - 2.3 

Total Capital Cost 18.2 

The major oporati ng ree.l.d~lnI fi for the applica- 
tion are found in Table 3. An environmental 

effect not noted in the table is the waste heat 

dissipated into the atmosphere. The amount of 

heat wasted by the system is many times the 

useful heat produced and accounts for the 

relatively high capital cost per Quad. 

Table 3. Xajor Operating Residuals Per Quad 
for Cotton Residue/Combustion System 

Residual Estimated Residuals Per 
Category Quad (103 tons) 

ParticuLates 9,150 

so2 850 

NOx 1,750 

CO 16,150 

Hydrocarbons 1,700 

Solid Waste/Ash 104,640 

Hydrolysis of Corn Residue 

Furfural is an aldehyde with the -CHO group in 

the cr position. Its producLlun was commercial- 

ized by Quaker Oats in 1922 (Quaker Oats Co., 

1974) and it is obtained from pentosan-contain- 

ing agricultural residues. Furfural serves 

primarily as a chemical intermediate for the 

production of furfuryl alcohol, tetrahydro- 

furfuryl alcohol, furan, tetrahydrofuran, poly- 

'tetramethylene ether glycol, or as a precur a 



p y r r o l e ,  p y r r o l i d i n e ,  p y r i d i n e ,  p i p e r -  Table 4. C a p i t a l  Costs  Per  Quad f o r  Corn 
Res idueIFur fu ra l  System , l y c i n e  m e t h y l f u r a n ,  and many o t h e r  

ounds. It i s  considered i n  t h i s  s tudy  a s  a b 
omass-derived chemical t h a t  can se rve  a s  a 1972 $ Per  Quad 

I n d u s t r i a l  Category 
b s t i t u t e  f o r  a petroleum-derived chemical ,  

(109 $) 

e r e b y  p o t e n t i a l l y  s p a r i n g  o i l  r e s o u r c e s .  S p e c i a l ' I n d u s t r y  Machinery 0.71 

e e x t r a c t i o n  of f u r f u r a l  from a g r i c u l t u r a l  

s i d u e s  invo lves  a c i d  d i g e s t i o n  under steam 

e s s u r e  f o l l o w e d  by a s e r i e s  o f  d i s t i l l a -  

ons t o  s e p a r a t e  and p u r i f y  t h e  f u r f u r a l  and 

her by-products ,  of t h e  .hydrolysis  ( F a i t h  e t  

., 1957; Pa tu rau ,  1969). The m a t e r i a l  remain- 

I: a f t e r  d i g e s t i o n  i s  then sepa ra ted  i n t o  a 

Lid . and  a l i q u i d  f r a c t i o n  by a screw press .  

e s o l i d  r e s i d u e  i s  g r a n u l a r  a n d  composed 

Lncipal ly  of modified c e l l u l o s e ,  l i g n i n  and 

s i n s  (Quaker  O a t s  Co., 1 9 7 2 ) .  The l i q u i d  

xct ion c o n t a i n s  t h e  d i s so lved  carbohydrates  

i spen t  a c i d .  

e f u r f u r a l  i s  r e c o v e r e d  f rom t h e  v a p o r  by 

;s ing i t  through a d i s t i l l a t i o n  column; t h e  

zrhead i s  condensed and a f u r f u r a l  l a y e r  and a 

:er l a y e r  sepa ra ted  by decant ing ( F a i t h  e t  

* ,  1957). The water  l a y e r  i n  t h e  d e c a n t e r  

e l d s  h i g h l y  v o l a t i l e  b y - p r o d u c t s ,  namely ,  

:hyl a l c o h o l ,  methyl a c e t a t e ,  and a c e t i c  a c i d .  

2 p r o d u c t i o n  o f  m e t h y l  a l c o h o l  and  m e t h y l  

i t a t e  e q u a l s  roughly one-s ixteenth  of f u r f u r a l  

~ d u c t i o n  a t  t h e  p l a n t  whi le  t h a t  of a c e t i c  

.d e q u a l s  t h e  product ion of f u r f u r a l  (Lipinsky 

a l . ,  1977). 

2 model  s y s t e m  f o r  t h i s  s t u d y  i s  a l a r g e  

l o t h e t i c a l  f a c i l i t y  f o r  f u r f u r a l  product ion.  

: process ing  r a t e  is  135 tons lday  of f u r f u r a l  

u i r i n g  1588 tons/day corn r e s i d u e  (Lipinsky 

a l . ,  1977). Major energy and m a t e r i a l  i n p u t s  

:o t h e . s y s t e m  a r e  steam ( 4 0 , 0 0 0  l b / t o n  

f u r a l )  , water  (11,000 f t3 /  t o n  f u r f u r a l ) ,  

c t r i c i t y  (250 kwhlton f u r f  u r a l )  , and s u l f u r i c  

d (50  l b  conc./ton re s idue) .  The c a p i t a l  

; t s  p e r  Quad o f  i n p u t  e n e r g y  a r e  g i v e n  i n  

11e 4.  The e s t i m a t e d  o p e r a t i n g  a n d  main- 

~ a n c e  c o s t s  a r e  a p p r o x i m a t e l y  $ 2 1  b i l l i o n  

Fabr ica ted  Metal Products  

Fabr icated P l a t e  Products  

Plumbing 6 Heating Equipment 

s t r u c t u r a l  Metal Products  

, Pipes ,  Valves,  & ~ i e t i n g s  

Trucking 

New Cons t ruc t ion  

To ta l  C a p i t a l  Cost 

The major o p e r a t i n g  r e s i d u a l s  a r e  p resen ted  i n  

T a b l e  5.  It i s  assumed t h a t  t h e  m a j o r  h i g h  

energy by-products of t h e  p rocess  (e.g., methanol,  

methyl a c e t a t e ,  and a c e t i c  a c i d )  a r e  recovered 

and  s o l d .  T h i s  r e c o v e r y  would b o i s t e r  t h e  

o v e r a l l  energy product ion by t h e  system because 

t h e s e  chemicals  c o n t a i n  a s  much energy a s  t h e  

primary product  ( f u r f u r a l ) .  The major environ- 

mental contaminants  a r e  found i n  t h e  a i r ,  wa te r ,  

and land media. A s i g n i f i c a n t  temporary l a n d  

usage is  a l s o  r equ i red  t o  supply t h e  r e s idue .  

Table 5. Major Operat ing Res idua l s  Per Quad 
f o r  Corn ~ e s i d u e / F u r f u r a l  System 

Dstiuiat+d Rc6lduals  
Residual  Per  Quad 
Category (103 Tons) 

Hydrocarbon 

H2S04 (Vapor) 

BOD 

~ 2 ~ 0 4  ( q c i d i t y )  

S o l i d  Waste 

Land, Permanent 

Land, Temporary 

1 ,012 

140 

26,880 

2,800 

392,240 

321 (103 a c r e s )  

140,000 (103 a c r e s )  

72 $) per  Quad of end-use energy i n  t h e  form 
G a s i f i c a t i o n  of Corn and Wheat Residues  

f  u r a l .  Y The p y r o l y t i c  convers ion approach - g a ~ i f i c a t i o n  - - 
is  examined i n  t h i s  a p p l i c a t i o n  f o r  t h e  product ion 



of a low-Btu gas from corn and wheat residues 
which can replace natural gas. Gasification is 

actually a two-stage process. Part of the 

biomass in the gasifier is combusted with a 

limited air supply, to provide heat to raise the 

temperature in the gasifier unit above 16000 

F. Under these conditions, the biomass fuel 

in other parts of the gasifier is pyrolyzed. 

However, a highly carbonized solid residue, 

called char, and liquids with high tar contents 

are also generated. ~esultant quantities of 
1 

these materials depend greatly upon gasifier 

design and operation. 

A commercial unit in operation at Diamond1 

Sunsweet. Inc., Stockton. California (Gogs, 

1978) served as a model for chis application. 

The unit has a capacity of 28.6 tons per day and 

produces enough energy to sustain a steam 

production rate of 8500 lb/h (15 psi) at a fuel 

rate of one ton mulled walnut shells per hour. 

A natural gas pilot flame is required. A 

laboratory-scale testing model similar to the 

unit has been built at the University of Cali- 

fornia at Davis (Williams and Horsfield, 1977). 

In the model system, there are only three 

unit operations: storage, handling, and gasifica- 

tion. Eighty percent of the input fuel is 

gasified and the principal by-product is a 

low-Btu gas ( 150 ~tu/ft)) with a char residue 

( 20% of input material) as a by-product. The 

major energy flow into the system is natural gas 

for start-up or occasionally sustaining the 

process. Table 6 identifies the major capital 

expenditures for the gasifier system. These 

costs apply whether corn or wheat residues are 

utilized. The operating and maintenance costs 

for  the system is $3.6 billion (1972 $) per 

Quad end-use energy. 

The range of operating residuals which has 

been estimated for this application is given in 

TabLe 7. The temporary land use requirement for 

corn is significantly less than for wheat 

because of higher per acre yields. If the char 

from the process could be used as an energy 

resource, a significant improvement in overall 

energy generation by the system would result. 

Table 6. Capital Costs Per Quad for Wheat- 
Corn Rcsidue/Gasification System 

Industrial 1972 $ Per Quad 
Category (109 $1 

~abricated Metal Products 0.81 

Plumbing and Heating Equipment 0.35 

Materials and Handling Equipment 0.02 

Transportation 0.09 

New Construction 0.25 - 
Total Capital Costs 1.52 

  able 7. Major Operating Residuals Per Quad 
fus Wl~eit-Corn Reeidue/Caoifiaation 
System 

Residual 
Category 

Residuals Per Quad 
End-Use. Energy 

(103 tons) 

Particulates 36-38 

SO2 3- 4 

NOx 52-53.7 
Combustible Solid Waste 18,000 - 21,099 
Land Use, Permanent 3.3 (103 acres) 

Land Use/Year 49,000 - 56,000 
(103 acres) 

Fermentation of Sugar Processing Residues 

Malasses is obtained as a by-product of sugar 

processing (both cane and beet sugars). 

U.S.D.A.'s Agricultural Statistics 1977 esti- 

mates that 133,676,000 gallons of mdlasses were 

produced from mainland cane and 191,700,000 

gallons were produced from domestic beet sugars. 

Cane molaoo&o f~ prdferred by dlutll1r't.s I ,a~:~r~ne 

of the higher invert sugar concentration, 

although both types of nolasses .will support 

fermentation. 

This model process developed fur clhe production 

of ethanol from molasses is similar to other 

processes for industrial ethanol production in 

the United States and overseas (Lowenheim 

Moran, 1975; Yang et al., 1977; Paturau, 1 



.pinsky et al., 1977; Klostermann et al.. 
Wilke et al., 1978). The system has a' 

ction capacity apprnaching 200,000 gallonc 

ethanol per day and uses approximately 3000 

)ns/day of molasses. This system is scaled 

ter the large Battelle system for sugarcane 

lice (Lipinsky et al., 1977). The capital 

msts are summarized in Table 8. The operating 

.d maintenance costs are approximately $13.3 

llion per Quad of ethanol energy produced. 

.ble 9 lists the major operating residuals for 

.e system. Air pollution (from distillation 

&d storage) and water contamination are the 

.jor problems. Horever, it i6 assumed that 

'-products of the.proccss (eag., stillage) 

.e marketable. 

Table 8. Capital Costs Per Quad For Sugar 
Processing Residue/Fermentation 
System 

Industrial 
Category 

1972 $ Per Quad 
(109 $) 

.umbing 6 Heating 

.bricated Metal Products 

mps, Compressors 6 Blowers 

.gineering 6 Scientific Equipment 

lecial lndus;ry Machinery 

ructural Metal Products 

.tar Plate 

pes, Valves 6 Fittings 

ildings 6 Auxiliaries 

ansportation 

w Construction 

tal Capital Costs 

Table 9. Major Operating Residuals Per Quad. 
for Sugar Processing/Fermentation 
System 

sidual 
mponent 

Reelduals Per Quad 
End-Use Energy 
(103 tons) 

LIVESTOCK WASTE APPLICATION 

A~aex"Lic DlpebLlull US Mairu~r 

Anaerobic digestion of animal residues has been 

used in India for many years. Sanghi and Day 

(1972) report that in 1972 there were about 

2,500 anaerobic digesters in rural India produc- 

ing biogas from cattle dung without destroying 

the value of the solids as fertilizer. Essen- 

tially, only carbon is metabolized into biogas 

with a heating value of 600 ~ t u / f t ~ .  Most 

nutrients, especially nitrogen, pass through and 

are discharged in the digested residue. 

In the United States, extensive investigations 

are underway to evaluate process requirements 

for biogas recovery from beef cattle, dairy 

cows, swine, poultry, and other animal wastes 

(Tennessee State University, 1977; Biogas of 

Colorado, Inc., 1978). One area where anaerobic 

digestion is close to full-scale production is 

the Four Corners region of Arizona, Colorado, 

New Mexico, and Utah, where there are many large 

beef feedlots. 

The process characteristics reported here are 

based on a model plant designed to process the 

waste from 25,000 beef cattle. Beef cattle at 

an average weight of 1,000 lb produce 60 

lb of raw manure per head per day, contain- 

ing 6.9 lbs of total solids, of which 5.9 

lbs is volatile solids. 

The aeeumed design of an anaerobic digestion 

plant for feedlot manure has a process rate  
of 0.2 lb/day of volatile solids per cubic foot 

of digester capacity. At 5.9 lb of volatile 

solids per day per animal, 25,000 head of cattle 

will produce 147,500 lb of volatile solids, 

which will require 737,500 ft3 of digester 

capacity. This capacity is supplied by three 

primary digesters 100 ft in diameter by 31 

ft high. Three secondary digesters of the 

same size, with gas-holding covers, are also 

needed. 

hanol (Vapor) 

nzene (Vapor) 

h OC, Permanen: 
391 

16 

58 

54.8 
(103 acres) 



The digested sludge (42.5 tons of dry solids per 
day) is dewatered by 110-hp centrifuges, 

two on line and one in reserve. The extracted 

water goes to a controlled algae pond and later 

is returned to mix with raw manure entering the 

plant. The algae is harvested and dried as an 

animal feed supplement; the dewatered, digested 

residue is used as a fertilizer additive or 

solar-dried for animal feed. 

Assuming a biogas production of 8.5 ft3/lb 

of volatile solids, this digestion plant would 

produce a gross yield of 1.25 x 106 ft3 of , 

g a ~  per day (Loehr, 1.977). The ,digester gas is 
purified in an amine absorption step to temove 

7 5 z  nf the C02 and alL of the ammonia and 
hydrogen sulfide, resulting in gas with I l U  , 

3tu/f t3. 

The capital costs for the process are summarized 

on a per Quad basis in Table 10. 

Table 11 presents the major operating residuals 

generated on a per Quad basis. The major impact 

is solid waste from the digesters. This should 

not be a serious environmental problem if sound 

land application practices are employed. 

Table 10. Capital Costs Per Quad for Manure/ 
, Anaerobic Digestion System 

Industrial 
Category 

1972 $~Pcr Quad 
End-Use Energy 

(109 $1 
- - -  

Cement Cover 

Oil Ficld HaahLnesy 

Buildings 

Transportation 

New Construction 

Total Capital Costs 

Table 11. Major Operating Residuals Per Quad 
for Manure/Anaerobic Digestion 
System 

Residuals Per Quad 
Residual End-Use Energy 
Category (103 tons) 

So2 2,570 

NOx 90 

Solid Waste 103,700 

Cogeneration from Pulp/Paper Residues 

The pulp and paper industry is the fourth 

largest industrial consumer of fuels and elec- 

tricity in the United States. Paper and allied 

products industries purchase more than 385 

billion kWh equivalent of fuels and electricity 

per year (Little, Inc., 1976), and consumed (in 

1970) 1.5 Quads (Sittig, 1977). 

Pulp and/or paper operations are either'larger 

integrated systems (producing both pulp and 

paper) or cmnllor nonintegrated systems (produc- 

ing either pulp or paper). Most of the U.S. 

papor in mantlfnctured by integrated mills. 

The pulping process most prevalent in the United 

States and selected as the basis of our model 

forestry residue conversion system is known as 

the Kraft process. In the Kraft process, under 

high temperatures (3500F) and pressures (100 

psi), the wood chips are cooked for 2-4 hours in 

an alkaline solution of sodium sulfate and 

sulfite in order to separate the cellulose 

fibers from the lignin and other materials (Hall 

et al., 1977) (Sittig, 1977). The spent 

cooking liquor, known as black liquor, contains 

the llknin and the chemicals utilized in the 

proooaa. . The liqunt passes through a recovery 

system, and most of the original chemicals are 

extended and reused, while the remaining lignin 

plus other combustible materials are concen- 

traced (55-652 solida). Thessefterj the concen- 
trated liquor is conveyed to the furnaces/boilerc 

and burned to generate heat, steam, and electric- 

ity. 

It has been estimated that the production of a 

dry ton 6f Kraft pulp requirco 315 kWl~ of elec- 

tric 'energy as well as 8500 lb of steam at 

about 80 psi (equivalent to 10.67 x lo6 

Btu), and that one ton of spent liquor solids 

turned in thc rocovary fl~rnace releases 13.2 x 

lo6 Btu (Sittig, 1977). 



plant studied has one power boiler 
lark and wood residues and two main 

boilcro burning the orgaulc u n L i r r  

)f the black liquor. In addition, a turbogen- 

!rator unit is employed for, electricity genera- 

:ion. This unit is envisioned for a plant which 

innually processes 200,000 tons pulp and produc- 

?s 36,000.tons black liquor per year. The major 

:apital costs on a per Quad basis are given in 

:able 12. The operating and maintenance costs 

.or the system are $0.13 billion per Quad. 

Table 12. Capital Costs Per Quad f o ~  
Pulp-Paper Residue/ 
Cogeneration System 

CONCLUDING REMARKS 

The aforementioned biomass technology applica- 

tions cover the range of conversion options 

available from combustion to anaerobic diges- 

tion. Typically, the capital costs and operat- 

ing and maintenance costs for thermal conversion 

(e.g., combustion and gasification) are signifi- 

cantly less than for biological or chemical 

conversion (e.g., fermentation or hydrolysis). 

Depending upon the technology, impacts to air 

and water can arise from the use of biomass 

conversion approaches. However, if by-products 

of some of the approaches are not utilized these 

impacts could be more significant. 

Adustrial 
Category 

1972 $ Per Quad 
End-Use Energy 

(109 $1 

ietal Plate 

lngines & Turbines 

'ulp Mlls 0.07 

ipecial Industry hachinery 0.20. 

dew Construction 

Developing the right technological mix i$ also 

. an important factor in,assessing the large-scale 

utilization of biomass. No one application will 

be able to satisfy the future demand. Thus, 

identification of the appropriate technology mix 

is necessary. 

The micro-scale analyses provide energy informa- 

tion on a per Quad basis, economic data, and 

residual data in an interrelated fashion. 

These data are now being processed through the 
:otal Capital Cost 3.57 . SEAS model to ascertain the consequences of the 

large scale application of solar technologies. 

:able 13 gives the major operating residuals per 

pad. Air and land are the two resources most 

tffected by this technology. 

Table 13. Major Operating Residuals Per Quad 
for Pulp-Paper Residue/Cogeneration 
System 

asidual 
Ltegory 

Kesiduals Per Quad 
End-Use Energy 
(103 tons) . 

articulates 

ox 

4r 
0 

ydrocarbons 
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-es t  systems provide an e f f e c t i v e  f i l t e r  and 
oansing system f o r  sewage waters ,  raw o r  t r e a t e d .  
.y a l s o  amass, s t o r e ,  and recycle  micronutr ients .  
. ir s a t u r a t i o n  absorb t ive  capac i ty  f o r  e.g. tox ic  
a l s ,  where they s t o r e  them, under what circuc- 
.nces they  releaoe them, and i n  whaL forms, has  
n l i t t l e  s tudied.  
~ p i c e s  (energy f o r e s t s )  o f f e r  a p leasan t  m u l t i -  

purpose s o l u t i o n  t o  many of  our environmental pro- 
blems today. One of  t h e  processes  which we propose 
i s  t o  use them a s  t h e  u l t imate  s ink  f o r  se lec ted  
f r a c t i o n s  of  t h e  urban re fuse  stream. These may be 
uncontrol lably contaminated with v a r i a b l e  amounts 
of  t o x i c  and hazardous mate r ia l s .  We consider  t h e  
implicat ions of  t h i s .  The p r i n c i p l e  can be extended 
t o  farm and cropland; f u r t h e r  b e n e f i t s  follow. 

r s  i s  an age o f  s p e c i a l i z a t i o n .  Yet, although it 
u s e f u l  f o r  s p e c i a l i s t s  t o  i d e n t i f y  t r e e s  as 

xonomic spec ies ,  it i s  a l s o  informative f o r  
n e r a l i s t s  t o  t ake  t h e  in tegra ted  approach: t o  
udp t h e  f o r e s t  a s  an ecosystem. Todey, i n  t h a t  
i r i t ,  I w i l l  o u t l i n e  f o r  you an in tegra ted  
ergy approach t o  systems management o f  some of  
e fundamental resources o f  our human set t lements:  
e l ,  food, water ,  and wastes. 

zh an approach i s  overdue, because our management 
sewage has been near- to-fai lure  f o r  many years ,  

r management o f  re fuse  i s  approaching f a i l u r e ,  
r management o f  drinking-water i s  a l ready  f a i l i n g  
many places ,  and our food supply system, both 

oduction and d e l i v e r y ,  i s  i n  jeopardy a s  we t r y  
change back from f o s s i l - f u e l  subs id ies  t o  a 

I f - sus ta in ing  s o l a r  ,husbandry. Fortunately t h e  
vironmental Pro tec t ion  Agency is  gaining mmentum 
i t s  determinat ion t o  i n t e g r a t e  t h e s e  severa l  

t i v i t i e s ,  and i s  now showing t h a t  it has  not  only 
e w i l l ,  bu t  a l s o  t h e  power, t o  support t h i s  
l i c y  [00.01]. 

wage wastes, sewage s ludge,  and t h e  biodegradable 
a c t i o n  o f  municipal re fuse  [00.02] each contain a 
r i a b l e .  spectrum of p l a n t  growth f ld j imnt .n .  
e s e  include b e n e f i c i a l  micro-organisms and t h e  
b s t r a t e s  which support  t h e i r  growth, water ,  
s e n t i a l  p l a n t  n u t r i e n t s  and micronutr ients ,  
tamins, and p l a n t  hormones and regulators .  , 

e b e n e f i t s  obtained by using sewage waters and 
udges t o  f e r t i l i z e  and i r r i g a t e  voodlands has  
en known f o r  a long t ime 129.321 . Using r a w  
fuse as a l i t t e r - f a l l  extender o r  f o r e s t  manure 
s been proposed 160.131 , . b u t  I have not  y e t  found 
p o r t s  o f  any f o r e s t  trials. Here I w i l l  re in-  
r c e  t h a t  idea.  

broad terms, I propose t h a t  a l a r g e  f r a c t i o n  o f  
e r e f u s e  stream has va lue  a s  a manure: that it 
n be  mixed v l t h  t h e  sewage stream: and t h a t  both 
ge ther  should be  used t o  f e r t i l i z e  coppiced 
an ta t ions .  By t h i s  p r o g r m  woody f u e l  can b e  

B i n t e n s i v e l y ,  even i n  regions where t r e e s  a r e  

not common, and. dr inking-qual i ty  water can b e  
derived. I s t a r t  by considering 'wastes'  a s  v i r g i n  
resources: then  I w i l l  quant ify t h e i r  expected 
b e n e f i t s  a s  manure and, i n  p a r t i c u l a r ,  t h e i r  a b i l -  
i t y  t o  increase  coppice growth; next  I w i l l  sum- 
marize t h e  foreseeable disadvantages o f  t h e s e  
procedures; and f i n a l l y  I w i l l  o u t l i n e  how t o  
opera te  an in tegra ted  program on a c i t y  and re- 
g iona l  sca le .  

NATURE OF THE RESOURCES 

Refuse 

Composition Refuse v a r i e s  widely i n  o v e r a l l  
composition.by region,  season, income l w e l  and 
l o c a l  hab i t s .  Table 1 shows a represen ta t ive  
breakdown. Its main va lue  i s  t h a t  it revea l s  t h e  
very high f r a c t i o n  t h a t  i s  biodegradable, and t h e  
s u r p r i s i n g l y  high f r a c t i o n  (by weight) o f  metals ,  
most o f  which a r e  recoverable ,  and some of  which 
a r e  becoming ooaroc at t h e  mines. 

Value a s  ' F e r t i l i z e r '  The va lue  o f  municipal 
re fuse  a s  a ' f e r t i l i z e r '  i n  terms o f  N,  P, and K is  
neg l ig ib le .  The N component i s  l a r g e l y  from t h e  
pro te ins  i n  t h e  waste foods: assuming a maximum o f  
50: l  a s  t h e  C:N r a t i o n ,  and food a s  only i3% of t h e  
biodegradable f r a c t i o n ,  N = 0.26%. P is '  der ived 
mainly from incompletely empty de te rgen t  powder 
packets  and animal bones; K i s  e f f e c t i v e l y  negl i-  
gible .  The r e a l  manurial value o f  r e f i s e  is  a s  a 
s u b s t r a t e  f o r  s o i l  organisms: paper i s  f i n e l y  a 

comminuted t r e e s ,  and f o r e s t  l i t t e r  i s  notably 
f e r t i l e .  By using t h i s  s u b s t r a t e  a g r e a t  number o f  
s o i l  organisms can fol low t h e i r  l i f e  programs; some 
of  t h e s e  f i x  atmospheric ni t rogen f o r  t h e i r  o m  
needs; at t h e  end of  t h e i r  l i f e s p a n  t h i s  n i t r o f i x  
j o i n s  t h e  s o i l  pool. One year  a f t e r  mixing r a w  
refuoc i n t o  t h e  s o i l ,  it was found t o  contain twice  
a s  much n i t r o f i x  a s  t h e  c o n t r o l  100.031. 



TABLE 1. NOTIONAL COMPOSITION OF MUNICIPAL 

dry  weight. $ 

The a c t u a l  composition v a r i e s  so widely by 
region.  season, income. l w e l ,  and o ther  
v a r i a b l e s  t h a t  t h e s e  f i g u r e s  should be uses 
with fau t ion :  any one conta ins  a margin o f  
some - 50%. 

- 
Paper & board 
Garden t r a s h  and wood 
Food wastes 

TOTAL BIODEGRADABLE 

I ron  
Copper and b r a s s  
S t a i n l e s s  s t e e l  
Mixed a l l o y s ,  aluminum 

TOTAL METALS 

INERT: g l a s s ,  p o t t e r y ,  p l a s t i c s  

Toxic and Hazardous Components Municipal re fuse  
con ta ins  small amounts o f  a s u r p r i s i n g  range o f  
t o x i c  and hazardous mate r ia l s .  These include,  f o r  
example: - 

60 
5 

10 
75 

6 
1 
1 
2 

10 

15 

J 

IYFPALS: Hg, Cd, Ag, Pb. from b a t t e r i e s ;  C r ,  Cd, 
Cu, Zn, from rust-proofing and p la t ing ;  Cu, Sn, Pb 
from water-pipes; Hg, Wo., C u  from l i g h t  bulbs and 
T. V. tubes ;  and even As from rat poison. Organics 
and t h e i r  complexes come from biocides:  monocot. 
and d i c o t  . h e r b i c i d e s ,  p e s t i c i d e s  and fungicides,  
unused pharmaceutical drugs,  food preserva t ives  and 
f l y  sprays;  even explosives from fire-arm s h e l l s ,  
spray c a n i s t e r s  and l i q u i d  fue l s .  The q u a n t i t i e s  
o f  any one o f  t h e s e  averaged throughout t h e  year  
may be i n s i g n i f i c a n t l y  small;  but  when a shop dumps 
an outdated consignment t h e  l o c a l  concentrat ion i n  
t h e  re fuse  mass can b e  very  high. 

h a i n c t  t h i s  VP milat n ~ t e  t h a t  small amounts o f  
nearly every m e t a l l i c  element a r e  e s s e n t i a l  f o r  one 
enzyme a c t i v i t y  o r  another ,  and t h e  re fuse  stream 
can play a va luab le  pa r t  i n  supplying those metals 
t o  the s o i l .  

I n  t h e  longer  term both t h e  v a r i e t y  and quant i ty  o f  
these  t o x i c  and hazardous mate r ia l s  K i l l  diminish 
s t e a d i l y  a s  t h e  new Resource Conserration and 
Recovery Act (P.L. 94-580) comes i n t o  e f f e c t  
nationwide. Metal conservat ion w i l l  a l s o  be  spurred 
a s  t h e  c o s t s  o f  mining and of r e f i n i n g  r i s e  expon- 
e n t i a l l y  with t h e  c o s t  o f  energy, and r e c o v e r y / r e  
cycle  becomes more economic - a s  it always has  
hren, for e x m p l e ,  f o r  gold and platinum. 

Sewage 

Each o f  us  pu ts  about i O O  ga l lons  o f  water i n t o  our  
home sewer-pipe every day. Table 2 shows t h e  
approximate load of  body wastes. When ki tchen s i n k  

TABLE 2. PRODUCTION OF SEWAGE SOLIDS, 
per  person, ciry weight 

I I ~ e c e s l  ~i*i.it:el Wastewater 1 

Elemental N .P/P 6 

y r  1 

TOTAL @/day 
Paper & Fiber  -/day 

garbage gr inders  a r e  i n  use,  t h e  t o t a l  load of  
paper and vegetable  f i b e r  is  increased. Ind i rec t l :  
through t h e  i n d u s t r i e s  i n  our  c i t y ,  we use about 
t e n  times %hat  volume. 111 luost ci6ieo t h o  home ant 
fac tory  piped eewage goes t o  t h e  sewage works f o r  
t reatment ,  while  t h e  runoff from t h e  s t r e e t s  goes 
s t r a i g h t  t o  t h e  r i v e r  o r  t h e  sea. This is  s t range  
because they each contain about t h e  same load o f  
n u t r i e n t s  a s  sewage - and o f t e n  an equivalent  load 
o f  t o x i n s  a l s o .  The main va lue  o f  sewage l i e s  111 

i ts n i t r o f i x  content  - t h e  C:N r a t i o  is  around 40: 
as compared t o  about 1000:l f o r  refuse.  So when 
sevage s o l i d s  and t h e  biodegradable f r a c t i o n  o f  r e #  
fLse a r e  mixed toge ther ,  t h e  mix has much t h e  same 
composition a s  had t h e  urban wastes at t h e  end o f  
t h e  l a s t  cen tury ,  before  c a r s  replaced horses, and 
cows were moved out o f  t h e  c i t y .  Those wastes mad 
enormously f e r t i l e  manure ( ~ 1 . 2 5 ,  ~1 .281 .  !@ t h e s i  
is t h a t  ours  can a l s o ,  and should be  so used. Som 
people t h i n k  t h a t  t h i s  would be  bad, because t h e  
tox ins  would g e t  i n t o  t h e  food we grev  on it. But 
w h a t  would happen i f  we put a l l  o f  t h e s e  wastes on. 
t o  coppiced p l a n t a t i o n s  and burned t h e  chipvood 
f o r  fue l?  

Quantities Avai lable  and Yields Expected 

30 
15 

I w i l l  s t a r t  from t h e  assi~mption t h a t  a well-man- 
aged coppice, twelve miles  square,  can provide 
enough wood on a cont inua l  seven-year r o t a t i o n  cy- 
c l e  t o  f u e l  t h e  generator  f o r  t h e  present-day e l e c  
t r i c i t y  consumption o f  100,OO people I~c.371 . 
fieruse PeuySc ptsduca about ono ton  of r e P l ~ s ~  pa 
year ,  o f  which 75% is biodegradable. If that i s  
put onto each s e c t i o n  of  t h e  coppice f o r  t h e  f i r s t  
two years  o f  a seven-year cyc le ,  f i v e  tons /acre  i s  
ava i lab le .  The expected harvest  y i e l d  of  chipwood 
is on average o f  t h e  o rder  o f  seven tons/acre/year  
o r  f i f t y  t o n s / a c r e  f o r  cnch cycle .  This f i g i ~ r e  
contains  two implicat ions.  F i r s t l y ,  we expect f i f t  
t o n s  output fYom f i v e  t o n s  input  - an energy gain 
of 10 x; t h i s  j u s t i f i e s  t h e  descr ip t ion  o f  t h i s  
program a s  a 'breeder  reac t ion ' .  Secondly, we w i l  
be replacing only 5% of t h e  f u e l w o d  export  by a 
b io log ica l  equivalent  i n  compensatory input .  This 
may prove i n  t h e  long term t o  be  i n s u f f i c i e n t  t o  
mtrir~~lain product ivi ty .  

60 

Sewage Sewage w i l l  be d i s t r i b u t e d  onto t h e  c o p  
p ice  durihg t h e  f i r s t  f i v e  years  'of t h e  
cycle .  That provides a two-year i n t e r v a l  befo 
harvest ing,  vhich w i l l  reduce any p o s s i b i l i t y  

(de te rgen t )  1 
/ I TOTAL 



hogens being distributed on the hamested c h i p  
People produce 100 gallons of wastewater/ 
1 of which can be used for irrigation. 

ng Lkitc ua 5/7%hs of their  coppiced form~t.ci k 
five consecutive years muld provide one and 
half inches of water for each of those years. 

t i s  negligible. But the contributions from in- 
t ry  may raise that  by a factor of up t o  ten- 
d, which i s  significmt. 

I d  fram the Waters I f  we assume that 1000 
nds of water are evaporated from the so i l  and 
aspired by the trees for every one poun&of bio- 
s net gain (annual increment), then the was te  
er produced by each person w i l l  prwide 303 
sds of biomass fuel each year, out of the t o t a l  
seven tons that each of them needs t o  generate 
ir electr ici ty [ ~ ~ . 3 7 ] .  That i s  negligible. 
when we apply the 10 x factor, that  becomes one 

, one half tons, which is a significant fraction. 

we accept t h a t  the program is sound in theory, 
I it be done in practice? I believe it can. 
!re is extensive experience already available on 
! merits of large-scale application of greenwater 
land [00.04] for  irrigating and fertil iaing. 
; there is, a s  yet, very l i t t l e  experience with 
r reiuse. W e  slready know that  it is impracti- 
~ l e  t o  mix the raw waste directly into agricul- 
-al topsoil even af te r  the metals have been re- 
red (00.031, and converting It t o  empost is  
W. uneconomic for canmercisl fantiland or for- 
;ry. I have been proposing for some years an 
:e~native technology, and hopefully a t r i a l  w i l l  
,n be funded. 

trsulic sorting 

TRE LAKCMIX PROCRAM OR COPPICE 

Take the refuse t o  the shredder, and dump the en- 
tire output into 8 lmoon f u l l  of greenwater. The 
fraction which f l a t s  is  mainly wood, plastic and 
fats. Recwer the f5ts and o i l s ,  and return the 
residue t o  the shredder for further breakdown. The 
fraction which sinks is mainly metals, ceramics and 
glass. Dredge tbat out, sepsrate and recover the 
metals, and use the residue for roadbed or concrete 
sggregate. The suspended fraction, mixed with the 
balance of the treated sewage stream, is  pumped out 
to  the coppice t o  i rr igate  and manure it. The 
waters percolate through the l i t t e r  and topsoil, 
and are clean when they reach the aguifer. Any ex- 
cess runs onto neighboring coppice land, with the 
same result. The waters that  stay i n  the t ~ p s o i l  
and percolate t o  the modland streems are similarly 
cleansed. The area of l a d  needed in  coppice t o  
fuel a conventional electr ici ty generator has an 
ample safety reserve t o  absorb and process these 
waste streams continually. 

! increasing cost of finding and operating l a r g e  
Qe landfills,  together with the increasing eco- 
PIC attractiveness of recovering m e t a l s  fram re- 
re, a r e  mskiug it o b l i g s t o ~  t o  instell s refrase 
&der a t  any new facility. Sepratislg out the 
;als before shredding i s  done by band and by 
pet. 'J!he shredded mix is again sorted by re- 
rted p s s e s  through a series of air clesnriers .  
3 l ighter  fmctiona. which are blown further away 
the eirstrea~o, are  collected t o  be leadfillad or 
mcd, while the hebvier fractions are recovered 
1 the metals separated out. Xowthe burnable 
mtion is, but lor the plastics, el80 the b i o d e  
dable fraction rhich we need mr m u r e .  It is 
a l l y  uneconomic t o  truck that  frm the recovery 
: i l i ty  t o  the fields, t o  epread it, and t o  till 
under 100.03 1 . Ptping it as k slurrg. is  much 
taper, aad if we make Che slurry Mth geenweter 
w i l l  be of the order of 1:100 solids, which 
ups easily. Now the proper program suddenly b e  
nes obvious. 

Fig. 1 
B o t h  these specimens are Turkey ~ e d  w h e a t .   he 
s m a l l e r  i s  grown w i t h  normal c h d a a l  fertdlizer, 
the larger i n  d l  i n t o  which  20 toas of $hteddded 
w a s t e  paper was ploughed in to  each acre, w i t h o u t  
fert i l izar,  three years earlier.  Scale: x 3/4 



It would be unreasonable t o  expect that t h i s  pro- 
gram would not meet some problems. The quantit ies 
involved a re  not too great - in  fact ,  we do not 
bave enough water o r  refuse t o  get anywhere near 
saturation (say 50 inches and 50 tons dry might1 
acre) . Spread of pathogens is  unlikely, for  most 
viruses and bacteria d i e  i n  the  opcn air, and the 

t o t a l  elapsed time-scale attenu- 
a tes  spores and cysts. Metals 
mqy mss from the m i x  through the  
s o i l  and into  the trees, and then 
escape i n  the stack gases. I do 
not know of any published measure- 
ments about that  m s s i b i l i t v  - .  

[00.05 j . In a ~ k a i i n e  soils-  most 
m e t a l s  a r e  precipitated and a re  
taken up by plants only according 
t o  need. Zn acid soiln t h e y  n t 6 y  
mainly i n  the  microbial mass, and 
a r e  taken In excess of need into 
the plants only when the level  of 
o ~ u u l ~ s  i n  the s o i l  i a  dongap- 
ouely low and chemical f e r t i l i z e r s  
a re  forcing heavy growth. I n  
fores ts  the  greater par t  of the  

.metals pa01 is normally held i n  
the l i t t e r - f a l l  and immediate t o g  
s o i l  180.441 . Under nolrmal growth 

t r ees  hold very l i t t l e  metale, although they need 
t races  of about 30 mineral elements fo r  t h e i r  
healthy growth (35.01). 8a the toxic and b a r d  4 
materials presently found i n  the waste atreems do 
not pose a significant threat  t o  the environment i n  
t h i s  program. From an engineering standpoint, the  
s lurry  may contain par t ic les  of gla8s too aslall t o  
se t t le .  They can be expected t o  abrade the  pipe- 
l ines  severely; but we know from cmposting pow- 
dered glass i n  refuse that the  spicules becamh 
smoothed by chemical action, so the  problem may be 
l e s s  severe than one fears. The output nozzles 
may become blocked, but tha t  is  a w e l l  understood 
problem. I r r igat ion mt3y not be possible every day 
of the year: holding-ponds of sufficient reserve 
capacity w i l l  take care of that. 

AlLin-dU, it s e w  likdly t h a t  the  cornhind b e n b  
f i t s  - social ,  economic, ewironmental, energetic - 
are so great a s  compared t o  present day costs and 
disadvantages t W t  the  few gmblaae that arise vi l3  
be &l by camprison. 

Once the beneflts tha t  can be obtained tram using 
the  t o t a l  municipal waste stream t o  manure and irrj 
gate the coppice-woods are appreciated, it is a lq 
i c a l  s tep t o  apply them t o  agriculture i n  general. 

The s lurry  i s  pumped out onto the  f ie lds ,  allowed 
to s e t t l e  and thicken, and plowed or  disced into  
the topsoil. The result ing high crop yields w i l l  
encourage food-processing factories,  feedlots, 
dairies,  and similar enterprises t o  establish lo- 
cally. Where be t t e r  than near t o  t h i s  resource 
management complex? Their wastes w i l l  go s t ra ight  
into the same system hammennil1 and s s a g e  plant. 
BBck on the  land, these w i l l  increase the  area 
msde f e r t i l e  each year. Row what used t o  be the 
refuse disposal system and the sewage treatment 
plant together take on a new image: they are the 
hub of a thriving agro-industrial park (Fig. 3 ) .  

Marginal land can be managed productively a s  c o p  
pice-wood for  fuel,  paper pulp, o r  chipboard. Man 
wing  it n i th  selected fractions of the  municipal 
solid waste stream, and i r r igat ing it with munici- 
pal  wastewaters, increases its procluctlvity, pro- 
vide an environmentally safe  system for  ultimate 
disposal and recycling, and supplies c lear  run-off 
wuLzr. 

The c i t y  which adopts the  agro-industrial park prc 
grsm gains some welcome spin-off benefita. The 
combined costs of sewage treatment, landfillman- 
agement, and drinking-water supply f a l l  dramati- 

L I cally. There is an act ively  growing demand for  

Fig. 2 labor, both from the factories and the fields.  TI 
These two specimens come from the same f i e l d .  land which the c i t y  owns around the wastes manage- 
The smaller i s  not worth cropping for hay. The ment f a c i l i t y  yields high rents,  and the factories 
larger is  grown i n  the same s o i l ,  i n t o  which 5 pay taxes on top of that.  
tons of unsorted municipal waste was ploughed the 
previous year i n t o  each acre .  Scale: x 1 /5  What more can you ask from municipal wastes? 
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THE AGRO-INDUSTRIAL! PARK 

This schdme shows a d f i e d  conventional sewage 
treptmsnt plant  i n  the center ,  the hydraulic  
refuse separat ing lagoon below, and the i n t e n s i v e  
husbandry f a c i l i t i e s  above r i g h t .  w e t h e r  these, 
wi th  the  associated f a c t o r i e s  (not  sb-, consti- 
t u t e  the 'agro-industrial park. In t h e  t o p  l e f t -  
hand area are  the  agricul tural  croplands which 
support ,  and a r e  supported b y ,  the  park. 
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: s tudy ,  conducted by SRI I n t e r n a t i o n a l  f o r  
U.S. Department of Energy (DOE), Pilels from 

lass Systems Branch, was des igned t o  examine 
:rous t e c h n o l o g i c a l  p rocesses  f o r  p roduc i~ lg  
' u l  f u e l s  and chemicals  from a g r i c u l t u r a l  
IS and r e s i d u e s  i n  o rde r  t o  a s s i s t  DOE i n  de- 
l i n ing  t h e  l e v e l  and type of  f e d e r a l  suppor t  
.anted. 

lass  o f f e r s  a s i g n i f i c a n t  p o t e n t i a l  f o r  re- 
.ng n a t i o n a l  dependence on imported f o s s i l  
.s through the  convers ion of a renewable en- 

source  t o  u s e f u l  l i q u i d  and gaseous  f u e l s ,  
: t r i c  power, process  steam and chemicals .  
! r a l  previous  s t u d i e s  have i n d i c a t e d  t h a t  f ea -  
.e n a t i o n a l  g o a l s  could be the  product ion of 
it 5 q u a d r i l l i o n  Btu (quads)  of energy by y e a r  
) and 10 quads of energy by t h e  yea r  2020. 
r e s u l t s  of t h i s  s tudy i n d i c a t e  t h a t  t h e s e  a r e  

L i s t i c  and ach ievab le  g o a l s  provided f e d e r a l  
:ram funding l e v e l s  f o r  biomass development 

inc reased  and f e d e r a l  i n c e n t i v e s  a r e  suc- 
, f u l l y  a p p l i e d  t o  i n c r e a s e  biomass f e e d s t o c k  
Liability. 

s tudy  involved the  i d e n t i f i c a t i o n  of over  
10 p o s s i b l e  mis s ions  ( s p e c i f i c  conver s ion  
:es from biomass f eeds tock  t o  u s e f u l  f u e l  and 
n ica l  products  t o  end-use markets)  p r i o r  t o  

s e l e c t i o n  of 1 5  mis s ions  f o r  d e t a i l e d  an- 
3 1 9 .  

s p e c i f i c  purposes  of t he  s tudy  were: 

1) To determine those  biomass mis s ions  most 
l i k e l y  t o  r e s u l t  i n  energy market pene- 
t r a t i o n  i n  t h e  y e a r s  1985, 2000, and 
2020; 

2 )  To q u a n t i f y  t h e  l e v e l  of market penetra-  
t i o n  expected i n  those  yea r s ;  

3 )  To provide  RLD Program recommendations 
f o r  t h e  U.S. DOE F u e l s  from Biomass 
Svstems Branch. 

Method o f  Approach 

The method of approach used by t h e  s tudy  team in-  
volved t h e  p r o j e c t i o n  of biomass f eeds tock  
a v a i l a b i l i t y  by market p r i c e  w i t h i n  U.S. census  
r eg ion  and t h e  development of a computerized 
model t o  e s t i m a t e  r eg iona l  biomass f u e l  product  
market p e n e t r a t i o n  i n  f i v e  yea r  increments .  T h i s  
e f f o r t  r equ i red  the  r e g i o n a l  p r o j e c t i o n  of market 
p r i c e s  and demands f o r  t en  conven t iona l  f u e l s  and 
chemicals  a s  w e l l  a s  t h e  d e r i v a t i o n  of biomass 
f u e l  product  p roduc t ion  d a t a  on 53 mis s ions .  
F i f t e e n  mis s ions  were examined i n  d e t a i l  w i th  t h e  
development of p rocess  flow diagrams, d e s c r i p -  
t i o n s ,  economics, and energy and m a t e r i a l  
ba l ances .  The c o s t s  of energy product ion f o r  t h e  
1 5  miss ions  under r egu la t ed  u t i l i t y  f i n a n c i n g  and 
a 65% t o  35% debt  & ~ q u i t y  r a t i o  a r e  shown i n  
Tab les  I and 11. The o p t i m i s t i c  e s t i m a t e s  re- 
f l e c t  h igh  by-product va lues  and product y i e l d s  
f o r  t he  b iochemical  mis s ions  and a 20 pe rcen t  re- 
d u c t i o n  in .  base  case  c a p i t a l  c o s t s  f o r  t h e  
thermochemical miss ions .  

Using t h e  base  c a s e  assumpt ions  f o r  f eeds tock  
a v a i l a b i l i t y  (wi thou t  f e d e r a l  i n c e n t i v e s )  15 of 
t h e  53 mis s ions  p e n e t r a t e  t h e  market by t h e  year  
2020, producing approximately  5.4 quadrillion 
Btus  of f u e l  and chemical p roduc t s ,  ' i nc lud ing  
e l e c t r i c i t y  and steam. Assuming f e d e r a l  incen; 
t i v e s  and o p t i m i s t i c  but  a c h i e v a b l e  f eeds tock  
a v a i l a b i l i t y ,  17 of t h e  53 mis s ions  p e n e t r a t e  t h e  
market by year  2020, producing approximately  10.3  
q u a d r i l l i o n  Btus of f u e l  and chemical  p roduc t s .  
The ' p e n e t r a t i o n  expected by type of f u e l  f o r  t h e  
"base case"  and " o p t i m i s t i c "  s c e n a r i o s  a r e  shown 
i n  Table 111. 

The l e v e l s  of m r k e t  p e n e t r a t i o n  shown a r e  t h e  
r e s u l t  of computer model r o u t i n e s  which s i m u l a t e  
t h e  compe t i t i ve  f u e l s  environment and p r o j e c t  
u sab le  energy demand a s  a f u n c t i o n  of energy 
p r i c e  and h i s t o r i c a l  market r e l a t i o n s h i p s .  The 
model fo rmula t ions  a l low a c o n s i s t e n t  comparison 
of p ro jec t ed  market p r i c e s  (marg ina l  c o s t s )  wi th  
biomass de r ived  product  revenue r equ i remen t s  and 
compute '  product demand l e v e l s  cons ide r ing  
numerous f a c t o r s ,  i n c l u d i n g  mis s ion  commer- 
c i a l i z a t i s n  d a t e s ,  convers ion p rocess  thermal  



Table I. DETAILED MSSIOH ANALYSIS RESULTS: 
U R G E  TEEmHEZLIcAL FACILITIES 

-- 

Revenue Required 
($/MU ~ t u s ) "  -- 

Conversi n g Base Case 0p t imi  s r i c "  
Rnute P rocess  $ $ 

- -. A- - 
Wood to: 

Heavy f u e l  o i l  CL 

Ue than01 GOB 7.77 6.72 

Ammonia GOB 164 .OO 141 .OO 
($ / shor t  ton)  

SNG GOB 6.41 5.56 

Steam DC 3 .OO 2.73 

Steam and DC 3.42 3.06 
e l e c t r i c i t y  

O i l  and chard P 4.50 4.00 
I - - _  -- 

a ~ e y :  CL - c a t a l y t i c  l i q u e f a c t i o o ;  GOB = g a E l l f r c a ~ l u n - - u ~ p ~ e n  
blown; 

DC d i r e c t  combustion; P = pyro lys i s .  

. , 
b1977 d o l l a r s  i n  year  1985. Data source ,  SRI De ta i l ed  Analysis- 

-Kegulared U L ~ ~ L L ~  Pinaneing. 

' c ap i t a l  c o s t  = 80% of base case .  

d ~ h a r  valued a t  $1.25 per m i l l i o n  Btu. 



Table 11. DEUILKD MISSIOA ANALYSIS RESULTS: 
LARGE BIOCHEMICAL FACILITIES 

Revenue Required 
($/MM ~ t u ) ~  

convers ionb Base Case ~ p t i ~ i s t l c ~  
Route Process  $ $ 

C a t t l e  manure t o  I B G  AD 

C a t t l e  msnure t o  SNG 
100,000 head envi- AD 
ronmental f e e d l o t  
10,000 head envi- AD 
ronmestal f e e d l o t  

Whea't s t raw t o  
e thano l  

Sugar cane t o  
e thano l  

Kelp t o  SNG AD 20.70 10.70 

Algae t o  
e thano l  

Wheat s t raw t o  I B G  AD 23.76 9.00 
(40% conversion) 

a ~ e y :  AD = anaerobic  d iges t ion ;  F fermentat ion 

b1977 d o l l a r s  i n  year 1985. Data source: SRI Detai led Analysis  - 
Regulated U t i l i t y  Financing. 

'nigh by-product values  and product y i e l d s .  



-- - * - 
Estimated Biomass narived Products 
Quadrf l l i o n  Btu (Excludes E x i s t i n g )  

Product 1985 2000 2020 

-- 

Base Case Scenario 

Gaseous products 0 .13 .29 
(SNG, IBG L B G ) ~  

Process  steam o r  
s teamlelec t r i c  

P y r o l y t i c  f u e l  o i l s  

T o t a l  Quads 

Opt imis t i c  Scenario 

Gaseous products 0 .21 .45 
(SWG, XD6,  LDQ)" 

Process  steam o r  
s t eam/e lec t r i c  

Pyro ly t i c  f u e l  o i l s  .04 .87 .83 - - 
T o t a l  Quads 1.21  3.66 10.25 

-- 
a3?m - Synthetic rantural gas; IRC = Tntermedfate Btu gas; 

LBG = Low Btu gas. 

b~ssumes  18.3 m i l l i o n  Btu/ton of ammonia 



l i e s ,  and t h e  time l a g  between technology 
t i o n  and widespread technology implemen- 

However, t he  r e l a t i o n s h i p  between ex- 
_ _ - -  l iomass product p r i c e  ( revenue r e q u i r e d )  
i a l t e r n a t i v e  f u e l  and chemical market p r i c e  i s  
B most important  f a c t o r  i n  de te rmin ing  annual  
rke t  p e n e t r a t i o n  l e v e l s .  See Appendix f o r  t h e  
s u l t s  of t he  s e n s i t i v i t y  a n a l y s e s  f o r  each of 

15 miss ions ,  showing t h e  e f f e c t s  on c o s t s  of 
3nges i n  ope ra t ing  f a c t o r s ,  f eeds tock  p r i c e s ,  
: i l i t y  l i f e  and f a c i l i t y  s i z e .  

hket P e n e t r a t i o n  Model 

5 methodology under lying t h i s  s t u d y ' s  compara- 
ye biomass assessment i s  based i n  p a r t  on pre- 
>us  SRI work i n  the  f i e l d  of energy market 
a l y s i s .  I n  p a r t i c u l a r ,  t h i s  i n v e s t i g a t i o n  h a s  
Iwn on p rev ious ly  developed a n a l y t i c a l  ap- 
>aches t o  t h e  problem of f o r e c a s t i n g  t h e  ex- 
:ted market p o t e n t i a l  of newly in t roduced  
srgy t echno log ies  and commodities. To a i d  i n  
Ese p a s t  a n a l y s e s ,  a  computer model was 
veloped and a p p l i e d  t o  the  e v a l u a t i o n  of market 
t e n t i a l s  f o r  va r ious  s o l a r  t echno log ies  and 
~ t h e t i c  f u e l s .  However, t h e  l e v e l  of model de- 
L 1  necessary  t o  i n v e s t i g a t e  s p e c i f i c  biomass 
s s i o n s  has  r equ i red  f u r t h e r  modeling e f f o r t .  
1 s  work has focused on the  development of a  me- 
~ d o l o g y  t h a t  u ses  an  i t e r a t i v e  p rocess  t o  con- 
rge toward equ i l ib r ium biomass supply/demand/ 
Lce cond i t ions .  The fo l lowing  pa rag raphs  
~ c r i b e  model i n p u t s ,  summarize the  methodology, 
f d i s c u s s  d e t a i l s  of t h e  market p e n e t r a t i o n  
rmulas conta ined wi th in  the  model. 

pnt Data 

s d a t a  r equ i red  f o r  o p e r a t i o n  of t h e  model con- 
3 t  of  t h e  r e source  a v a i l a b i l i t i e s  of  t h e  
c ious  types  of biomass f eeds tocks ,  t h e  p rocess  
~ n o m i c s  of biomass convers ion o p t i o n s ,  a  frame- 
rk of energy demands and market p r i c e s ,  and a  
: of  t h r e e  parameters  t h a t  a r e  used t o  d e s c r i b e  
I i n t e r a c t i o n  of t h e  biomass-derived p roduc t s  
:h t h e  markets i n  which they compete. 

>mass Resources  

lause  of t h e  unique c h a r a c t e r  of biomass re- 
l r c e  a v a i l a b i l i t y ,  computer modeling r e q u i r e s  a  
re s o p h i s t i c a t e d  approach than  t h a t  s u i t a b l e  
: o t h e r  types  of r e sources .  Unl ike  o t h e r  
?rgy sources ,  biomass i s  both a  renewable and 
~ l e t a b l e  f eeds tock  a t  t he  same time. It is  re-  
i a b l e  over  long pe r iods  and d e p l e t a b l e  i n  t h e  
)rt term because of r e s t r i c t i o n s  such a s  l e n g t h  
the  growing season and r a t e  of r e s i d u e  genera- 

~ n .  

)mass a v a i l a b i l i t y  i s  most r e a d i l y  desc r ibed  i n  
manner s i m i l a r  t o  t h a t .  t y p i c a l l y  used f o r  
ssil f u e l s  by the  use of a  curve  t h a t  c o n s i d e r s  
! r e source  q u a n t i t y  a v a i l a b l e  a s  a  f u n c t i o n  of 

Unlike f o s s i l  f u e l  r e source  cu rves ,  how- 
t h e  biomass curves  vary  i n  t ime,  r e f l e c t i n g  

changes i n  t h e  expected f u t u r e  a v a i l a b i l i t y  of 
biomass f eeds tocks  from r e s i d u e s  and energy 
f a n s .  

F ive  major biomass f eeds tocks  a r e  cons ide red  i n  
t h i s  analys is- - low mois tu re  p l a n t s ,  h igh moi s tu re  
p l a n t s ,  woody c rops ,  manure, and marine crops .  
For each of  t h e s e  c a t e g o r i e s ,  p r o j e c t  f i n a l  
r e p o r t  Volume I11 d e s c r i b e s  a  s e t  of r e source  
cu rves ,  corresponding t o  t h e  yea r s  1975, 1985, 
2000, and 2020-the t ime frame of t h e  a n a l y s i s .  
P r i c e s  f o r  t he  i n t e r v e n i n g  y e a r s  a r e  found by 
i n t e r p o l a t i o n  w i t h i n  t h e  computer model. 

Convers ion Econom%cs 

The p rocess  economic da ta  r e q u i r e d  f o r  biomass 
convers ion d e s c r i b e  t h e  c o s t s  and e f f i c i e n c i e s  
r equ i red  i n  producing an  energy product  (such a s  
SNG) from a  biomass f eeds tock .  Th i s  in fo rma t ion  
de te rmines  t h e  product ion p r i c e  f o r  any biomass 
product  a t  any s p e c i f i c  biomass f eeds tock  c o s t .  

S p e c i f i c a l l y ,  t h e  computer model c o s t  i n p u t s  con- 
sist of a  s p e c i f i c  c a p i t a l  c o s t  (SCC) i n  t h e  
u n i t s  of d o l l a r s  per  m i l l i o n  Btu of biomass- 
de r ived  product  per  year  and a  o p e r a t i n g  and 
maintenance c o s t  (M) i n  d o l l a r s  pe r  m i l l i o n  
Btu. The e f f i c i e n c y  inpu t  parameter ,  e ,  spec- 
i f i e s  t h e  amount of product energy o b t a i n a b l e  per 
u n i t  of energy conta ined i n  t h e  biomass feed- 
s tock .  These parameters  a r e  supp l i ed  f o r  each 
feedstock-product  mis s ion  under c o n s i d e r a t i o n ,  a s  
desc r ibed  i n  f i n a l  r e p o r t  Volume 11, S e c t i o n  V .  

I n  de te rmin ing  t h e  o v e r a l l  product  p r i c e ,  a  
c a p i t a l  recovery f a c t o r  (CRF) is  f i r s t  a p p l i e d  t o  
t h e  SCC t o  o b t a i n  a  c a p i t a l  charge  i n  d o l l a r s  per  
m i l l i o n  Btu of product energy. The maintenance 
and f eeds tock  c o s t s  a r e  added t o  t h i s ,  r e s u l t i n g  
i n  t h e  fo l lowing  product c o s t  equa t ion :  

Biomass product  product ion p r i c e  = 

CRF x SCC + M + f eeds tock  c o s t  
e  

where 

CRF = c a p i t a l  recovery '  f a c t o r  
SCC'= s p e c i f i c  c a p i t a l  c o s t  - 

M = o p e r a t i n g  and maintenance c o s t  
e  = e f f i c i e n c y  f a c t o r .  

E rpec ted  Energy. D e r a n d s  and P r i c e s  

I n  o r d e r  t o  perform a  market p e n e t r a t i o n  analy-  
sis, a  framework of energy product  demands and 
market p r i c e  p r o j e c t i o n s  i n  which t h e  biomass-de- 
r i v e d  products  compete must be assumed. For each  
of  t h e  n a r k e t s  under . cons ide ra t ion ,  a n  o v e r a l l  
energy demand s e t s  t h e  s i z e  of t h e  a v a i l a b l e  mar- 
k e t  open t o  the  biomass products .  A p r o j e c t i o n  
of t h e  a l t e r n a t i v e  (nonbiomass) f u e l  market p r i c e  
a l s o  is  given a s  an  e s t i m a t e  of t h e  compe t i t i ve  
environment t h a t  t he  biomass-derived product  w i l l  
f a c e .  Both t h e  product  demand and t h e  market 



p r i c e  p r o j e c t i o n s  a r e  i n p u t  a s  a  f u n c t i o n  of t ime  
and region.  a s  desc r ibed  i n  f i n a l  r e p o r t  Volume 
11, Sec t ion  I V .  

SIarket P e n e t r a t i o n  P a r a p t e r a  

The market p e n e t r a t i o n  parameters  a r e  i n p u t  t o  
t h e  model t o  c h a r a c t e r i z e  marketplace  behavior .  
Three  d i f f e r e n t  parameters  a r e  used--market 
s h a r e ,  t h e  behav io ra l  l a g  h a l f - l i f e ,  and t h e  be- 
h a v i o r a l  l a g  response .  T h e i r  d e f i n i t i o n s  and 
u s e s  a r e  d e s c r i b e d  l a t e r  i n  t h i s  s e c t i o n .  

T h i s  un rke t  p e n e t r a t i o n  a n a l y s i s  u ses  a n  i t e r a -  
t i v e  p rocess  that converges  toward e q u i l i b r i u m  
biomass supply/demand/pr ice  cond i t ions .  Supply/ 
demand/price e q u i l i b r i u m  is de f ined  h e r e  a s  t h e  
s i t u a t i o n  i n  which t h e  p roduc t ion  p r i c e  of t h e  
biomass f e e d s t o c k s  is a t  t h e  l e v e l s  necessa ry  t o  
match t h e  s u p p l i e s  of f eeds tocks  wi th  t h e  demanda 
f o r  them. F igure  C l  i s  a  flow diagram of t h e  
procedure .  

I*M I I m m I  a D U  I.. (IPC* "IY m u m a N  / 
I 

E s t i m a t e s  a r e  f i r s t  made f o r  the  e q u i l i b r i u m  nrar- 
g i n a l  p roduc t ion  p r i c e s  of each major biomass 
f eeds tock  a s  a  f u n c t i o n  of t ime . a n d  r eg ion .  
Because of t h e  r e l a t i o n s h i p s  between f eeds tock  
p r i c e  and q u a n t i t y  of f eeds tock  a v a i l a b l e  ( a s  
desc r ibed  by a  s e t  of biomass r e s o u r c e  c u r v e s ) ,  
doing t h i s  a l s o  de te rmines  e s t i m a t e s  f o r  t h e  
e q u i l i b r i u m  supply  q u a n t i t i e s  of each major feed- 
s t o c k .  

Using t h e  i n i t i a l  f eeds tock  product ion p r i c  
t h e  model c a l c u l a t e s  the-equilibrium margi 
p roduc t ion  p r i c e s  of each biomass-derived product 
a s  a  f u n c t i o n  of t ime. (The equa t ion  shown 
e a r l i e r  is used t o  f ind  t h e s e  p r i c e s ) .  Product  
p e n e t r a t i o n  e s t i m a t e s  can then be made f o r  each 
biomass product and t h e  l e v e l  of demand f o r  each 
of t h e  f eeds tocks  can be eva lua ted  f o r  t h e  
e s t ima ted  f eeds tock  p r i c e s .  

To t e s t  f o r  equ i l ib r ium c o n d i t i o n s ,  t h e  demand 
e s t i m a t e s  For each m j o r  f eeds tock  a r e  compared 
wi th  t h e  supply  q u a n t i t y  e s t i m a t e  ob ta ined  e a r  
l i e r .  On t h e  f i r s t  i t e r a t i o n  through t h i s  proce- 
dure ,  supply-demand mismatches poss ib ly  w i l l  oc- 
c u r  f o r  va r ious  f eeds tocks  and a t  va r ious  t ime 
pe r iods .  These d l s c c e p a u ~ l e a  i n d i c a t e  that t h o  
e q u i l i b r i u m  feeds tock  p r i c e s  have not  been ac- 
c u r a t e l y  e s t ima ted  and t h a t  ad jus tmen t s  must be 
u d e .  

I f  t he  c a l c u l a t e d  demand f o r  a p a r t i c u l a r  feed- 
stock exceeds t h e  q u a n t i t y  a v a i l a b l e  a t  t h e  e s t i -  
m e e d  f eeds tock  p r i c e  l e v e l ,  f o r  example, t hen  
t h e  e s t ima ted  p r i c e  is  too low and should be ad- 
ju s t ed  upward. On t h e  next i t e r a t i o n  through t h e  
procedure ,  one of the  e f f e c t s  of t h i s  ad jus tmen t  
v i l l  be t o  make a  l a r g e r  f eeds tock  supply  
a v a i l a b l e ,  a s  determined by t h e  a p p r o p r i a t e  bio- 
mass r e source  curve.  Another e f f e c t  w i l l  be t o  
push t h e  biomass product p r i c e s  upward, caus ing  a 
r e d u c t i o n  i n  demand a s  c a l c u l a t e d  by the  product 
p e n e t r a t i o n  a n a l y s i s .  These two e f f e c t s  w i l l  

. push t h e  biomass f eeds tock  supply  and demand 
l e v e l s  toward c l o s e r  agreement.  At t h i s  p o i n t ,  
t h e  d i r e c t i o n  and s i z e  of t h e  mismatch is aga i r  
eva lua ted ,  f eeds tock  p r i c e s  a r e  a g a i n  a d j u s t e d ,  
and a n o t h e r  i t e r a t i o n  of t h e  process  is  per- 
formed. A f t e r  s e v e r a l  such i t e r a t i o n s ,  the 
e q u i l i b r i u m  supply/demand/price c o n d i t i o n  w i l l  bc 
reached f o r  each f eeds tock  and f o r  each t i m e  
pe r iod  chosen. 

The r e s u l t s  ob ta ined  from t h e  f i n a l  e q u i l i b r i u r  
i t e r a t i o n  w i l l  be those  t h a t  a r e  u s e f u l  t o  thc 
o v e r a l l  biomass miss ion a n a l y s i s .  Most impor- 
t a n t l y ,  they w i l l  provide  e s t i r r a t e s  of regiona.  
deaaand f o r  aach 'mjor hiomnsn feerlstnck and a c l  
major biomass-derived product .  

Product  P e n e t r a t i o n  Ana lys i e  - 
The basic s t e p s  fellevcd i n  tho product penetra.  
t i o n  assessment  a r e  presented i n  Figure  1 2 .  Thi.  
procedure  f i r s t  e n t a i l s  a  s t a t i c  economic analy .  
s i s  based on the  compet i t ion between the  biomass, 
de r ived  product p r i c e  and the  market p r i c e .  The 
r e s u l t  is  a  s t eady- s t a t e  market sha re ,  r e f  l e c t i n ,  
a  s i t u a t i o n  t h a t  would be expected t o  e x i s t  a f t e  
a  per iod dur ing  which the  compe t i t i ve  economi 
f o r c e s  remained c o n s t a n t .  S t eady- s t a t e  condi, 
t i o n s  do not hold soon a f t e r  t he  i n t r o d u c t i o n  o  
a new, cos t - compe t i t i ve  miss ion,  technology,  o  
product .  The marketplace  w i l l  be i n  a  s t a t  
f l u x  a s  t h e  newcomer g a i n s  wider r e c o g n i t i o  
accep tance .  



market behav io r .  i s  modeied a s  a 
.ag" c o n s t r a i n t ,  which reduces  t h e  

a new miss ion o r  technology may be 
.L'lsduct.d.' Wlth c h i s  informa't lon, a dynamic 
)mass product nrarket sha re  can be generated and 
) l i e d  t o  the  product demand f o r e c a s t  t o  o b t a i n  

e s t i m a t e  of t he  p o t e n t i a l  biomass miss ion 
l e t r a t i o n  a s  a func t ion  of t ime. 

t h i s  methodology, t he  r e s u l t s  produced a r e  not 
: e r a c t i v e  wi th  the  b a s i c  framework of energy 
lands and a l t e r n a t i v e  p r i c e s  i n  which the  tech- 
.ogies  compete. Thus, t h e  assumed v a r k e t  de- 
~ d s  and p r i c e s  a r e  not d i r e c t l y  pe r tu rbed  by 
! biomass miss ion market p e n e t r a t i o n ,  a v a l i d  
;umption a s  long a s  t h e  p o t e n t i a l  biomass 
~ s i o n  demand does not become too  l a r g e  a s n a r e  
the  t o t a l  demand. 

?ady-State Market Share* 

an  i d e a l i z a t i o n ,  t h e  sha re  of a p a r t i c u l a r  
:ket t h a t  a s i n g l e  new technology o r  product  
I a t t a i n  a t  any p a r t i c u l a r  t ime under  steady- 
~ t e .  c o n d i t i o n s  can be r ep resen ted  by t h e  cu rve  
>wn i n  F igure  3 8 and given by: 

!ady-state ma.rket s h a r e  t o  biomass-derived 

! re  Pb and Pm a r e  t h e  l ~ a r g i n a l  p r i c e  of t h e  
,mass product  and t h e  marginal  market p r i c e ,  
~pec t ive ly .**  Th i s  s t a t i c  r e p r e s e n t a t i o n  says  
t when Pbe and Pm a r e  equa l  and under s t eady-  
. t e  c o n d i t i o n s ,  t h e  market v i l l  be sha red  
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l e f i n i t i o n s  f o r  t h i s  and o t h e r  terms a r e  g iven . a t  t h e  end of t h i s  s e c t i o n .  

he market p e n e t r a t i o n  model c o n v e r t s  t h e  average market p r i c e s  p resen ted  i n  S e c t i o n  I V  i n t o  
a r g i n a l  p r i c e s  be fo re  use  i n  t h e  s t eady- s t a t e  market sha re  a n a l y s i s .  The e q u a t i o n  usef f o r  t h i s  
murpose is: 

rhere 

', i s  t h e  marginal  l ~ a r k e t  p r i c e  

t deno tes  t h e  t ime per iod under c o n s i d e r a t i o n  

P i o  t h c  avcrage market p r i c e  

D i s  t h e  t o t a l  demand f o r  t h e  market 

5T i s  t h e  s i z e  of t he  t ime i n t e r v a l s  used i n  t h e  a n a l y s i s  (5 y e a r s )  

t h e  l i f c t i r n e  of t h e  energy f a c i l i t y  o r  product ion u n i t  used i n  t h e  
r k e t  . 



e q u a l l y .  The m r k e t  s h a r e  parameter  (Y) is a 
measure o f  market imper fec t ions ,  p r i c e  v a r i a -  
t i o n s ,  and consumer p r e f e r e r ~ c e s .  

When two o r  more new t echno log ies  a r e  competing 
f o r  a s h a r e  of t h e  same market,  a more g e n e r a l  
market s h a r e  formula must be used. For example, 
i f  N d i f f e r e n t  biomass mis s ions  a l l  produce t h e  
same product  (such a s  SNG), then t h e i r  r e s p e c t i v e  
market s h a r e s  would be r ep resen ted  by t h e  f o l -  
lowing equa t ion :  

where PD, through PB%, r e p r e s e n t s  t h e  p r i c e s  of 

t h e  f i r s t  through t& ilth biuuulas produeto  end 
PM r e p r e s e n t s  t h e  expected m r k e t  p r i c e .  I f  a l l  

of  the p r i c e s  PBL through P and PE1 were equa l ,  

each biomass product  would r e c e i v e  1/(N + 1) of 
t h e  market. 

I n  t h i s  r e p r e s e n t a t i o n ,  a s i n g l e  r e p r e s e n t a t i v e  
marginal  p r i c e  is  used f o r  each biomass product  
and a l t e r n a t i v e  f u e l .  A c t u a l l y ,  s i g n i f i c a n t  in- 
d i v i d u a l  v a r i a t i o n s  from t h e s e  r e p r e s e n t a t i v e  
p r i c e s  do e x i s t .  For  example, cont inued govern- 
menta l  r e g u l a t i o n s  might in t roduce  s i g n i f i c a n t  
d i s p a r i t i e s  i n t o  t h e  f u t u r e  marginal  p r i c e s  of 
p i p e l i n e  n a t u r a l  gas .  Also, o t h e r  sources  such 
a s  LNG imports  and va r ious  high-Btu s y n t h e t i c  
p roduc t s  w i l l  be in t roduced a t  y e t  d i f f e r e n t  
p r i c e s ,  caus ing  an  even wider d i s t r i b u t i o n  of 
p r i c e s  about  our  assumed r e p r e s e n t a t i v e  marginal  
p r i c e .  . . 

The market s h a r e  parameter  is  used t o  model such 
p r i c e  v a r i a t i o n s .  

Decision-makers a l s o  i n f l u e n c e  market s h a r e .  
Even i f  a new technology i s  somewhat more expen- 
s i v e  than the  a l t e r n a t i v e ,  some f r a c t i o n  of pur- 
chase r s  w i l l  choose it ,  perhaps because of envi-  
ronmental o r  "energy independence" considera-  
t i o n s .  A l t e r n a t l V e l y  soat! P ~ a c ~ l r j u  of purahoo- 
e r s  w i l l  con t inue  t o  use  t h e i r  f a m i l i a r  f u e l  
source  even i f  economic c o n s i d e r a t i o n s  d i c t a t e  a 
change t o  a new one. Imper fec t  p r i c e  in fo rma t ion  
a l s o  a f f e c t s  the  market s h a r e  curve .  These v a r i -  
ous f a c t o r s  a r e  aggrega ted  i n t o  the  one market 
sha re  parameter .  I n  a p e r f e c t  market wi th  h igh  
p r i c ~  ~ l a s e i c i t y  and none of these  r e a l  world ef -  
f e c t s ,  Y would be i n t i n i t e ,  and the p ~ o d u c t  w i th  
even a very s l i g h t  economic advantage would ob- 
t a i n  a 100 percent  s t e a d y - s t a t e  market s h a r e .  

Based on previous  work wi th  energy commodities,  
SRI has  found t h a t  t h e  c h a r a c t e r i s t i c  response  
p a t t e r n s  of v a r i o u s  markets can be modeled by a 
s u i t a b l e  choice  of  Y. Large i n d u s t r i a l  and u t i l -  
i t y  markets ,  f o r  example, would g e n e r a l l y  be 
modeled wi th  a Y value  i n  t h e  range of 25 t o  
35. These high va lues  r e f l e c t  t he  s t r o n g  re- 
sponse t o  p r i c e  v a r i a t i o n s  by i n d u s t r i a l  and 
u t i l i t y  consumers who d e a l  wi th  l a r g e  q u a n t i t i e s  

of energy and a r e  a c u t e l y  aware of economic c 
s i d a r a t i o n s .  The Y value  used f o r  t h i s  mar 
p e n e t r a t i o n  a n a l y s i s  was 20, r e f l e c t i n g  the  some- 
what l a r g e r  degree  of market ' imper fec t ion  t h a t  
would be expected t o  o b t a i n  i n  markets t h a t  a r e  
a v a i l a b l e  t o  biomass-derived products .  Even 
lower Y va lues  would be a p p l i c a b l e  f o r  s m a l l e r  
s c a l e  energy consumers, who t y p i c a l l y  behave i n  a 
l e s s  s t r i c t l y  economic f a sh ion .  F a c t o r s  such a s  
a e s t h e t i c g  and nove l ty ,  €o r  example., would be 
expected t o  p lay a much l a r g e r  r o l e  i n  the  deci -  
sion-making p rocess  of a r e s i d e n t i a l  consumer 
than  a n  i n d u s t r i a l  buyer. 

Dynamic Market Response 

The market sha re  curve i n  F igure  1/3 i s  o r ~ l y  a 
s t a t i c  r ep resea ta tdon .  To a s s e s s  the  dynamics o f  
markeL p c ~ i r t r a t i o n ,  o "dynamic market: response 
curve"  can be used t o  d e s c r i b e  how Pas t  t h e  
c u r r e n t  market w i l l  move toward the  s t a t i c  p r i ce -  
determined m r k e t  share curve ay a r e s u l t  of 
teal-world behav io ra l  response .  Th i s  is  c a l l e d  
t h e  behav io ra l  l a g  e f f e c t .  

The dynalnic market response curve ,  g iven by: 

is  shown i n  F igure  8 4 ,  where 

h = behav io ra l  l a g  h a l f - l i f e  ( t ime r equ i red  f o r  
one-half  of t he  market t o  respond t o  t h e  en- 
t r a n c e  of  a new p roduc t )  

n = yea r s  s i n c e  new product i n t r o d u c t i o n  
a = behav io ra l  l a g  response parameter .  

Th i s  curve  t ends  t o  slow the  i n t r o d u c t i o n  of z 
new technology based on t h e  time t h a t  i t  take!  
f o r  m r k e t  d e c i s i o n  makers t o  accep t  and switcl  
t o  t h e  new product .  

The behav io ra l  k g  parameters ,  h and a, provide  ; 

means of  q u a n t i f y i n g  t h e  dynamic marke 
response .  A h a l f - l i f e  of 10 yea r s  was chosen fo.  
t h i s  a n a l y s i s ,  a l lowing  f o r  a maximum of 50 p e r  
c e n t  market p e n e t r a t i o n  a t  a po in t  10 yea r s  
the  d o t e  assumed f o r  commercia l iza t ion.  



behav io ra l  l a g  parameter ,  a, f i x e s  the  re- G a s i f i c a t i o n  of wood and low mois tu re  p l a n t s  
shape ( c u r v a t u r e )  o f .  t h e  dynamic market t o  produce IBG, SNG, LBG, and ammonia. 

n se  curve once Lllv I ~ l f  l i f e  pnramctcr h3s llf 
!n chosen; a  value  of 4 was chosen f o r  t h i s  P y r o l y s i s  of wood and low mois tu re  p l a n t s  t o  
'ameter. produce SNG, f u e l  o i l  and char .  

f i n d  t h e  sha re  of t he  open market captured by e Combustion of wood and low mois tu re  p l a n t s  t o  
new f u e l  i n  any p a r t i c u l a r  y e a r ,  t h e  e q u i l i b -  produce steam and steam with  e l e c t r i c i t y  a s  
i m  market sha re  and dynamic market response  a  by-product. 
:ve a r e  m u l t i p l i e d .  This  i s  done on a n  annua l  
;is; r e s u l t i n g  i n  a  dynamic market sha re  f o r  Anaerobic d i g e s t i o n  of manure and high 
2 new product t h a t  v a r i e s  wi th  t ime.  The mois ture  t e r r e s t r i a l  c rops  t o  produce IBG 
rua l  biomass product demand i s  then found a s  a  and SNG. 
l c t i o n  of time by app ly ing  the  dynamic market 
i r e  t o  e s t i m a t e s  o f  t he  s i z e  of t h e  market t h a t  
a v a i l a b l e  t o  the  new product .  

e  market p e n e t r a t i o n  c a l c u l a t i o n s  a r e  performed 
f ive-year  i n t e r v a l s  over  t h e  t ime frame of t h e  

n l y s i s .  However, p a r t i c u l a r  emphasis i s  placed 
t h e  a n a l y s i s  of t h r e e  periods--the year  term 

9 8 5 ) ,  t h e  i n t e r m e d i a t e  term (2000) ,  and t h e  
ng term (2020).  

e  r e s u l t s  of t he  p e n e t r a t i o n  a n a l y s i s  provide  
t i m a t e s  of t he  expected market p e n e t r a t i o n  ( i n  
a d s )  of each miss ion by r eg ion  and time i n t e r -  
1. The expected demands f o r  each type of feed- 
ock and t h e  equ i l ib r ium marginal  p r i c e s  f o r  
omass f eeds tocks  and products  a r e  a l s o  d e t e r -  
ned . 

e  c u r r e n t  programs of t h e  F u e l s  from Biomass 
anch a r e  d i r e c t e d  a t  s p e c i f i c  r e s e a r c h  develop- 
n t  and demonstra t ion (RDCD) g o a l s  i n  both t h e  
omass product ion and convers ion a r e a s .  I n  both  
e a s ,  p rocesses ,  t echn iques ,  and t echno log ies  
ist i n  which t h e r e  i s  near-term p o t e n t i a l  t o  
c e l e r a t e  commercia l iza t ion.  The re fo re ,  i t  i s  
ke ly  t h a t  i nc reased  program emphasis a s  w e l l  a s  

expansion of the  c u r r e n t  RDCD program would 
oulr i n  inc reased  enprey p roduc t ion  over  a  
l a t i v e l y  s h o r t  time pe r iod .  

e  g e n e r a l  approach f o r  ach iev ing  program g o a l s  
d  near-term energy i n c r e a s e s  r e q u i r e s  t h e  
r a l l e l  development of s e v e r a l  biomass produc- 
on and convers ion t echno log ies  and t h e  use  of 
a d i l y  a v a i l a b l e  r e sources  t o  t e s t  o r  demon- 
r a t e  t h o s e  mis s ions  t h a t  a r e  r e l a t i v e l y  near  
mmercinl 1  x a t l n n .  Unless  t h e  program e f f o r t  i s  
g n i f i c a n t l y  expanded, l e s s  e f f o r t  should  be 
aced  on o p t i o n s  with low market p e n e t r a t i o n  po- 
1 r L l a 1  dild diatant  eammcroiol iza t ion da res .  

sed only  on market p e n e t r a t i o n  p r o j e c t i o n s ,  
o c e s s e s  t h a t  appea r  t o  o f f e r  minor f u t u r e  con- 
i b u t i o n s  i n c l u d e  marine c r o p  p roduc t ion ,  
t a l y t i c  l i q u e f a c t i o n ,  and f e rmen ta t ion  t o  pro- 
.ce e thano l .  Miss ions  t h a t  a m e a r  t n  have * .  

near  term commercia l iza t ion p o t e n t i a l  i n - '  

Inc reased  RDCD emphasis .and f e d e r a l  commerciali-  
z a t i o n  i n c e n t i v e s  appea r  t o  be j u s t i f i e d  f o r  a l l  
of t h e  above miss ions .  However, only  l i m i t e d  
a d d i t i o n a l  RDdD s u E r t  is  recommended f o r  t h e  
d i r e c t  combustion miss ion because i t s  commer- 
c i a l i z a t i o n  p o t e n t i a l  is  f i rmly  e s t a b l i s h e d .  

The remainder of t h i s  Execut ive  Summary d i s c u s s e s  
s p e c i f i c  and g e n e r a l  recommendations based upon 
t h e  fo rego ing  a n a l y s i s  a s  w e l l  a s  p r i o r  biomass 
r e l a t e d  r e sea rch  conducted a t  SRI and e lsewhere .  

O v e r a l l  biomass program success  ( a s  measured by 
t h e  l e v e l s  of f u t u r e  quad p roduc t ion )  can b e s t  be 
ach ieved  by emphasis on product ion methods, pro- 
cedures  and p o l i c i e s  designed t o  i n c r e a s e  feed- 
s t o c k  a v a i l a b i l i t y .  Biomass f u e l  product  market 
p e n e t r a t i o n  i s  h i g h l y  s e n s i t i v e  t o  f eeds tock  
s c e n a r i o  and c o s t s .  A ,doubl ing of f eeds tock  
a v a i l a b i l i t y  a t  $30 per  ton a l lows  biomass energy 
product  product ion t o  approximately  double .  
The re fo re ,  f i n a n c i a l  i n c e n t i v e  systems, of v a r i -  
ous  types ,  p o s s i b l y  i n c l u d i n g  loan,  t a x  c r e d i t ,  
and subs idy  sys tems,  should be developed to :  ( a )  
i n c r e a s e  t h e  use of a v a i l a b l e  c rop  and t imber  
l a n d s  f o r  t h e  product ion of energy'  c rops  and com- 
b i n a t i o n  energy, f o o d / f i b e r  c rops ,  and ( b )  en- 
courage c o n s t r u c t i o n  and o p e r a t i o n  of biomass 
f u e l  and chemical product product ion f a c i l i t i e s .  

A d d i t i o n a l  program recommendations r e s u l t i n g  from 
t h e  s t u d y  a r e  con ta ined  i n  t h e  f i n a l  r e p o r t  
volumes. 

Definitions 
Biomass product  p roduc t ion  price--the t o t a l  of 

a l l  c o s t s  necessary  f o r  t h e  manufacture of a  
biomass-derived product ,  i n c l u d i n g  manufac- 
t u r e r ' s  p r o f i t .  

Market price--the p r i c e  a g a i n s t  which t h e  bio- 
mass-derived products  must compete f o r  market 
s h a r e .  

Steady-sra t e  market share--the f r a c t i o n  of t h e  
product market that a  biomass-derived product  
would supply a t  a  po in t  long a f t e r  t h e  biomass 
product  product ion p r i c e  and market p r i c e  had 
become unchanging wi th  t ime. 

Market-share parameter  ( Y ) - a  v a r i a b l e  used t o  
c h a r a c t e r i z e  the  behavior  of an  energy m r k e t -  
p l ace .  Th i s  v a r i a b l e  e s t i m a t e s  t h e  s t eady-  



s t a t e  market s h a r e  of a biomass product  once 
t h e  comparat ive  economics a r e  determined.  

Behav io ra l  lag--a means of d e s c r i b i n g  t h e  r e s i s -  
tance  of  market decision-makers t o  t h e  i n i r o -  
duc t ion  of new energy products  and technolo- 
g i e s .  Th i s  concept forms t h e  b a s i s  f o r  t h e  
dynamic market response  curve.  

Behav io ra l  l a g  h a l f - l i f e  (h)--the t ime r e q u i r e d  
f o r  one-half of a g iven  market t o  respond t o  
t h e  a v a i l a b i l i t y  of a new energy product o r  
technology.  

Behav io ra l  l a g  r e sponse  parameter  (a)--this 
v a r i a b l e  f i x e s  t h e  r e l a t i v e  shape of t h e  dy- 
namic m r k e t  response  curve  f o r  a p a r t i c u l a r  
market once t h e  behav io ra l  l a g  h a l f - l i f e  h a s  
been chosen. 

Mission--a s p e c i f i c  biomass f eeds tock  t o  product  
convers ion p rocess  o r  procedure  d i r e c t e d  to- 
ward a des igna ted  f u e l  o r  pet rochemical  mar- 
k e t .  

Appendix 

SUMMARY OF COST SENSITIVITY DATA 
08 15 MISSIOBS 

Mission 

Wood t o  o i l  
Wood t o  methanol 
Wood t o  ammonia 
SNG from wood 
Steam from wood 
E l e c t r i c i t y  and steam from wood 
IB tu  gas from c a t t l e  m n u r e  
SNG from c a t t l e  manure 
Wheat s t r a w  t o  IBtu gas  
Wheat s t r aw t o  e t h a n o l  
High sugar  con ten t  p l a n t  t o  e t h a n o l  
Wood t o  o i l  v i a  p y r o l s i s  (maximum l i q u i d  
y i e l d )  
Kelp  t o  SNG v i a  anae rob ic  d i g e s t i o n  
Kelp t o  a l c o h o l  via tewencdelda 
Cogenerat ion of e l e c t r i c i t y  and steam from 
wood 



HISS I(M I --SEW-(:TEI) SIIEltlAHY IbA'TA 

V D  1U OIL VIA CATALY'TI(: LI(#IEPA(:'I'ION 

U. Yoedelock 
OIX p u r  duyC 3000 3000 3000 3000 3000 3UOO 3000 3000 3000 

Bhe/tluy ( log )  87.6 57.6 57.0 57.6 57.6 57.6 57.6 57.6 57.6 

c a s t  - l k # l l o r s / m ~ l l l o n  ~ t u s  $1 .O 2.0 J.5 0 1.0 1.0 1.0 1.0 1.0 

0. Annual Coet o f  Peodtllock 
N l l l l u n e  o f  d o l l u r n  18.8 ' 37.7 28.3 0 

B .  Annvul Oyurut lny  Coal# 

Mll l la r~s l  o t  dr r l luvs  15.S 15.5 15.6 15.5 
Du1 lo1 -e /ml l l l o~~  Utus 1.54 1.54 1.54 1.54 
Opurn 1 1118 yurcunt  . 90% 80% 90% LlUX 

Y. novoluu nuqct~ c.ura~ttu*** 
Dollorn/Ubl n f  o i l  31.2 42.2 36.7 20.1 33.6 36.6 27.6 S . 5  29. 8 
n ~ t t t l ~ i o t t  u t l  ~ l t y  
Dol lars /mII1lon Otunff 5.37 7.28 8.33 3.47 5.79 8.32 4.70 6 .19 5.14 

O. Plan t  I.lfu Yeare 

A e l w o s  u 60% mui s lu re  c o n b n t  luodetock and 19.2 m l l l l o n  U t ~ ~ n / d r y  ton  - procons e P t I a l u l ~ c y  = 53% 

f Oxclutlua lorttlslock cuuL and p l a n t  deprc tc la t  ion  
* *  C a y l i u l  cus)w#tanl u l  pruducl  c o s t  

* * a  CuPculuted l u  y l u l d  a 15% dlecounled  c a e l ~  flow (DCP) r a l u  r ~ l  r u t u r n  un ec(ulty und u 9% r e t u r n  an dub1 (052 deb t  and 
35% u1111Lyj. lncuru  tam = 52% 

f f  ABWBIUII 5.8 x 10' U lun / l ru r~u l  
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S e ~ ~ s l t l v l t y  'I'o: 
. C a p l t e l  P r o j e c t  

nave Cese Feedstock P r l c e  O p e r u t l n g  I 'ercent  Inves tment  I.iCe 

A. Yrodt lc t  

'I'ons o f  u n i ~ ~ ~ o n l a l d a y  2 50 500 15/12 1542 1542 1 5/12 1542 1542 15/12 1 542 1542 
Dt l t s /day  (109)* 4.6 9.2 28.2 28.2 20.2 28.2 - 28.2 28.2 28.2 28.2 . 28.2 

U. Feeds tock  

OD'r p e r  dey 500 ' l U 0 0  3000 3000 3000 3000 3 000  3000 3000 3000 3000 
B tus /day  (109) $9.6 $19. 1 $57.3 $57.3 $57.3 $57.3 '$57.3 $57.3 $57.3 $57.3 $57.3 
Cos t -do1  l o r s / n ~ l l l  I o n  .Dtu 1.00 1.00 1.00 2.00 1 . 5 0 '  0 1.00 1'. 0 0  I. 0 0  1 ..00 . I. 0 0  

C. T o t a l  Cep l  tn l  I ~ ~ v c a l n ~ e n t  - 20'1. 4. 304, 

H l l l l u n r  o f  d o l l a r s  $65.0 $110.1 $267.3 $268.9 $268.0 $265..7 $267.1 $266.9 $214.4 $346.5 $267.3 
Uol lere/111Ll1 I o n  ~ t u * *  $6.95 $5,.96 $4.71 ' $ 4 . 7 4  $4.73 $4.68 $5.52 $6.57 $3.86 $6.00 $4.24 
D o l l a r s / t o n  $127.40 $109.02 $86.24 $86.75 $86.49 $85.73 $101.17 $120.38 $70.53 $109.77 $77.64 . 

U. Annual Cos t  o f  F r c d v t o c k  

H l l l l o n s  o f  c lo l la l -s  $3.1 $6.3 $18.8 $37.7 $28.3 0 $16.8 $14.7 $18.8 $18.8 $18.8 
D o l l a r s / m l l l l o n  D t u  $2.09 $2.03 $2.03 $4.06 $3.04 0 $2.03 $2.03 $2.03 '$2 .03  $2.03 

A U o l l n r u / t o n  $38.27 $38.27 $37.14 $74.28 $55.71 0 $37.14 ' $37.1(c $37.14 ' $37.1/, $37.14 
rn 
v E. Annl le l  O l ~ r r a t i n l :  Cos t  1 

M l l l l o ~ ~ s  of '   dollar^ $5.7 $9.6 $20.6 $20.6 $20.6 $20.6 $20.6 $20.6 $17.2 $25.7 $20.6 
D o l L a r s / ~ i ~ L l l l o ~ ~  D t u  - $3.78 $3.18 $2.22 $2.22 $2.22 $2.22 $2.22 $2.22 $1.85 $2.76 $2.22 
D u l l a r n / t o n  $69.08 $58.18 $40.55 $(10.55 $40.55 $40.55 $40.55 $40.55 $33.88 $50.57 $40.55 
01)eraL In[; pe r c e n t  9 0  9 0  9 0  9 0  9 0 '  9 0  8 0  7 0 9 0  9 0  9 0  

F. Rcvenlle Weqc~i rcmellt  
tt* 

Regu la ted  u t l l l t y :  
Do1 I a r s / n ~ L I  1 1 0 1 b  D~II $12.82 $11.23 $8.96 $11.02 $9.99 $6.90 $9.77 $10.82 $7.74 $10.79 $8.49 
U o l l a r s / t o n  $235. $205. $164. $202. $183. $126. $179. $198. $142. $197. $155. 

UCP : 
D ~ ~ l l e r s / ~ n l l l L o ~ ~  U~II $18.93 $16.39 $13.60 $15.67 $14.64 $11.52 $15.00 $16.79 $11.46 $16.81 $13.60 
I ) o I l e r s / t o n  $346. $300. $249. $287. $268. $211. $274. $307. $210. $308. $249. 

C .  Y l u ~ i r  L i fe - -Ye ; l rs  2 0 2 0  20 2 0 20 20 2 0  2 0  2 0 2 0 30  

* 
As6111nes 18.3 t n l l l l o n  D t u n / t n ~ ~  - p r o c e s s  uPELclency = 4YX. 

.* * 
( : ~ p l t u L  colaponetlt o f  I,roduct c o s t .  

*** 
( : u l c u l ; ~ t c J  t o  y i e l d  a 15% d l v c o u r ~ t e c l  con11 Flow (DCF) r a t e  of r c t t ~ r n  OII c q l l l t y  i111il 11 9% r a t e  of '  r e t u r l l  011 d e b t  (657. d e b t  and 35x 
cclul t y - III~OIII~ L.;Ix = 522. 

' . ~ x c l ~ ~ t l c u  f c c d ~ t o c k  c o s t  al ld p l a n t  d c p r e c l a t  Lon. 



' HlSS10H 4--SELeCCUI S W W Y  UAI'A 

SNC I 'HMWCTI~I  PllOH W D  VLA GASlPlCATlON (OXYGEN BIDHH YYALTON) 

A. D o d u c t  

Chrput  p e r  day (SCY) 10 
6 

a. geedstock 

MT p e r  day* 

B ~ u e  In  p e r  9ngf (la9) . . 

Coat- D u l l o r a  par K i l l l c a ,  h t u r  

A 
a D o l l o r r  p e r  m l l l l o n  Btu" 
03 

D. h ~ n u n l  Coat p $ & w  
H I l l I ~ n a  o f  d o l l a r s  

D u l l a r a  p e r  m l l i l o r a  B tus  

P o l l a r r  p e r  m1111os Btua 

Oyerat  l a g  pe rcen t  capsc l t y  

P. u x e n r r e -  
D u l l r r s  p o r  ~ 1 1 1 1 . ~ 1 1  B tus  
( r e g u l a t e d  u ~ l l l t p )  

S z n a l t l u l t y  To 
30  Year Plant O p e r a t l i r ~  f 

P e c l l l t y  lnvencoant  nt 
L l f e  -- Cor t Peedatock Coat Cepuclcy 

' ~ a a ~ r p r o  a 50% mo le tu ra  con ten t  feedutock and 19.2 m P 1 l l m  Brtli, p u r  dry t o n  - procese r f C l c l c ~ ~ c y  - 63% 

t 9 rc ludea  feedrrtock f o n t  and p l a n t  deprec ia t  tun. 

.*t 
O l c u l a t r d  lu yield a 151 d laa :~n~n led  w o l r  l l u w  ( D W )  r u t *  o f  r c t u n r  0th r q u l t y  ~IIJ UII 9% r e t u r n  ma deb t  ( . O X  deb t  - 351 cq t t l l y ) .  lncava t a x  - 522 
Y a c l ~ ~ * -  l l i o  - 20 ycaru. 



STEAM PRODU(.TlON PROM W ( # U  VIA I)llIEt:'l' L:~~IUIJS'I'I(tN . 

Senel t lv l ty  Tu 
P l  JII L IIIVCU ~ ~ 8 1  t O ~ ~ e r c l t t n ~  X 

Iose Cesre Cue t Feedetock Cost of Capuclty 
A. Bruduct - S t e q  

Output per day (000 lbs 478 1,434 1,434 1,434 1,434 1.434 1.434 1,434 
Equlvaleat I t ue  per Dny 14.8 44.4 44.4 44.4 44.4 44.4 44.4 44.4 

I. Peedetock 
ODT par my* 500 1,000 3 , m  3,000 3,000 3,000 3,000 3.000 3.000 
Btur 1 n . p ~ ~  day ( lo9)  9.6 19.2 57.4 57.4 57.4 57.4 57.4 57.4 5V.4 
Coat-dullars par mll l iun Btue 1.00 1.00 1 .W 1.00 1 .OO 1-50 , -0- 1.00 1 .OO 

c. rorsl. C e a l t r l . . I o ~ g ~ e s c a ~  $17.4 $32.3 $94.1 $76.0 $121.3 $94.9 $92.6 $93.7 , $93.3 
(ml I l lon  d o l l a r 4  - 2wg e 30% 
b l l a r i  jier mlll lon ~ t u r * *  (0.98) (0.90) (0.89) (0.71) (1.13) ( 0 . 9 )  (0.86) (1.12) (1.56) 

D. bnual . ~ e s c  uC feedrvt~ck $3.1 $6.3 $18.9 $18.9 $18.9 $28.3 -0- $14.7 $10.5 
( a l l l l one  of dol leru)  
Oollers per ~ l l l l m  Ucue (1.30 (1.30) (1.30) (1.30) (1.30) (1.95) -0- (1.30) (1.30) 

B. A m f i 9 @ ~ ~ l E i a ~  s!?~E? $ 2.6 $ 4.5 $11.8 $10.2 $14.1 $11.8 $11.8 $11.2 $10.6 
(mllllone of do l l a t e )  
Dollnrr per mll l lon Btur (1.08) (0.95) (0.81) (0.72) (0.98) (0.02) (0.82) (1.00) (1.33) 
Operaclng Q8paclty 90% 9MS 90% 90% 90% 90% 90% 70% 50% .. 

P. Revenue Reqal remen!? 8 3 . 3 6  $3 .15  $ 3 . 0 0  $ 2 . 7 3  $ 3 . 4 1  $ 3 . 6 6  $1 .68  $3 .42  $ 4 . 1 9  
dollerrs per a l l l l m  Btur 
(regulated u t f l l t y )  

'ercludre f tulatuck coat  ead plant  deprrtcletlon. 

Aeruuce a 50% moluture feedetock - 99.2 a l l l l o n  I t u  per dry to11 - proccee e f f lc lency  a 77X 
n 

Cep l t r l  cwyooent of produce coat. 
*- 

15% return on equlty (35% of t o t a l )  end 9% return on debt (65% u t  t u t e l )  - f e c l l l t y  l l f e  = 20 yenre. 

"450 lbe pslu - 81U0Y 



tIISS ION 6--SEI.ECXU) SUtWANY UA'I'A 

EI.EC'I'UICI'I'Y ~IIOIIWI'ION FI:lUI WIHIO V I A  I )  l1tIZt:l' 4:. 1)UIU:l'l'llN 

.. Sc~hr t r lv lcy  l o  
Plant  lnvevtiucrrt Operating Z 

Buse Cnaus Coe t Fdedatock W e t  o f  Capacl tv - 
A. ~ O J U C ~  m a t  e l z e  )1Li = 25 . 50 1 SO 150 150 I50 150 150 I 50 150 

Outptrt pe r  day Hllr 600 1200 3600 ,3600 3600 !6DO 3600 3600 3600 3600 
Equivalent Ltua per  day t.04 4.08 12.24 12.24 12.24 12.24 12.24 12.24 12.24 12.24 

U. Ycedrtock 
ODT per day* 500 1000 3000 3000 3000 3 W  3000 3000 
Btcte In .  per day (109) 9.6 19.2 57.4 57.4 51.4 51.4 51 .C 51 -4 
C o s t - d o l b r a  per  ml l l lon  1.00 1.00 1.00 1.00 1.00 1.W -0- 1.00 

D. A ~ n t ~ ~ - _ ~ g ~ , , ~ ~ . Y f e d g f g c ~  $ 2.8 $ 5.6 $16.8 $16.8 $16.8 S25.l -0- $14.7 
( m l l l l t ~ n  datlI~rra\ 

Dollare pur u l l txon  ntue (4.70) (4.70). (4.70) (4.70) '(4.70) 4'1.05) - (4.70) 

+ $ 4 . 1  $ 1 . 6  019.3 $16.6 $23.4 $19.1 $19.1 $18.8 E. An~~ttnl O y g $ & l u  .Cu 
. (iulll~crm dol larnb 
l b ~ r u r e  prr m l l r ~ o n  tltu (6.93) (6.43) (5.43) (4.61) (6.52) (5.43) (5.43) (6.04) 
Oyeruttn@ l Capncity 80Z BoX 80% 8uZ 80% 80% 8Cll 7 0% 

~ . ~ ~ ~ ~ u u a & ~ ~ a g p  $18.63 $11.74 $16.38 $14.40 $19.36 $18.17 $11.62 $17.89 
J o l l d r u  per  urlll lon Lttu 
(ret;ulnted u t l l l t y )  

' ~ r c l u d c s  fradetock coa t  crd plan t  d rprec le t lon  

*Aseuee u 502 moleture content  feedstock - 19.2 tW Bcu/dry tun - plunt  eff1c.Ltocy - 211 

t* ' 
Cepltnl  cuapcnent uf product cuec. 

*** 
13Z re tu rn  O I I  equity (35Z uf t o t a l )  and YZ re tu rn  oar debt (65% of t o t a l )  - f o c i  l l t y  llYo a 20 yearr.  



MISSION 7--SELECTED SUWRY DATA 

It lTU C4.S YHODULTOON YROH CA1TLE WNUHE V I A  ANAEHUI!IC DIGESTION 

Srnu l t l v l ty  To 
Plant Opcratlng % 

Investment of 

Base Cesen Coat Fucdstock Cost Capaclty 

A. Product ( N o . o l E u n d o l C a t t l e ) =  10,000 100,000 250,000 10,000 10,000 100,000 100,000 100,000 10,000 10,000 
actput per day (108 s c f )  .226 2.26 5.65 .220 .226 2.26 2.26 2.26 .226 .226 . . 

Equivalent Btus per day lid)* . 226 2260 3650 226 226 2260 22613 2260 a26 226 

8. Qeedatock 
OM per day 
B$us In  per day (lC16) 675 6750 16,875 675 675 6750 0780 6750 675 675 

Cost- Dollare per Ul!.llon Dtus .33 .33 .33 .33 .33 .I65 0.69 0 .33 .33 

C. Total  Cael ta l  Vnvemtmnt- - 1 0 %  + 3 0 %  
Y l l l l o n ~  of dollnrs*** 1.83 10.82 23.91 1.48 2.34 10.82 10.68 10.82 1.83 1.83 

~ o l l a r e  per Mllllom ntue** rz.68) (1.35) (1.13) (2.01) (3.60) (1.35) (1.35) (1.35) (3.19) (3.66) 
N 

3 D. 
Annual Cost of Feedstock 

u4ll lnna nf d o l l a r s  0.07 .74 1.86 0.07 0.07 .37 1.48 0 0.07 0.06 

uvl lnrs  per Ui l l ion  Btus (1.00) (1.00) (1.00) (1.00) (1.00) (0.60) (1.99) (0)  (1.06) (1.04) 

6. Annual O ~ e r u t l n n  ~ o a $ t  
Y'lllnna or d o l l a r s  0.39 1.87 3.45 0.36 0.44 1.87 1. 87 1.87 0.38 0.38 

E'ollara per u l l l l o n  ~ t u s  (s.26) (2.52) (1.86) (4.86) (5.94) (2.52) (2.52) (2.52) (5.75) (6.62) 

Cperatlng percent aapacity 00% 907. 90% 90% 90% 90% 90% 90% 80% 70% 

P. - 
Dollare per MlPllm Dtus 
Regulated u t l l l t y  8 8.94 $ 4.87 $ 3.99 $ 7.B7 1 0  $ 4.37 $ 5.86 $ 3.87 $10 .00  $11 .32  

t E~c ludue  focdstock cos ts  and plant  d e p r e c l n t l ~ n  
* Filant e t f ic lency = 33.5% 
**  Capi ta l  component 01 product cos ta  
*** Calculated t o  y i e ld  a 14% ddscountcd cash flow (dcf)  r a t e  of re turn  on eqlllty and 9% re turn  on debt (65% debt - 35% cqul ty)  f a c l l l t y  l l f e  = 20 yearn 



HISSIOH 8--SELECTED SU).MARY DATA 

SNC PRCDUCTIW FROM CATTLE HANURE V I A  ANAEROBIC DIGESTION 

S e n ~ l l l v l t y  To 

P l a n t  Opera t lng  % 
Inves tmcr t  I> I 

. . 
-. B e e r  Cases  C o s t  Feeds tock  Coat  Cmpaclty 

A .  P r o d ~ ~ c t  
No liead 10 ,000  1m.m 250,000 10.000 10 ,099  100,000 100.000 100 ,000  1 0 , 0 0 0  30,000 

Ou tpu t  p o r  day ( m l l l i o e  ECP) .204 2.04 5-10 . 2 M  .204 2 .04 2.04 ' 2.04 .204 .204 

E q u l r a l e n t  .Ot'ua per day 
( o l L l l o n s ) *  

,wr day 4 5  

B tus  I n  per day  675  . 

Cost-  D o l l a r s  p e r  l i l l l o n  B t u s  0.33 

Doll!ars p e r  M l l l  ion B t u M *  (4.17) 

D. Annual Cos t  o f  F e e 3 ~ t o c b  

Ylill*nns o f  Dnl lmrs  

D o l l o r s  p e r  M l l l i ~  Btue (1.04) (1.04) (1.04) (1.04) (1.04) (0.53) (.2.08) - . (1 .04)  (1.04) 

E .  Annual O p c r o t l n ~  Gus t7  

Mlf i l lons  o f  D n l l a r s  

I b l L a r s / Y l l l l o n  B l u s  (9.23) (3.87) (2.90) (8.49) (10.42) (3 .87)  0 . 8 7 )  (3 .87)  (10.24) (11.70) 

Operating % CapaCLty 90 4 9 0  % 9 0  % 90% SO % 9 0  % 9 0  % 9 0  % 8 0  % 7 0  & 

P. n ~ w n u e n e ~ u i ~ ~ ~ t y  
D n l l n r s  p e r  l 4 l l l l o n  l l tus  
Hcguloted U t l l l C y  $ 1 4 . 4 4  $ 7.02 $ 5.95 $ 1 2 . 8 1  $ 1 6 . 8 9  6 6 .65  $ 8.13 $ 5.92 $ 1 6 . 1 0  $ 1 8 . 2 5  

Exc'ludes f eeds tock  c o h t  an11 p l a n t  c e p r e c i a t l o n  
* P l e a t  e f t l c l e ~ ~ c y  -, 30.2% 

** C a p ~ t n ~  compon~int  -of  p roduc t  c o s t  

*** C a l c ~ r l a t c c l  t o  y l c l d  nn YZ  r c t u r l l  -11 tlolbt and 15% dcll r e t u r n  on e q u l t y  (65% d o b l  - :IS% c q u l t y )  - P l a n t  l i f e  20  y e a r s  
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HISS ION 10--SELECTED SUMMARY DATA 

UIIEAT STRAW TO ETIIANOL :(4% SUGAR SOWTION) VIA ENZYMATIC INDROLYSIS ANTI FERMENTATION 
25 MM G a l l o n s  Pe r  Year o f  Ethanol  

( ~ 3 c I . l  i t y  Dat l y  Outputs :  500 Tons o f  Sugar  and 75,768 G a l l o n s  o f  E thano l )  

Base C ~ s e  S e n s i t i v i t y  'So: 
Yeedatock P r l c e s  C a p i t a l  C o s t s  O p e r a t i n s  Pe rcen t  

A.  . P roduc t  
G a l l o n s  of e t h o m l / d a y  (000) 

Btu/day ( 1 0 ~ ) *  - '  

B. Feedstock 
O m  p e r  day -Wha t  s t r e w  3270 
Btu/day ( l o 9 )  49 .0  
Coet-$/dryton- l iheatetraw $15.0 

C. TotaL C a p i t a l  Investment *** 
Sugar  p l a n t  (8 l ob )  $94.9 
E thano l  p l a n t  (6 lo6) 32.9 
T o t a l  C a p i t a l  Investment 127.8 
DoLlars / rn l l l ion  Btu** $8.90 

. D. Annunl Cost  o f  Feedstock 
M i l l i o n s  o f  d o l l a r s  $16.2 
D o l l a r s / m i l l i o n  Dtu 9.00 

E. Annual Opera t  tng  ,Costsf' 
Sugar p l a n t  ($ 106) . 
Ethano l  p l a n t  C$ lo6) 8.2 

. T o t a l  Annual O p e r a t i n g  62.6 

C o s t s  ($ 106)  90% 
Opera t 1 n e  p e r c e n t  
~ u l l a r s / m i l l i o a  Dtu $34.70 

Y. Revenue ~equ i~ . eman t s** '  
Suga r  Costs-$iLb , $0.25 
Ragula ted  u l i l b t y  ' 

I b ~ l l a r s / m l l l i o n  Btu- 52.60 
ELhunol 

- -- 
* P r o c e s s  e f f i c i e n c y  = 11% 

*+ C a p i t a l  component o f  p roduc t  c o s t  - assumes 30-year  p l a n t  o p e r a t i o n  
4C E ~ c l u d e s  PectlsLock c o s t  and p l a n t  d e p r e c i o  t ion  

- - - 1  - m a  - - r a n -  n m  dnht 



I 
HISS ION I I --SBIEC'TkX) SUNTlAItY DATA 

SUC;AH CANIJ I I ILL 
l l l ~ l ~  Sugar Content Plant to  Bt l~u~to l  (IU.7Z Sugar Sol.ut 1011) Via- Fcnuent.otlon 

(165 I)ay/Ycar Sugar l ' l a~r t  - '330 Uoy/Ycar E~l13nul  Ylatrt) 

Dluve euvu S ~ n s l l l v l l y  '1'0: 

Vecdvlock Pvlcus Cupl ta l  Cost 

A. I1ra~duct 
nn l ly  output 

Tuna o f  augur 500 500 500 500 500 500 

Gnllons o f  eltrmlol (UOO) 75.8 75.8 75.8 75.8 75.8 75.8 
Utu/tley (lo9)* 5.5 5.5 5.5 5.5 5.5 5.5 

U. Fe4~l:ck 

O m  per duy (cane) 2756 2756 2756 2758 2766 2756 
l l lu/ juy ( lo9) 41.3 41.3 41.3 41.3 41.3 41.3 
(:oat/clry tun $65.0 50.0 100. 0 65.0 65.0 

C. To lo l  Cep l lo l  Investmonl 
Sugu~. p lant  ($ 108) 

Pthui101 plant  ($ 108) 21.0 20.7 21.7 9 21.2 20.8 
Totol  Cupltnl  Pnvustment 60.2 09.8 70.9 68.9 84.0 60.3 
Dol larn/mi l l lon Ulu 4.17 4.84 4.91 4.77 5.82 4.18 

D. AIIIIUO~ Cost o f  Perxlstuck 

Y l l l l o n s  o f  d o l l a r s  $29.56 22.74 45.47 0 29.56 .29.56 
Ihll ~ r s / r l l l  ion Ulu 16.28 . 12.53 25.05 0 10.29 16.29 

B. Annul11 OpornLleg Costs 
Sugar ylunt ($ 108) 6.8 6 .8  6.8 6.8 8.4 5.8 
Ethanol p l"nt  ($ loG) 5.0 - - - - - -  5.0  5 .0  5 .0  5 .0  5.0 

11.8 11.8 11.8 11.8 13.4 10.8 
Dol lara/ml l l lon Dtu $6.50 6.50 6.50 6.50 7.38 5.95 

Y .  novonuo R~qulremunta 
Ilu1la1.s pur Ill o f  ciugur . I 3  . I 1  -18 .@I .14 .12 
IlcgulntttJ u t l l l L y  
Dol l~rs/mLPl lon Dlu 9. 2c-y5 23.ll7 36.48 11.27 29.49 26.12 

- 
Y~tguv plant ultoc~~ctcs 165 tluy/you~: u t  IUOll l'/ali~y u n n l ~ i ~ l  uvcrogu = 500.r/l) 
01101.~11 111g percent sugur 11la11t = 45%; Etl~;cltol p1;111t 90% 



MISSION 12--SELECTED SUMMARY DATA 

WOOD TO O I L  FOR DIRECT COMBUSTION AND CHAR V I A  PYROLYSIS (MAXIMUM LIQUTD YIELD) 

Yensitlvity To: 

Plant Size and Operutlng Capital Project 

Bane Case Feedstock Price Percent Investment Li Pe 

A. Product 
Gallons of oll/dayH (ld) 26 52 156 26 52 156 156 156 156 156 156 

m a r  (tons/day 1 ** 7.7 13.h 48.2 7.7 15.4 46.2 46.2 46.2 46.2 46.2 46.2 

Btu/day (lo9) 1st 309 918 151 303 9 1  918 918 918 918 918 

B. Peedstock 
OM' per day* 
tItu/day (10~) 
Cost-Dollars/LBI Btu 

C.  Total Capital Investeent 

Millions of dullare*** 

0. Annual Cost of ~eedstock~ 
Milllona of dollars 

Dollars/LOL Btu 1.4 1.4 1.4 2.7 2.7 2.7 0 1 .a 1.4 1.4 .1.4 

6. Annual Operating Cosl 
Millions ol allars 

Dollars/YY Btu 
Opera t ing percent 

P. Revenue Requirements CTotal 

Product Basis) 

Dollara/YY Bta . 3.4 3.2 2.7 4.7 4.5 4.1 1.3 2.9 2.5 3.0 2.6 

Dollars/YY Btm (OIL -only h4* 8.1 5.6 4.5 8.9 8.5 2.6 L 4  4.9 4.0 5.1 , . 4.2 

G. Project Llfe (Yeera) 

+ Assumes a 50% moisture content feedstock and 19 Wntu/dry ton - process efficiency = 73.6%. 
f Excludes feedstock cost and plant depreclnilon 

*C Assumes .302 Ibs/l lb dry wood 
++ Cupltal component of prodrrct coat 

*L* Calculuted to ylell a 15% discounted cash flow (DCP) rate of return on equity a d  a 9% return on debt (65% debt 91 35% cquity) 
H Aesumes -250 Lbs/l 1b dry wood or 210 gals of oil/dry ton Income Tax = 52% 
# ~snuraes char valued at 1.25/@4 Btu and representing 55% of toLa1 output 



Product 

Cubic f t. gas/day (lo6) 
(PO00 Btu/cu f t . ) 

Stu/day (lo9) 

Feedstock 
DAFT/day ++ 
Btu/day (lo9) 

Cost/ton (Dm) 

M I S S I O N  13--SELECTED SUMMARY DATA 

KELP TO SNC VIA ANAEROBIC DIGESTION 

Plant Size Sens i t iv i tv  to  Feedstock Prices 

Total  Capital  Investment 

MilPions of dollars*** $30.1 68.9 115.7 $113.6 118.4 113.0 $67.9 70.3 67.6 

Anuual Cost of Feedstock 
MiPPions of do l l a r s  $33.0 99.0 198.0 $ 49.5 396.0 0 $24.7 198.0 0 

Dollars/MM Btu $17.9 17.9 17.9 $ 4.5 35.7 0 $ 4.5 35.7 0 

Annual Operating cost+ 

MfPPions of do l l a r s  $ 4.3 9.3 16.0 $ 16.0 16.0 16.0 $ 9.3 9.3 9.3 

hPlars/MM Btu $ 2 . 3  1.7 1.5 $ 1.5 1.5 1.5 $ 1 . 7  1.7 1.7 

Operating Percent 90% 90% 90% 90% 90% 90% 90% 90% 90% 

Revenue Requirements 
H)oPlars/MM Dtu $22.4 21.2 20.7 $ 7.3 38.6 2.8 $ 7 . 8  39.1 3.3 
Regulated U t i l i t y  

* Process eff ic iency = 35% 
f. Excludes feedstock cos t s  and plant depreciation; assumes 16 MM Etu/Dry Ash Free Ton of 

** Capital  component of product cost  Feedstock 

*** Calculated t o  yPeld a 15% discounted cash flow (DCF) r a t e  of return on equity and a 9% 
return on debt (65% debt and 35% equity). Income tax = 52% 

f f  Dry A s h  F r e e  Tons 



MISSION 14--SELECTED SUMMARY DATA 

ALGAE TO ETlUNClL VIA ACID HYDROLYSIS AND FERMENTATION 
25 Mi1lic.n G a l l o n s  per Year Ethanol  P l a n t  

Produc r 
Daily Output 

Tons o f  sugar 
Gallons of  e thanol  (000) 
.Btu/day [lo9) 

Feedstock 
OAF tons per  day 
6tu!day (109) 

Tota l  Capl ta l  1nvestu.ent 
Sugcr p lan t  ($ 1061 
~ t t w n o l  p lan t  ($ 

Total  Ciapitel ~ n v e s t r ~ e n t  * *  * 
DoLLars/lAM Btu** 

Annual Cost of Feedstock 
Y i l l i o n s  of  d o l l a r s  

6. A~rnutrl Operst lng Coste  
Sugor p l a n t  ($ lo6) 

50% Sugar Conversion 

Base S e n s i t i v i t y  To: CnpFQol Operating 

Case Feedstock P r i c e s  Investment Percent - 

80% Sugar 
Convers ton 

ELbenol p lan t  ($ 136) 7.0 7.0 7.0 7.6 6.4 6 .4  6.3 7.0 
T o t a l  Annual Opernttng Costa [lo6) 12.2 12.2 12.2 1 3  1 . 1  11.4 11.0 10.4 

Dollars /W Btu 6.5 6.5 6.5 7.1 5.8 6.8 7.5 5.5 
Operating X 90% 90% 90% 90% Boq: 80% 70% 90% 

F. Revecue nequ i remen t s 
Dal.lars per  l b  of  sugar 0.11 0.14 0.03 0.12 0.11 0.12 0.11 0.08 

Dollars/'LM BLu o i  Bthnnol 26.9 30.8 11.0 28.2 29.6 26.8 28.2 19.0 

* Process  ePt'lciency = 32%; aasunes 75,600 Dtu/gallon of e thanol  
**  C a g l t a l  component o l  product Cast 

44 Bxcludes~ feodstock coa t  and p l a n t  d'epreciotion 
*** Celculated t o  y i e l d  a 15% dlscounted caeh flow (DCF) r a t e  0 0  r e t u r n  m equi ty  and a 9% r e t u r n  on 

debt  (65% debt  a8d 35% equ1l.y 1. Income t a x  = 52% 
4 Assumes 16 UY Btu/DAF ton of feedstock. 00% carbohydrate  



MISSION 15--SELECTED SUMMARY DATA 

CO-GENERATION OF STEAM AND ELECTRICITY FROM WOOD VIA DlRECT COMBUSTION 

B e n s l t l v l t y  t o  
Plant  O p e r a t l w  % 

Investment 01 
:Bane Cases Cns t Feedstock c b e t  C a p c i t y  

A. Product 

P l an t  eapnc l ty  1(1 

B l e c t r i c l t y  )(Wh p e r  day 

8team pounds p e r  hour (000) 
Bgulvalent  Btus  pe r  day ( lo9 )  

0. Feedstock 

ODT per day* 
Btue Pn mr day (109) 
Cost- D o l l a r s  p e r  Ml l l l on  Btus 

C. p l a n t  L l t e  (yeare)  

0. T o t a l  C a p i t a l  Investment- 
Ml l l l ons  of 'dol lare*** 

Do l l a r s  per  l l l l l o n  Utue** 

B. Annuml Cost o f  Peeds twk  
Yl l l l onn  o t  d o a l a r s  a.8 9.8 18.8 18.8 18.8 25.1 0 1 4 . 1  11.5 0.4 

Do l l a r s  per  l l l t r r u n  Btus . (1.32) (1.32) (1.31) (1.32) (1.32) (1.98) - (1.32) (1.32) (1.32) 

F. Annual O ~ e r a t l r g  ~ o s t t  (8 Y l l l l o n a )  1.8 1.1 1a.0 10.1 14.8 12.0  12.0 11.8 11.5 11.3 

~ I ~ ~ P ~ / M I I  (on ~ t u e  (1.38) .(I.IB) (0.04) to.ao) (1.18) (0.941 (0.94) (1.06) (1.32) (1.78) 
Opermtlw percenr  80% 80% 80% 80% 80% BOX 805 1 0% 

s 5% 40% 

8. 7 - 8  
D o l l a r s  pe r  Y l I l l o n  Btus  
Heguleted u t l l l t y  8 4.05 $ 3.80 $ 3.42 $ 3 . 0 6  $ 3.97 S 4.09 $ 1.09 $ 3.11 $ 4.32 $ 5.40 

.t. Excludes f e e d a t o c k ~ c o s t . a n d  plant  l e p r e c l a t i o n  
Assumes a 50% mnls ture  con ten t  f ee l a tock  - 18.2 Y l l l l o n  Btua par dry ton - Proceee e l r l c l e n c y  = 75.7% 

** The c a p l t e l  po r t lon  of product con: ( cen t s  per Y l l l l o n  Btu o t  t o t a l  product eteam end e l e c t r l c l t y )  

*** 15% r e t u r n  on equ l tp  (35% o f  t n t a l l  and.9X r e t u r n  on deb t  (15% of t a ~ t a l )  - Plant  l l l e  = 20 yea r s  







SOLAR HYDROGEN PRODUCTION 

William Hoagla'nd 
Solar Energy Research Institute 

1536 Cole Blvd., Golden, Colorado 80401 

ABSTRACT 

The Solar Hydrogen Program at the Solar Energy Research Institute 
is currently investigating several methods of producing hydrogen 
from renewable resources. The maj.or emphasis is the photobiologi- 
cal approach, specifically biophotolysis, defined as the formation 
of hydrogen gas from water using the photosynthetjc apparatus of 
green plants and algae. Another technique being investigated is 
photoelectrolysis of water using sunlight. Currently, efforts 
are being directed toward the development of electrode materials 
with suitable absorption characteristics and hence, the ultimate 
conversion efficiency possible in the electrolytic cells, and 
also attaining the maximum photovoltage to reduce the external 
bias requirements. 

The Solar Hydrogen Program is addressing very basic research to 
support as many new and novel app.roaches as possible until develop- 
mental efforts are warranted. 

INTRODUCTION 

The production of Hydrogen from non-fossil energy 
sources for use as a fuel, chemical reagent, or 
energy storage and transport medium has been gain- 
ing increased attention over the past several 
years. Although hydrogen was used extensively 
as a fuel for heating and lighting in the days 
of gas produced from coal, the principal appli- 
cation today is as a chemical intermediate in 
petroleum processing and for the synthesis of 
k o n i a  and methanol. Other industrial processes 
use hydrogen as a unique chemical for Hydrogena- 
tions, reducing atmospheres, etc. [I] It is 
currently estimated that as much as 1.4 Quads 
(1015 Btu) per year are consumed to produce 
hydrogen aa a chiuical,Leedstuck, primarily from 
natural gas (76%) and petroleum (23%) [2] World- 
wide demand for hydrogen (-3 quads) has more than 
tripled in the last forty years and increased by 
a factor of 40 in the United States during the 
same period. [3] 

Why is hydrogen being seriously considered as an 
energy transport and storage medium? Some of the 
advantages which hydrogen affords are: [4] 

o Hydrogen is versatile. It can be burned 
directly, catalytically oxidized at lower 
temperature, or used in a fuel cell to 
generate electricity. 

o Hydrogen is clean. The product of com- 
bustion is water only. 

Hydrogen is renewable. The primary source 
of hydrogen is also water or Lioluass. 

o Hydrogen is transportable. It may be 
transported via pipeline or truck as a 
primary fuel or blended with natural gas. 

o Hydrogen is storable. It may be stored 
as a liquid or a.solid metal hydride. 

The Department of Energy Hydrogen Energy Coor- 
dinating Connnittee (HECC) has given much attention 
to specific applications for hydrogen in a hydrogen 
economy. The major applications include: off- 
peak power storage, vehicular fuel, energy 
transport medium for nuclear energy, and energy 
storage medium for intermittent sources of energy 
(e.g., solar). 

Projections of future hydrogen demand have been 
published in several recent reports, and show that 
as many as 22 quads of hydrogen could be required 
by the year 2000 to meet the needs of an acceler- 
ated synthetic fuels industry and new uses in the 
industrial utility and transportation areas. [s] 
It is rapidly becoming obvious that the nation 
must eventually change its production of hydrogen 
from natural gas and oil to a non-fossil energy 
source. Much basic research i f i  needed before 
Solar Energy can become a viable, renewable energy 
source for hydrogen production. This paper will 
review some of the solar approaches to hydrogen 
production being investigated by the SERI program 
and their current status. 

The overall objective of the Solar Hydrogen Pro- 
duction program at SERI is to develop economical, 
commetcial processes to produce hydrogen from an 



abundant and renewable resource, specifically, 
solar energy. The evolution of hydrogen as a 
universal fuel has not come to pass, because 
there exists no viable process for large scale 
production which does not ultimately depend on a 
fossil fuel. Such processes must be cost competi- 
tive with other sources of energy for easy 
acceptance, because environmental or social forces 
are not likely to produce equal results before 
the end of the century. 

Since the technical barriers to sol5r hydrogen 
production will require nuch basic research, the 
program goals are relatively long term and the 
budget is commensuraeely modesl. The Solar Encrgy 
Research Institute is currently developing a 
recommended program plan for Solar Hydrogen Pro- 
duction. This plan will assess the current 
program and identify which technical problems 
should be addressed and their relative priority 
for a balanced program. Table 1 shows ftie 
current level of funding for the last two years 
and the number of subcontracted research efforts 
supported. 

TABLE 1 

Subcontractor Approach 

Univ. of Photo- 
California biological 
(XH-9-1314) 

BattelLe- Photoelec- 
Cn.l.umbus trolysis 
(XH-9-1357) 

N.I.T. Phntnelec- 
(XJ-9-1358) trolysis 

Rockwell Bio- 
International conversion 
(X3-9-8005) 

Total funding: FY78 - S425K. 
FY79 - $ 4 5 0 .  

Description 

Research to develop 
practical processes 
for H2 production 
using photosynthet- 
ic microorganisms 
as catalysts. 

Continued evalua- 
tion of commerci.al 
feasibility of H2 
production by the 
solar photoelec- 
trolysis of water. 

Investigation of 
composite scruc- 
tures, solid 
solutions, and 
modified surfaces 
to develop efficient 
and stable elec- 
trodes. 

Investigation of 
bromination process 
for production of 
H2 from biomass. 

SOLAR APPROACHES TO HYDROGEN PRODUCTION 

Solar approaches for producing hydrogen may be 
put into these broad categories: photoconversion, 
bioconversion and thermochemical conversion pro- 
cesses. Photoconversion includes three processes 
which produce hydrogen at the direct expense of 
light energy: 

o photobiological - the utilization of 
phototrophic organisms (and their com- 
ponents) to produce hydrogen at the 
expense of light energy. 

o photnelectrochemical - the utilization of 
photoelectric properties of certain semi- 
conducting materials to convert light 
energy into either electrical energy or the 
ciremical potential of iligi~ energy products. 

u ~l~rstochcmieal - that part o f  sh~mistry 
which deals with the effects of light in 
producing chemical change (e.g., hydrogen). 

Bioconversion (as a means of producing hydrogen) 
includes any scheme that uses a form of biomass 
as a source of hydrogen. Thermochemical pro- 
cesses which produce hydrogen mainly dissociate 
water into its elements at high temperature. Tills 
review will deal with photobiological, photoelectro 
chemical and bioconversion processes which produce 
hydrogen or other gaseous fuels. 

PHOTOBIOLOGICAL PRODUCTION OF WDROGEN 

Since the phenomenon of hydrogen evolution or 
uptake in a biological system was first documented, 
by Roelofsen in 1934, many additional photo- 
biological systems have been identified. [6] 
luurle, huwevec, ltairr dcvelopod t o  tho point nf 
engineering systems development due to the poor 
conversion efficiencies attained thus far. Three 
categories of biological systems identified as 
hydrogen producers are: 1) photosynchetic 
bacteria, 2) green algae and 3) cyanobacteria 
(blue-green algae). Progress 111 c l ~ r s e  arcas in 
recent years give hope that such systems may have 
practical application for hydrogen production, 
although current system conversion efficiencies 
rarcly exceed a few tenths of a percent, falling 
far short of the theoretical maximum calculated 
at around >Z. [7] 

Short duration efficiencies of 2-32 have beru 
achieved, however. [83 The SERI subcontracted 
Hydrogen Production Program is currently suppcrt- 
ing only one effort in photobiology (See Table l), 
but has solicited basic research proposals for 
new and novel approaches for photobi,ological 
hydrogen. 

PHOTOCHEMICAL PRODUCTION OF WDROGEX 

There has been a great amount of increased 
interest in the field of photoelectrochemistry, 
due to the current energy crisis. The first 



ph Lectrochemical experiment was performed by 
~ € c l l u r ~ r l  i l l  1839, [g] bu t  c u r r e n t  i n t e r e s t  
focuses  on two a s p e c t s  of pho toe lec t rochemis t ry :  
Pho tovo l t a i c  c e l l s  which produce e l e c t r i c i t y  from 
s u n l i g h t ,  and p h o t o e l e c t r o l y s i s .  Photoe1e: t rolys is  
of wa te r  us ing  s u n l i g h t  i s  of p a r t i c u l a r  i n t e r e s t  
t o  t h e  SERI S o l a r  Hydrogen Product ion program, 
and we a r e  c u r r e n t l y  funding two r e s e a r c h  e f f o r t s  
i n  t h i s  a r e a  (F igure  1). E lec t rode  s t a b i l i t y  i s  
a  major problem f o r  p h o t o e l e c t r o l y s i s  dev ices .  
For p h o t o e l e c t r o l y s i s  c e l l s ,  n-type semiconductors 
t h a t  a r e  s t a b l e  a g a i n s t  o x i d a t i v e  decomposition 
dur ing  O2 evo lu t ion  a r e  l i m i t e d  t h u s  f a r  t o  wide 
band gap m a t e r i a l s  which r e s u l t s  i n  convers ion 
e f f i c i e n c i e s  1X. Smaller band gap p-type semi- 
conductors  a r e  a i s o  s t a b l e  bu t  r e q u i r e  l a r g e  
e x t e r n a l  b i a s  v o l t a g e s .  [ lo]  

The SERI i n t e r n a l  program a l s o  i n c l u d e s  photo- 
e l ec t rochemica l  r c sca rch ,  and t h r e e  a r e a s  uf 
i n t e r e s t  have been proposed f o r  n e x t  y e a r ' s  pro- 
gram. The f i r s t  i s  t o  develop theory  and models 
o r  a  b e t t e r  b a s i c  unders tanding of t h e  photo- 
induced charge t r a n s f e r  p rocess  a t  semiconductor- 
e l e c t r o l y t e  i n t e r f a c e  and e s t a b l i s h  t h e  
thermodynamic l i m i t s  on t h e  convers ion e f f i c i e n c y  
of t h e s e  dev ices .  The second i s  t o  develop new 
e l e c t r o d e  m a t e r i a l s  and s t r u c t u r e s  t o  f i n d  
systems whicn e x h i b i t  hig11 convers ion e f f i c i e n c y  
and s t a b i l i t y .  The t h i r d  i s  t o  i d e n t i f y  and 
s tudy  o t h e r  important  chemical r e a c t i o n s  bes ide  
water s p l i t t i n g  which can be  d r iven  by photo- 
e l ec t rochemica l  c e l l s .  [ll] It is  planned t h a t  
t h e  e x t e r n a l  S o l a r  Hydrogen Product ion program 
and t h e  in-house a c t i v i t i e s  w i l l  complement each 
o t h e r .  

CONVERSION OF BIOMASS TO PRODUCE HYDROGEN 

Although t h e r e  a r e  many approaches f o r  u t i l i z i n g  
biomass a s  a  source  of hydrogen, on ly  one i s  
~ e i n g  supported by t h e  SERI program. Th i s  
p a r t i c u l a r  e f f o r t  i n  p rogress  a t  Rockwell I n t e r -  
a a t i o n a l  i s  look ing  a t  t h e  f e a s i b i l i t y  and 
s to ich iomet ry  of r e a c t i n g  bromine w i t h  waste  
: e l lu lose  t o  produce hydrobromic a c i d  which is  
rl~rxl e l e c t r o l y z e d  t o  produce hydrogen. The 
~ r o m i n e  i s  recyc led .  The c u r r e n t  work i s  con- 
:erned w i t h  s tudy ing  t h e  brominat ion r e a c t i o n  
~ i t h  a  v a r i e t y  of biomass and determining r e a c t i o n  
r a t e s .  The r e s u l t s  t o  d a t e  i n d i c a t e  t h e  bromina- 
:ion r e a c t i o n  i s  adap tab le  t o  a  v a r i e t y  of biomass 
feedstocks ,  and r e s i d e n c e  t imes of 10 minutes  o r  
Less i s  p o s s i b l e .  [12] Many o t h e r  p rocesses  a r e  
~ e i n g  i n v e s t i g a t e d ,  bu t  a t  p r e s e n t  a r e  n o t  a  p a r t  
,f t h e  SERI program. 

7UTURE DIRECTIONS 

b e  SERI S o l a r  Hydrogen Produc t ion  program is  
leveloping a  r e s e a r c h  s t r a t e g y  which w i l l  op t imize  
:he program ba lance  and a l l o c a t i o n  of r e sources .  
it p r e s e n t ,  t h e  program i s  supported s o l e l y  by 
:I mass Energy Systems Branch a t  t h e  Depart- 
11 Energy, s o  t h e  program must n e c e s s a r i l y  
mpnaslzr Ll~e Llulogical /bfomass  a s p e c t s  o t  
~ydrogen  product ion.  Toward t h i s  end, a  Request 

f o r  Proposal  was i s sued  dur ing  FY79 f o r  "Studies  
t o  I n v e s t i g a t e  Pho tob io log ica l  Product ion of 
Hydrogen o r  Other Gaseous Fue l s , "  and s e v e r a l  new 
e f f o r t s  a r e  being i n i t i a t e d  a s  a  r e s u l t .  Addi- 
t i o n a l  suppor t  f o r  t h e  p h o t o e l e c t r o l y s i s  and o t h e r  
approaches w i l l  be  sought when t h e  recommended 
program p l a n  i s  a v a i l a b l e  (around 9/1/79) .  It i s  
a l s o  a n t i c i p a t e d  t h a t  t h e  a c t i v i t i e s  w i l l  
emphasize b a s i c  r e s e a r c h  u n t i l  t h e  t e c h n i c a l  
and economic b a r r i e r s  a r e  r e so lved  t o  t h e  p o i n t  
where p i l o t  s c a l e  systems s t u d i e s  would be 
j u s t i f i e d .  

SUMMARY 

The a v a i l a b i l i t y  of hydrogen produced from renew- 
a b l e  energy source  w i l l  provide a  tremendous 
oppor tun i ty  f o r  d isplacement  of our  n a t u r a l  gas  
usage by a  c l ean  f u e l .  Th i s  could have many 
economic and environmental  advantages  i n  a d d i t i o n  
t o  f i n d i n g  a  replacement f o r  a  r e s o u r c e  which i s  
being r a p i d l y  dep le ted .  Hydrogen has  many 
s p e c i a l  advantages  over  o t h e r  a l t e r n a t i v e s ,  and 
is  a  v i r t u a l l y  un l imi ted  re source .  

While many of t h e  c i t e d  approaches hold  much 
promise f o r  mid- t o  long-term a p p l i c a t i o n s ,  much 
b a s i c  r e sea rch  needs t o  be  accomplished b e f o r e  any 
can b e  s e l e c t e d  f o r  development. Thus, t h e  
immediate o b j e c t i v e  of t h e  SERI program i s  t o  
p rov ide  t h e  framework w i t h i n  which new and nove l  
approaches f o r  s o l a r  hydrogen product ion can be 
proposed, r e sea rched ,  a s sessed  and developed a s  
a p p r o p r i a t e .  Th i s  w i l l  be accomplished through 
c l o s e  i n t e r a c t i o n  w i t h  o t h e r  o r g a n i z a t i o n s  (both  
i n  and o u t s i d e  of government) and through a  w e l l  
balanced,  a p p r o p r i a t e l y  funded program. 
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4 Photosynthesis Energy Factory (PEF) i s  an i n t e -  
j r a t e d  b ioconvers ion systeR c o n s i s t i n g  o f  a 
dry- land Energy P l a n t a t i o n  , a wood-f i red power 
~ l a n t ,  and a wetlands b i o l o g i c a l  wastewater 
treatment system, such as an algae pond. Pro- 
ducts o f  a PEF are e l e c t r i c i t y  from the  power 
~ l a n t ,  s y n t h e t i c  na tu ra l  gas from d i g e s t i o n  o f  
the wetlands biomass, and reclaimed wastewater. 
E f f l u e n t s  and by-products from one system p a r t  
can be b e n e f i c i a l l y  used by other  p a r t s ,  l ead ing  
t o  increased energy conversion and resource 
recovery a t  lower costs. I n  t h e  i n i t i a l  study a 
general technoeconomic model was used t o  i n v e s t i -  
gate poss ib le  i n t e r a c t i o n s  between t h e  var ious 
subsystems. I n  a second p r o j e c t  t h e  PEF model 
has been expanded and genera l ized by analyz ing 
~ o s s i b l e  model improvements i n  the  areas o f  
n a t e r i a l s  t r a n s p o r t a t i o n ,  water and n u t r i e n t  
~ a l a n c e s ,  o ther  types o f  wetlands b i o l o g i c a l  
systems, and improvements i n  wood-f i r e d  combus- 
t i o n  systems. D i r e c t  a p p l i c a t i o n  o f  munic ipa l  
dastewater t o  a d ry - land  Energy P l a n t a t i o n  has 
Deen analyzed, also. P o t e n t i a l  s i t e s  f o r  PEF 
systems w i l l  be evaluated w i t h  t h e  improved 
technoeconomic model. 

INTRODUCTION 

The Energy p lan ta t ionR*  concept developed a t  
In terTechnol  ogy/Sol a r  Corporat i  on [I** ,2,3] i s  an 
innova t i ve ,  systematic approach to producing a 
p r a c t i c a l  and economic f u e l  from p l a n t  mat te r  on 
a l a r g e  scale. The p l a n t a t i o n  i s  designed and 
operated t o  minimize t h e  c o s t  o f  t h e  p l a n t  m a t e r i a l  
produced by c a r e f u l l y  choosing the  appropr ia te  
p l a n t  species, p l a n t i n g  dens i t y ,  and harvest  
schedule f o r  each s i t e .  A d iscuss ion o f  t h e  
design, operat ion,  and economics o f  the  Energy 
P l a n t a t i o n  has a l ready  appeared i n  t h e  l i t e r a t u r e  
[4]. In-depth engineer ing s tud ies  by In terTech-  
nology/Sol a r  [5,6] have es tab l i shed  t h a t ,  depend- 
i n g  upon t h e  p l a n t a t i o n  l o c a t i o n ,  t h e  c o s t  o f  
such p e r p e t u a l l y  renewable c lean f u e l  i n  i t s  
s o l i d  a s - f i r e d  form can be compet i t i ve  w i t h  
conventional f o s s i l  fue ls .  

Energy P l a n t a t i o n  i s  a r e g i s t e r e d  trademark 
o f  InterTechnology/Solar Corporat ion. 
P e r s  i n  parentheses designate References a t  
e paper. 

Another a l t e r n a t e  source o f  energy, which a lso  
o f f e r s  t h e  a d d i t i o n a l  advantage o f  decreasing the  
environmental impact associated w i t h  t h e  d isposal  
o f  wastewater and residues, i s  the  concept o f  
growing algae i n  shal low ponds. Algae ponds are 
open shal low ponds i n  which algae and b a c t e r i a l  - 
populat ions work together  t o  u t i l i z e  s u n l i g h t  and 
n u t r i e n t s  t o  produce c e l l  mass. I n  an algae pond 
system f o r  recover ing energy from var ious  r e s i -  
dues, the  algae would be d igested anaerob ica l l y  
t o  y i e l d  a methane-containing gas, which would be 
prbcessed i n t o  SNG. 

As long  as 20 years ago, work was undertaken a t  
the  U n i v e r s i t y  o f  C a l i f o r n i a  a t  Berkeley t o  
develop a system u t i l i z i n g  t h e  algae pond concept 
t o  t r e a t  waste and t o  produce fue ls .  The techn i -  
c a l  problems were e s s e n t i a l l y  concerned w i t h  
i n t e g r a t i n g  the  components and op t im iz ing  t h e i r  
operat ion. The components themselves--the algae 
pond, t h e  d iges te r ,  and t h e  sedimentat ion, separa- 
t i o n ,  and f i n i s h i n g  stages--were a l ready being 
used i n  waste treatment. The work over t h e  p a s t  
20 years has concentrated i n  th ree  areas: (1) 
i d e n t i f y i n g  and q u a n t i f y i n g  a l g a l  g r o w t h - l i m i t i n g  
parameters; (2) maximizing gas p roduc t ion  from 
anaerobic fermentat ion;  and (3) o p t i m i z i n g  t h e  
system w i t h  respect  t o  gas product ion,  res idue 
uptake, land  u t i l i z a t i o n ,  and cos t -e f fec t i veness .  

Both t h e  Ener P l a n t a t i o n  and t h e  algae pond can 
Cont r ibu te  t o y h e  s o l u t i o n  o f  t h e  populat ion,  re -  
sources, and energy problems f a c i n g  us. Recently,  
i t  became apparent t h a t  they cou ld  b e t t e r  accom- 
p l i s h  these missions when t h e  two are i n t e g r a t e d  
t o  form one composite system. I n  shor t ,  each 
produces a by-product t h a t  can be used t o  advan- 
tage by t h e  other .  The carbon con ten t  o f  sewage 
l i m i t s  t h e  p roduc t ion  o f  t h e  algae pond, b u t  
carbon d iox ide ,  a by-product o f  combustion of 
s o l i d  Energy P l a n t a t i o n  f u e l  (which c u r r e n t l y  
appears t o  be t h e  bes t  way o f  us ing p l a n t  mat te r  
as f u e l ) ,  can be supp l ied  t o  increase produc- 
t i v i t y  o f  the  algae pond. The waste heat  from 
t h e  b o i l e r  can be used t o  c o n t r o l  t h e  temperature 
o f  t h e  algae d iges te r .  The sludge generated as a 
by-product o f  t h e  algae pond prov ides a source o f  
i no rgan ic  n u t r i e n t s  and water f o r  t h e  Energy 
P l a n t a t i o n ,  which thus prov ides an i d e a l  d isposal  
s i t e  f o r  t h e  sludge. 



The Photosynthesis Energy Factory (PEF) i s  thus a 
s y n e r g i s t i c  combinat ion o f  t h e  dry- land Energy 
P l a n t a t i o n  and t h e  a lgae pond which can produce 
on a p e r p e t u a l l y  renewable bas is  nonpo l lu t ing  and 
t o t a l l y  domestic f u e l s  from marg ina l l y  use fu l  
land,  s o l a r  energy, and var ious  residues. 
Simultaneously, from d i f f e r e n t  p a r t s  o f  t h e  PEF, 
chipped s o l i d  f u e l  i s  produced, from which e lec-  
t r i c i t y  i s  generated,.and methane o r  SNG i s  
recovered from waste CO and munic ipa l  o r  indus- 
t r i a l  wastewater. ~ n c i i e n t a l  economic bene f i t s - -  
which are s i g n i f i c a n t - - i n c l u d e  secondary o r  
t e r t i a r y  t reatment  o f  munic ipa l  and i n d u s t r i a l  
e f f l u e n t s ,  and the  complete e l i m i n a t i o n  o f  the  
need f o r  a s a n i t a r y  l a n d f i l l  f o r  d isposal  o f  the  
r e s u l t a n t  sludge. The PEF i s  n o t  merely a combina- 
t i o n  o f  convenience. b u t  a t r u l y  i n t e r a c t i v e  
u t i l i z a t i o n  o f  m a t e r i a l s  and energy. 

PREVIOUS WORK 

An i n i t i a l  p r o j e c t  was undertaken t o  s tudy the  
concept o f  t h e  PEF and i t s  c h a r a c t e r i s t i c s  and 
apparent b e n e f i t s ,  and t o  develop p r e l i m i n a r y  
p lans  f o r  a demonstrat ion system. The p r o j e c t  
was d i v i d e d  i n t o  th ree  p a r t s  o r  tasks. The 
o b j e c t i v e  o f  one t a s k  was t o  analyze t h e  concept 
of t h e  PEF, w i t h  p a r t i c u l a r  emphasis on t h e  
complementary and s y n e r g i s t i c  aspects o f  t h e  
system. A second t a s k  was concerned w i t h  the  
ana lys is  and s e l e c t i o n  o f  p o t e n t i a l  s i t e s .  The 
f i n a l  task  was t o  develop p r e l i m i n a r y  designs and 
associated c o s t  est imates f o r  p o t e n t i a l  demonstra- 
t i o n  systems a t  t h e  bes t  s i t e s .  

The PEF comprises th ree  major subsystems--the 
dry- land Energy P lan ta t ion ,  a wood-f i r e d  power 
p l a n t ,  and an algae p roduc t ion  system. Various 
streams o f  energy and m a t e r i a l s  f l o w  between 
these subsystems. To analyze the  r e s u l t a n t  
i n t e r a c t i o n s  between t h e  subsystems, a compre- 
hensive technoeconomic modcl was develnped t o  
descr ibe t h e  performance and t h e  cos t  o f  the  PEF. 
Models o f  t h e  th ree  subsystems were developed 
w i t h  the a i d  o f  i n f o r m a t i o n  and data t h a t  were 
a l ready a v a i l a b l e  as t h e  r e s u l t  o f  prev ious 
s tudies.  New data and new concepts were i n t r o -  
duced i n t o  t h e  maaels wl~c~.evcr p a ~ s i b l o .  Tho 
U n i v e r s i t y  of C a l i f o r n i a  a t  Berkeley, as a sub- 
con t rac to r  on t h i s  i n i t i a l  p r o j e c t ,  was responsib le  
f o r  supply ing s t a t e - o f - t h e - a r t  data on algae pond 
performance and costs. These subsystem models were 
engineer ing models developed i n  s u f f i c i e n t  d e t a l l  
t o  represent  the  impor tan t  v a r i a b l e s  and var iab le -  
parameter i n t e r a c t i o n s  i n f l u e n c i n g  subsystem 
performance and costs. O f  l h e  th ree  subsyrjturd 
models, t h e  most comprehensive and the  most 
complex was the Energy P l a n t a t i o n  model, which 
i s  a complete design model. 

For  the t w i n  purposes o f  d e f i n i n g  t h e  appl ica-  
b i l i t y  o f  t h e  PEF concept and s e l e c t i n g  the  bes t  
s i t e  f o r  a demonstrat ion PEF p r o j e c t ,  data were 
gathered on the  c h a r a c t e r i s t i c s  o f  !and, the  
avai  l a b i  1 i t y  o f  munic ipa l  and i n d u s t r i a l  e f f l u e n t s  
and res idues,  and t h e  supply and demand f o r  
energy a t  a wide v a r i e t y  and number o f  p o t e n t i a l  
s i t e s .  A format was developed f o r  handl ing t h i s  
data base, and a number o f  s u i t a b i l i t y  indexes 

were de f ined  f o r  evaluat i r ig  t h e  s i t e  data. Oat 
were obta ined from a number o f  sources i n  t h e  
1 i t e r a t u r e  as we1 1 as from s t a t e  energy o f f i c e s  
on a l a r g e  number o f  p o t e n t i a l  s i t e s .  As t h e  
r e s u l t  o f  t h i s  s i t e  s e l e c t i o n  procedure, a number 
o f  s i t e s  were chosen f o r  ana lys is  by means o f  the  
technoeconomic model. 

The model was then used t o  design a demonstrat ion 
PEF system a t  each o f  t h e  se lected p o t e n t i a l  
s i t e s .  This  p r e l i m i n a r y  design i l l u s t r a t e d  f o r  a 
s p e c i f i c  s i t e  t h e  b e n e f i t s  and t h e  impact t o  be 
expected from a demonstrat ion PEF p r o j e c t .  E s t i -  
mated costs  were prov ided a l s o  f o r  each demonstra- 
t i o n  PEF. Comparing these p r e l i m i n a r y  designs 
and t h e i r  costs  was then done t o  show where and 
under what cond i t i ons  a PEF would be expected t o  
be cost -ef fect - ive i n  r e c y c l i n g  wastes and pro-  
ducing f u e l s  from biomass which would be competl- 
t i v e  w i t h  p r e s e n t l y  used fue ls .  The r e s u l t s  o f  
t h i s  i n i t i a l  p r o j e c t  have been publ ished [7,8]. 

Results 

The r e s u l t s  o f  t h e  s i t e  analyses i l l u s t r a t e d  t h e  
magnitude o f  t h e  i n t e r a c t i o n s  w i t h i n  a PEF a t  a 
s i t e .  Some o f  these r e s u l t s  are shown i n  Table 
I. I n  the  ana lys is  o f  t h e  algae pond subsystem, 
i t  was found t h a t  a t  t h e  present  time, it i s  n o t  
c o s t - e f f e c t i v e  t o  design t h e  algae pond t o  produce 
a lgae up t o  t h e  phosphorus l i m i t ,  w i t h  carbonation. 
The a lgae pond i n  t h e  PEF a t  each s i t e  was s ized  
t o  handle the  wastewater f l o w  from each popu la t ion  
center ,  and the  Energy P l a n t a t i o n  was s ized  t o  
produce s o l i d  f u e l  a t  an o p t i m a l l y  low cost.  
Th is  r a t i o  o f  algae pond area t o  Energy Planta- 
t i o n  area, o r  r a t h e r  wastewater f l o w  t o  pro-  
duc t ion  o f  biomass, i s  an impor tant  q u a n t i t y  
which determines t h e  ex ten t  o f  t h e  i n f l u e n c e  o f  
the  algae pond upon the  Energy P lan ta t ion .  

The amount o f  SNG which can be produced by the  
algae pond system a t  each p o t e n t i a l  s i t e  i s  r e l a -  
t i v e l y  smal l compared t o  the  t o t a l  market f o r  gas 
a t  each s i t e .  The economic optimum f o r  t h e  s i z e  
o f  an Energy P l a n t a t i o n  u n i t ,  i n  terms o f  t h e  
cheapest f u e l  produced, i s  from 24,000 t o  36,000 
acres. The est imated p r o d u c t i v i t i e s  o f  these 
demonstrat ion Energy P lan ta t ions  va r ied  from 4.1 
t o  over 9 d r y  tons per  aCrePyear. 

The economics o f  a demonstrat ion PEF a t  the  
p o t e n t i a l  s i t e s  were analyzed under the  assump- 
t i o n  o f  municipal f inancing.  The annual ized cash 
f low from t h e  algae pond i s  a p o s i t i v e  cash f l o w  
r e s u l t i n g  from the  app l i cab le  wastewater t reatment  
c r e d i t  r a t h e r  than a cnst - - the wastewater t r e a t -  
ment c r e d i t  be ing by f a r  the  most s i g n i f . i c d n t  
p a r t  o f  the c r e d i t  as compared t o  the c r e d i t  f o r  
the  gas produced. The excess c r e d i t  o r  p o s i t i v e  
cash f l o w  from the  algae pond can be app l ied  t o  
the annual ized cos t  o f  the  power p l a n t  t o  enable 
the  c o s t  o f  e l e c t r i c i t y  t o  be reduced. This  
reduc t ion  i n  c o s t  amounts t o  1.6 t o  2.5 mil ls/kWh 
f o r  t h e  e l e c t r i c i t y  produced from 100,000 tons o f  
biomass per  MGO o f  municipal wastewater f low.  
For the  more e f f i c i e n t  power p l a n t ,  the c o s t  -* 
e l e c t r i c i t y ,  w i t h  the c r e d i t  appl ied,  o f  40 m 
per  k i l owat t -hour  o r  so f o r  a demonstrat ion P . 

should be a t t r a c t i v e  t o  r u r a l  areas, which a re  



TABLE I 

CHARACTERISTICS OF POTENTIAL.OEMONSTRATION PEF'S 
Carbon-Limited Design o f  Aigae Pond System. ,Municipal Financing 

Algae Pond Energy P l a n t a t i o n  Power P l a n t  
Waste- Gas Cost o f  Annual Cost o f  
water Prgduced Biomass %rod. E lec t .  
Flow 10 SCF Tons* l o 3  Tons** 5 10 KWH - - M i l l s  
MGO Acres Y r  - -  Acres Acre-Yr Y r  -- 0.0. Ton Y r  - - KWH 

(issimmee, FL 1.3 20 4.15 36,000 7.06 262 17.63 456 
'ensacol a, FL 6.0 1 0 1  19.1 24,000 8.00 198 20.04 341 
:hanute, KS 1.1 22 2.65 36,000 7.45 277 18.43 419 
l a y s v i l l e ,  KY 0.7 13 1.67 36,000 4.12 153 23.59 264 
Ia tch i toches,  LA 1 . 8  40 5.75 36,000 7.55 279 18.58 469 
linden, LA 1.5 34 4.8 36,000 7.04 261 19.17 446 
'raverse C i t y ,  M I  1.8 38 2.87 36,000 6.32 232 22.96 360 
l e m i d j i ,  MN 1.1 2 1  2.04 27,000 9.05 250 16.90 381 
'azoo C i t y ,  MS 1.1 27 3.51 36,000 5.62 209 19.01 360 
lammond, NY 1.5 54 3.18 36,000 6.37 237 18.95 411 
lamestown, NY 4.0 144 8.5 33,000 6.59 225 - 19.45 389 
;reenwood, SC 2 .1  46 6.71 30,000 6.50 201 18.80 362 
: n o x v i l l e , T N  17.0 487 54.2 33,000 4.41 150 23.53 267 
:a ldwel l ,  TX 0.4 6 1.15 36,000 7.38 275 19.99 415 
l a r t i n s v i l l e ,  VA 2.5 62 7.98 30,000 7.06 218 18.65 394 

* Average p r o d u c t i v i t y  based on above-ground biomass, oven-dry tons. 
*" Average annual susta ined product ion i n c l u d i n g  c o n t r i b u t i o n  o f  r o o t  mass produced upon 

rep lan t ing ,  oven-dry tons. 

low paying t h e  h ighes t  r a t e s  f o r  e l e c t r i c i t y  
~ r a n s m i t t e d  over a l a r g e  d is tance from a l a r g e  
:ent ra l  power p l a n t  operated by a l a r g e  u t i l i t y .  

3ne impor tant  i n t e r a c t i o n  between the  algae pond 
and t h e  Energy P l a n t a t i o n  i s  t h e  c o n t r i b u t i o n  o f  
f e r t i l i z e r  from the  algae pond. With o rd inary  
nun ic ipa l  wastewater, a ca rbon- l im i ted  algae pond 
system opera t ing  t h e  year  around can p rov ide  
sbout 2.9 percent  (32.8 tons n i t r o g e n  per  year) 
~f t h e  t o t a l  annual n i t r o g e n  f e r t i l i z e r  requirement 
f o r  100,000 oven-dry tons o f  annual biomass 
~ r o d u c t i o n  per  MGD o f  wastewater f low,  and t h i s  
f e r t i l i z e r  c o n t r i b u t i o n  lowers t h e  cos t  per  ton  
)f biomass about $0.15. Phosphorus and potassium 
sre a l s o  produced from the algae pond. 

The ana lys is  which was performed i n  t h i s  i n i t i a l  
)reject i n d i c a t e d  t h a t  som'e i n t e r a c t i o n s  between 
t h ~  PEF subsystems arc genera l l y  c o s t - e r f e c l l v e  
dh i le  others are probably  s i t e - s p e c i f i c  o r  can be 
improved upon. However, i t was a l s o  concluded 
tha t  var ious improvements should be made i n  the  
node1 t o  r e f l e c t  d i f f e r e n t  modes o f  opera t ing  the  
3EF t o  make i t a more f l e x i b l e  concept. 

)ESCRIPTIONS OF TASKS I N  CURRENT PROJECT 

:ram t h e  r e s u l t s  o f  t h e  i n i t i a l  p r o j e c t ,  i t  was 
:oncluded t h a t  c e r t a i n  ref inements i n  the  design 
,f a PEF should be analyzed t o  g i v e  the PEF 
j rea te r  a p p l i c a b i l i t y  as w e l l  as t o  improve i t s  
cconomics. Thus, i t  was decided t o  i n v e s t i g a t e  
i n  more d e t a i l  c e r t a i n  aspects o f  the  design and 
,perat ion o f  t h e  dry-1 and Energy P l a n t a t i o n  
;ubsystem. I n  a d d i t i o n ,  a l t e r n a t i v e  ways o f  
i. r a t i n g  the  wastewater t reatment  f u n c t i e n  
i PEF were t o  be studied. 

One poss ib le  i n t e r a c t i o n  w i t h i n  a PEF,which was 
n o t  considered i n  the  i n i t i a l  p r o j e c t  i s  the  
c o n t r i b u t i o n  o f  water from the  wastewater t r e a t -  
ment subsystem t o  the dry- land Energy P lan ta t ion .  
One o f  the  o r i g i n a l  assumptions used was t h a t  
PEF's would be s i t e d  i n  l o c a t i o n s  having an 
adequate na tu ra l  supply o f  water f o r  the  woody 
biomass. However, i t  i s  poss ib le  t h a t  the  waste- 
water t reatment  subsystem can augment the  a v a i l -  
ab le n a t u r a l  r a i n f a l l  o r  even supply t h e  e n t i r e  
water requirement o f  a PEF. Thus, i t  might  be 
poss ib le  t o  s i t e  a PEF i n  semi-ar id  o r  a r i d  
l o c a t i o n s  t o  expand i t s  a p p l i c a b i l i t y .  I n  t h e  
c u r r e n t  p r o j e c t  work i s  be ing done t o  study t h e  
water balance o f  a PEF and t o  determine t h e  
f e a s i b i l i t y  and costs  o f  implementing an i r r i g a -  
t i o n  system t o  d i s t r i b u t e  t h e  water.  

The r e s u l t s  from the  i n i t i a l  p r o j e c t  i n d i c a t e d  
Lhat supply jng t h e  necessary n u t r i e n t s  t o  main- 
t a i n  t h e  p r o d u c t i v i t y  o f  the  l a n d - - p a r t i c u l a r l y  
nitrogen--was a s i g n i f i c a n t  cos t  i tem i n  the  
economics o f  producing woody biomass. Because o f  
the  importance o f  n u t r i e n t s ,  i t  yas decided t h a t  
t h e  n u t r i e n t  balance i n  the  Energy P l a n t a t i o n  
model needed t o  be r e f i n e d  t o  p r e d i c t  the  requ i red  
amount o f  n u t r i e n t s  more p rec ise ly .  I n  p a r t i c u l a r ,  
because the  leaves con ta in  a h igh  percentage o f  
n i t r o g e n  compared t o  t h e  wood, work i s  be ing done 
t o  inc lude  i n  the  n u t r i e n t  balance the  e f f e c t  o f  
n u t r i e n t  r e c y c l i n g  v i a  l e a f  f a l l  and a more 
p rec ise  accounting o f  n u t r i e n t  leaching. 

T ranspor ta t ion  was another s i g n i f i c a n t  cos t  i tem 
which appeared t o  have p o t e n t i a l  f o r  cos t  savings 
through a more d e t a i l e d  ana lys is  o f  a l t e r n a t i v e  
system designs. Thus, a l t e r n a t i v e  methods f o r  
handl ing and t r a n s p o r t i n g  t h e  woody biomass are 
being analyzed, such as pneumatic tube t ranspor t ,  



c h i p  ba l ing ,  and a l t e r n a t i v e  methods f o r  d r y i n g  
t h e  chips. I n  a d d i t i o n  t h e  t r a n s p o r t a t i o n  system 
i s  be ing  analyzed i n  g rea te r  d e t a i l  t o  see where 
c o s t  savings might  be achieved through opt imiza-  
t i o n .  

The i n i t i a l  r e s u l t s  from s tudy ing  the  PEF concept 
i n d i c a t e d  t h a t  t h e  most s i g n i f i c a n t  c r e d i t  r e s u l t -  
i n g  from the wetlands b i o l o g i c a l  wastewater 
t reatment  subsystem was the  wastewater t reatment  
c r e d i t  i t s e l f  r a t h e r  than t h e  c r e d i t  f o r  t h e  
va lue  o f  t h e  gas produced. Thus, it became o f  
i n t e r e s t  t o  l o o k  f o r  b e t t e r  ways o f  i ncorpora t ing  
t h e  wastewater t reatment  f u n c t i o n  w i t h i n  the  PEF 
than  v i a  an a lgae pond. One way t h a t  t h i s  might  
be done i s  t o . a p p l y  t h e  wastewater d i r e c t l y  t o  
t h e  Energy P l m t a t i o n .  However, t h i s  process has 
l i m i t a t i o n s ,  w i t h  respec t  t o  bo th  t h e  p a r t i c u l a r  
l o c a t i o n  and l o c a l  s o i l  q u a l l t y ,  and the  composi- 
t i o n  o f  the wastewater. Work i s  the re fo re  requ i red  
t o  c o l l e c t  t h e  necessary da ta  on techn ica l  l i m i t a -  
t i o n s  and EPA r e g u l a t i o n s  and t o  develop a model 
f o r  t h i s  process. I n  a d d i t i o n  o ther  wetlands 
b i o l o g i c a l  species besides algae have been sug- 
gested f o r  wastewater treatment, and it was 
decided t o  i n v e s t i g a t e  t h e  poss ib le  use o f  these 
o t h e r  p l a n t s  t o  per form t h i s  func t ion .  

F i n a l l y ,  a d d i t i o n a l  work i s  be ing done i n  t h i s  
second p r o j e c t  t o  look  f o r  new and improved tech- 
nology t o  i n c l u d e  i n  t h e  power p l a n t  subsystem 
model. A d d i t i o n a l  p o t e n t i a l  s i t e s  a re  a l s o  t o  be 
i d e n t i f i e d  where t h e  new modes o f  opera t ing  a 
PEF--e.g., w i t h  i r r i g a t i o n  o r  d i r e c t  a p p l i c a t i o n  
o f  wastewater--would be appl icable.  The new 
complete PEF model w i l l  then be exerc ised t o  
examine and compare t h e  var ious  modes o f  opera- 
t i o n ,  and t o  determine t h e  economic v i a b i l i t y  o f  
PEF systems.for s i t e s  d i s p l a y i n g  w i d e l y  d i f f e r e n t  
l o c a l  c l i m a t i c  and s i t e - s p e c i f i c  cons t ra in ts .  

ACCOMPLISHMENTS AN0 RESULTS 

Addi t ions t o  Energy P l a n t a t i o n  Model 

Water Balance and I r r i g a t i o n  - Even i n  areas i n  
t h e  Uni ted States where na tu ra l  r a i n f a l l  i s  
s u f f i c i e n t  f o r  hardwood growth (25 inches o r  
more), pe r iods  o f  water s t ress  may occur dur ing  
the  growing season [9,10]. Lack o f  adequate 
mois ture may have d isas t rous  consequences on the  
s u r v i v a l  and establ ishment  o f  clones o r  seedl ings. 
I t  has a l s o  been shown t h a t  y i e l d s  o f  hardwood 
p l a n t a t i o n s  can be increased by reducing water 
s t ress  d u r i n g  t h e  growing season. An i r r i g a t i o n  
subrout ine i s  t h e r e f o r e  being lnc iudcd  i n  Lllv PEF 
model t o  evaluate t h e  cos t -e f fec t i veness  o f  
i r r i g a t i o n  f o r  s i t e - s p e c i f i c  condi t ions.  

I r r i g a t i o n  requirements f o r  a  s i t e  a re  determined 
through a month-by-month water-balance analys is .  
The B1aney;Criddle method as adapted by the  S o i l  
Conservat ion Serv ice [ll] i s  used i n  t h i s  analys is .  
The method f i r s t  determines the  water consumptive 
needs o f  deciduous p l a n t a t i o n s  f o r  l o c a l  c l i m a t i c  
condi t ions.  The i r r i g a t i o n  requirements qre then 
est imated by comparing these needs t o  l o c a l  water 
inpu ts  from r a i n f a l l .  The monthly i r r i g a t i o n  re -  
quirements a re  i n p u t s  t o  the i r r i g a t i o n  subrout ine. 

The peak monthly requirement i s  used t o  determi 
the  peak capac i t y  and c a p i t a l  c o s t  o f  the  i r r i g  
t i o n  system. It i s  assumed t h a t  the  i r r i g a t i o n  
requ i red  dur ing  the  month of h ighes t  demand w i l l  
be suppl ied through f o u r  weekly app l i ca t ions .  

The opera t ion  costs  a re  est imated on the  bas is  o f  
the  t o t a l  i r r i g a t i o n  needs f o r  the  growing season. 
Se l f -p rope l led  t r a v e l i n g  s p r i n k l e r s  f e d  by under- 
ground mains a re  assumed i n  t h e  model. Water can 
be suppl ied from w e l l s ,  r i v e r  o r  lake 'water ,  o r  
e f f l u e n t s  from a wastewater t reatment  p l a n t .  The 
response o f  t h e  p l a n t a t i o n  i s  described by a 
r e l a t i o n  o f  the  form y = ax + b where y  = y i e l d ,  
x  = number o f  growth days w i t h  s u f f i c i e n t  mois ture,  
and a and b = constants. The use o f  t h i s  r e l a -  
t i o n  i s  suggested by the work o f  Zahner [12]. 

N u t r i e n t  Balance - I n  t h e  o r i g i n a l  n u t r i e n t  
balance model, t h e  annual f e r t i  1  i z e r  requirement 
was c a l c u l a t e d  on the  basis  o f  rep lac ing  the  
n u t r i e n t s  removed i n  the  biomass harvested l e s s  
n u t r i e n t  c r e d i t s  obta ined from r e c y c l i n g  t h e  
sludge from the  a lgae pond and the  ash from the  
b o i l e r  t o  the  Energy P lan ta t ion .  Cred i t s  were 
taken on ly  f o r  n i t rogen  and phosphorus i n  the 
sludge and ca lc ium i n  the  ash. Allowance was 
made f o r  loss  o f  n u t r i e n t s  by leaching, and 
a p p l i c a t i o n  o f  f e r t i l i z e r  was assumed t o  occur 
on ly  once per  r o t a t i o n .  

The n u t r i e n t s  present  i n  the  biomass harvested 
were c a l c u l a t e d  on the  bas is  o f  tab les  developed 
from data on (1) biomass d i s t r i b u t i o n  i n  leaves, 
stems, and branches o f  young t r e e s  as a f u n c t i o n  
o f  age and (2) the n u t r i e n t  composit ion o f  leaves, 
stems, and branches f o r  young t rees.  Although 
the  biomass-harvested term i n  t h e  o r i g i n a l  model 
represented on ly  woody biomass, t h e  n u t r i e n t  
content  ca lcu la ted  from the  tab les  was f o r  a  
weighted average o f  wood and l e a f  mate r ia l .  

Expansion and m o d i f i c a t i o n  o f  t h e  model have 
proceeded along the  f o l l o w i n g  1 lnes: (1) more 
e x p l i c i t  d e f i n i t i o n  o f  t h e  amounts o f  wood and 
l e a f  mate r ia l  harvested; (2) i n c l u s i o n  o f  potas- 
sium and phosphorus i n  the  ash recyc le  and 
ca lc ium and potassium i n  the  sludge recyc le  
c r e d i t s ;  (3)  the  use o f  both organic  and i n o r -  
ganic leaching terms and updat ing o f  t h e  values 
used i n  the o r i g i n a l  model; (4) a d d i t i o n  o f  l e a f  
recyc le  and n i t r o g e n  f i x a t i o n  parameters t o  the  
model; and (5) mod i f i ca t ions  corresponding t o  t h e  
s p e c i f i c  cases o f  s teady-state and t r a n s i t i o n  
condi t ions,  as w e l l  as a p p l i c a t i o n  o f  f e r t i l i z e r  
on a y e a r l y  and on a r o t a t i o n  bas is .  

The n u t r i e n t  balarlce model est jmates l l ~ o  c\nnual 
f e r t i l i z e r  requirement over t h e  e n t i r e  p l a n t a t i o n  
once steady-state cond i t i ons  have been at ta ined.  
P r i o r  t o  t h a t ,  t r a n s i t i o n  p e r i o d  cond i t i ons  
p reva i  1. The model ca lcu la tes  t h e  f e r t i  1  i zer 
requirements f o r  the  e n t i r e  p l a n t a t i o n  over the 
l e n g t h  o f  the  t r a n s i t i o n  per iod.  I n  each case, 
a p p l i c a t i o n  o f  f e r t i l i z e r  may occur y e a r l y  i f  
i r r i g a t i o n  i s  t o  be used, o r  once per  r o t a t i o n ,  
f o l l o w i n g  harvest ing,  when i r r i g a t i o n  i s  n o t  
p rac t i ced .  



ihese d i f f e r e n t  cases r e q u i r e  m o d i f i c a t i o n  o f  the  
no1 n the  f o l l o w i n g  ways: (1) d u r i n g  the 
:ri . ion per iod ,  t h e  l e a f  recyc le  parameter i n -  
:ludcs an exponential  decay f u n c t i o n  f o r  Jeconlposi- 
:ion of l ea f  mate r ia l  i n  any p a r t i c u l a r  year ,  
~ h i l e  i n  steady-state, the  t o t a l  amount o f  l ea f  
n a t e r i a l  recyc led  i n  any p a r t i c u l a r  year  i s  
issumed t o  be decomposed t h a t  year ;  (2) i n  the  
:ase o f  y e a r l y  a p p l i c a t i o n  o f  f e r t i l i z e r ,  simple 
~ r g a n i c  leaching loss  terms f o r  l e a f  recyc le  and 
sludge parameters, and ino rgan ic  leach ing  loss  
Lerms f o r  ash and f e r t i l i z e r  parameters are used, 
dh i le  these leaching losses a re  compounded f o r  
F e r t i l i z e r  a p p l i c a t i o n  once per  r o t a t i o n .  

The l e a f  recyc le  parameter i s  c a l c u l a t e d  i n  the  
growth model as the  d i f f e r e n c e  between l e a f  pro- 
l u c t i o n  and l e a f  harvest.  The number o f  harvest -  
ing days i n  the  growing season (May-October) w i l l  
i n f luence  the  amount o f  l e a f  mate r ia l  harvested. 
i s  t h e  number o f  ha rves t ing  days i n  the  growing 
season increases, more l e a f  m a t e r i a l  i s  removed 
From the  s i t e  and l e s s  i s  recyc led,  inc reas ing  
the requirement o f  i no rgan ic  f e r t i l i z e r .  To 
s i m p l i f y  c a l c u l a t i o n s ,  i t  was assumed t h a t  t h e  
l e a f  biomass present  a t  any t ime dur ing  the  
growing season i s  t h e  same as t h a t  found a t  the  
2nd o f  t h e  growing season. Leaf m a t e r i a l  har- 
jested e a r l y  i n  the  growing season i s  t h e r e f o r e  
less than accounted f o r  i n  the  model; the  model 
i s  conservat ive i n  t h i s  regard. 

The exponential  decay f u n c t i o n  used w i t h  t h e  l e a f  
-ecyc le parameter dur ing  t h e  t r a n s i t i o n  p e r i o d  
issumes a constant  r a t e  o f  decay 1131. I n  
* e a l i t y ,  decay w i l l  n o t  be constant  as t h e  e a s i l y  
leachable components w i l l  decompose a f t e r  l e a f  
Fa l l  more q u i c k l y  than p red ic ted ,  and the  more 
r e s i s t a n t  m a t e r i a l s  w i l l  decompose more slowly. 

ihe r a t e  o f  breakdown o f  organic  m a t e r i a l  i s  
iependent upon environmental condit i .ons and the  
:hemica1 nature o f  the  subs t ra te  being decomposed. 
iemperature and moisture have been found t o  be 
:he most impor tant  environmental parameters, and 
:/N r a t i o  and l i g n i n  c o n t e n t . t h e  most impor tant  
:hemica1 parameters [14,15]. Rather than assume 
lne va lue f o r  t h e  r a t e  parameter i n  t h e  decay 
Function t o  be opera t i ve  f o r  a l l  reg ions and a l l  
ipec ies '  f o r  Encrgy P l a n t o t i o n  appl i c e t i o n s ,  a 
"e la t ionsh ip  w i l l  be used t o  p r e d i c t  t h e  r a t e  
larameter from evapo t ransp i ra t ion  and l e a f  l i g n i n  
:ontent data 1161. 

\s t h e  p l a n t a t i o n  design c a l l s  f o r  establ ishment  
I v e r  a  s p e c i f i e d  number o f  years, s teady-state 
:ondi t ions f o r  biomass p roduc t ion  w i l l  e x i s t  a t  
:he end o f  t h i s  establ ishment per iod.  However, 
steady-state cond i t i ons  regard ing l e a f  r e c y c l i n g  
#ill n o t  be a t t a i n e d  u n t i l  a  number o f  years 
l a t e r ,  depending upon the  va lue o f  the  r a t e  
~ i i r s m c t e r  i n  t h e  decay f u n c t i o n ;  as the  rate 
larameter increases, s teady-state l e a f  r e c y c l i n g  
:annual decomposition equals annual i n p u t )  w i l l  
l e  reached more q u i c k l y .  The requirement f o r  
supplemental f e r t i l i z e r  w i l l  be g rea te r  u n t i l  
steady-state l e a f  r e c y c l i n g  occurs. 

1 : and ino rgan ic  leach ing  parameters f o r  
L,,. . . ~ t r i e n t ,  w i l l  he 11sed i n  t h e  model equa- 

t i o n s .  I n  the  case o f  y e a r l y  f e r t i l i z e r  app l i ca -  
t i o n ,  these parameters w i l l  be entered as simple 
losses. I n  the  case o f  f e r t i l i z e r  a p p l i c a t i o n  
ullce per  r o t a t i o n ,  t h e  losses a re  compounded as 
power func t ions  o f  t h e  d u r a t i o n  o f  the growth 
per iod.  Thus, bo th  t h e  leaching values them- 
selves and the  l e n g t h  o f  t h e  growth p e r i o d  w i l l  
have a s i g n i f i c a n t  e f f e c t  on the  f e r t i l i z e r  
requirement w i t h  a p p l i c a t i o n  on a once-per-rota- 
t i o n  basis. 

A parameter f o r  n i t r o g e n  f i x a t i o n  was added t o  
the  n i t r o g e n  equat ion i n  t h e  model t o  account f o r  
i n p u t  by n i t r o g e n - f i x i n g  species p o s s i b l y  i n t e r -  
p lan ted  w i t h  Energy P l a n t a t i o n  species 1171, o r  
used as cover crops. The expression used i n  t h e  
model a l lows t h i s  i n p u t  on ly  f o r  p l a n t i n g  u n i t s  
n o t  harvested i n  any p a r t i c u l a r  year. Th is  
parameter i s  rep laced i n  t h e  equations f o r  the  
o ther  n u t r i e n t s  by a term f o r  r e c y c l i n g  o f  nu- 
t r i e n t s  i n  ash from the  power p l a n t .  

Biomass Handl ing and Transpor ta t ion  

Biomass handl ing and t r a n s p o r t a t i o n  account f o r  a  
l a r g e  p a r t  o f  the  opera t ing  costs  and energy 
requirements f o r  producing woody biomass on 
Energy P1.antations. T ranspor ta t ion  o f  wood from 
the  growing s i t e  t o  t h e  power conversion s i t e ,  
ch ipp ing  o f  t h e  wood, and d r y i n g  p r i o r  t o  combus- 
t i o n  can comprise as much as 70-80% o f  the  t o t a l  
energy requirements, exc lud ing energy conversion 
losses [18,19]. The cos t  o f  these operat ions 
ranges from 12-50% o f  the  t o t a l  opera t ing  costs ,  
n o t  i n c l u d i n g  power generat ion costs  [19,20]. 
Consequently, a  good deal o f  t h e  present  work on 
the  Energy P l a n t a t i o n  subsystem o f  the  PEF has 
been d i r e c t e d  toward improvements i n  p l a n t a t i o n  
t r a n s p o r t a t i o n  and handl ing systems. 

Before improvements can.be analyzed, the  m a t e r i a l  
t o  be handled must be c l e a r l y  def ined. The t r e e s  
on t h e  Energy P l a n t a t i o n  w i l l  be a v a r i e t y  o f  
hardwood species. The t rees  w i l l  be grown on 
s h o r t  r o t a t i o n s  o f  2  t o  4 years and harvested by 
p ro to type  harvester-chippers. Previous s tud ies  
show the  use o f  such harvesters t o  be more eco- 
nomic than convent ional  fe l l e r -buncher - t ype  
harvesters.  The r e s u l t a n t  green wholg-tree ch ips  
w i l l  habe dens'it. les o f  19 t o  26 I b / f t  and moisture 
contents o f  33 t o  53% on a green basis .  The 
amount o f  m a t e r i a l  handled ranges from 150,000 t o  
280,000 oven-dry tons/year o r  270,000 t o  590,000 
green tons/year. 

Improvements considered f o r  the  t r a n s p o r t a t i o n  
and hand l ing  system inc lude  outdoor p i l e  d ry ing ,  
woodchip b a l i n g ,  and t h e  use o f  pneumatic tubes 
as an a l t e r n a t i v e  t o  t r u c k  t ranspor ta t ion .  
Outdoor p i l e s  o f  green woodchips a re  known t o  
generate i n t e r n a l  heat spontaneously which may 
d ry  woodchlps. D r i e r  ch ips would increase power 
conversion e f f i c i e n c i e s  and reduce t r a n s p o r t a t i o n  
costs .  In fo rmat ion  i n  the  c u r r e n t  l i t e r a t u r e  
shows the  i n t e r n a l  heat  t o  have an i n s i g n i f i c a n t  
e f f e c t  on mois ture content  and t o  r e s u l t  i n  a  
s i g n i f i c a n t  amount o f  ch ip  d e t e r i o r a t i o n ,  suggest- 
i n g  p i l e  d r y i n g  t o  be an inappropr ia te  system 
a l t e r n a t i v e .  However, the  young, whole-tree, 
hardwood chips present  on t h e  p l a n t a t i o ~ ~ s  I~dve  



l a r g e r  amounts o f  ba rk  and l i v i n g  wood c e l l s  per  
u n i t  area than ch ips p r e v i o u s l y  studied, which 
may r e s u l t  i n  spontaneous p i l e  drying. While 
t h i s  a l t e r n a t i v e  has p r e s e n t l y  been d iscarded f o r  
l a c k  o f  p roo f ,  f u t u r e  research may show i t t o  be 
a  v i a b l e  system a l t e r n a t i v e .  

H a r r i s  Press & Shear Co. has developed a  b a l i n g  
machine capable o f  compacting woodchips i n t o  
ba les  r e s u l t i n g  i n  a  2 - to -1  volume reduct ion,  a  
t y p i c a l  decrease i n  mois ture content  from 45 t o  
35% (green basis) ,  and a  weight  reduc t ion  o f  
approximately 18% [21,22]. Since t r a n s p o r t a t i o n  
o f  woodchips i s . l i m i t e d  by weight,  volume reduc- 
t i o n  would n o t  b e n e f i t  the  t r a n s p o r t a t i o n  system, 
a l though weight reduc t ion  would. The decrease i n  
mo is tu re  content  would increase n e t  power ou tpu t  
by reducing d r y i n g  requirements p r i o r  t o  o r  
d u r i n g  wood combustion. However, b a l i n g  equip- 
ment i s  expensive, l a b o r  requirements f o r  t h e  
machine are h igh,  and t h e  c o s t  o f  b a l i n g  out- 
weighs any apparent advantages. 

Pneumatic tube systems capable o f  handl ing l a r g e  
amounts o f  b u l k  m a t e r i a l  have been developed by, 
and a r e  a v a i l a b l e  from, Tubexpress, Houston, 
Texas. The systems a re  closed-loop systems w i t h  
automated l o a d i n g  and unloading s t a t i o n s  and a re  
designed t o  r u n  24 hrs/day 365 days/yr. A v a i l -  
a b l e  in fo rmat ion  shows load ing ,  unloading, and 
t r a n s p o r t i n g  o f  loose ch ips  w i t h  l a r g e  tube 
systems t o  be l e s s  c o s t l y  than  t rucks ;  small tube 
systems are more c o s t l y  [23]. However, due t o  the  
sca t te red  d i s t r i b u t i o n  o f  p l a n t a t i o n  land  a t  
p l a n t a t i o n  s i t e s ,  t h e  c o s t  o f  ga ther ing  t h e  
woodchips t o  the  tube f o r  t r a n s p o r t a t i o n  t o  t h e  
power conversion f a c i l i t i e s  r a i s e s  tube costs  
above t r u c k  costs  regard less o f  tube s ize.  

Since tube capac i t y  i s  a  f u n c t i o n  o f  weight and 
volume, bo th  o f  which can be reduced by ba l ing ,  
sma l le r  tubes a r e  requ i red  f o r  the  same amount o f  
oven-dried wood when ba led  r a t h e r  than loose. 
Pneumatic tube t r a n s p o r t a t i o n  o f  ba led  ch ips i s  
less  c o s t l y  than loose chips. Unfor tunate ly ,  t h e  
decrease i n  tube t r a n s p o r t a t i o n  costs  i s  surpassed 
by t h e  increase i n  b a l i n g  costs ,  and t ranspor ta-  
t i o n  o f  ba led  ch ips by pneumatic tube i s  economi- 
c a l l y  compet i t i ve  w i t h  t r u c k  t r a n s p o r t a t i o n  o f  
loose chips on ly  a t  l a r g e  distances. Pneumatic 
tube t r a n s p o r t a t i o n  o f  woodchips, whether loose 
o r  baled, has been e l im ina ted  from cons idera t ion  
i n  Energy P l a n t a t i o n  t r a n s p o r t a t i o n  systems. 

The o r i g i n a l  t r a n s p o r t a t i o n  system w i t h  loose, 
green woodchip$ and t rucks  has  bee^ shown t o  be 
more economic than the  a l t e r n a t i v e s  considered. 
Changes i n  the  o r i g i n a l  system have been made t o  
a l l o w  more e f f i c i e n t  use o f  the  equipment and t o  
reduce o v e r a l l  costs. P rev ious ly  farm t r a c t o r -  
dumpwagon combinations (small  hau l ing  u n i t s )  
c o l l e c t e d  ch ips from harvesters and conveyed t h e  
ch ips  t o  t h e  edge o f  the  i n d i v i d u a l  p l a n t a t i o n  
parce ls .  From there  the  wood was t r a n s f e r r e d  
i n t o  semi t r a c t o r - t r a i  1  e r  u n i t s  (1 arge hau l ing  
u n i t s )  and taken t o  t h e  power conversion f a c i l i t y .  
Recognizing t h a t  small  u n i t s  are more economic on 
s h o r t  hauls  due t o  load ing  and unloading invo lved  
w i t h  l a r g e  u n i t s ,  the  small u n i t s  are now used 
ou ts ide  t h e  parce ls ,  genera l l y  when the  parce ls  

a re  w i t h i n  2-4 m i les  from t h e  c e n t r a l l y  loca ted  
power conversion s i t e .  

The ac tua l  maximum dis tance i s  a  f u n c t i o n  o f  
p l a n t a t i o n  s i ze ,  the  r a t i o  o f  p l a n t a t i o n  land  t o  
geographic land, and land  p r o d u c t i v i t y  as w e l l  as 
s i t e - s p e c i f i c  equipment and labor  costs. Trans- 
p o r t a t i o n  from beyond t h a t  d is tance  i s  more 
economic w i t h  l a r g e  hau l ing  u n i t s ;  the small 
u n i t s  a re  r e s t r i c t e d  t o  the  parcels .  A minimum 
area f o r  t h e  o u t e r  area serv iced  by l a r g e  u n i t s  
has a l s o  been def ined. Wi th l e s s  than 4  o r  5  
l a r g e  u n i t s ,  investment i n  load ing  and unloading 
equipment f o r  t h e  u n i t s  i s  n o t  warranted and small 
uni,ts should be used throughout t h e  p l a n t a t i o n .  

A t  the  power conversion f a c i l i t i e s ,  the woodchips 
are taken- from t h e  hau l ing  u n i t s  and fed  to  
pneumatic p i l e  b u i l d e r s  which cons t ruc t  temporary 
storage p i l e s .  Chips are taken from these p i l e s  
and d r i e d  i n  r o t a r y  dryers us ing  t h e  f l u e  gas 
from the  conversion f a c i l i t i e s .  Dry ing i s  done 
t o  minimize c h i p  d e t e r i o r a t i o n  and t o  increase 
convrr.s.ion e f f i c i e n c f e s ,  From tho  dryers ch ips 
are d i r e c t e d  t o  a  second p i l e  b u i l d e r  which 
cons t ruc ts  t h e  pr imary storage p i l e s .  These 
p i l e s  con ta in  up t o  90 days wor th o f  f u e l .  From 
there  t h e  chips can be r e t r i e v e d  f o r  burn ing  i n  
t h e  power p l a n t  b o i l e r s .  

D i r e c t  A p p l i c a t i o n  o f  Wastewater 

D i r e c t  a p p l i c a t i o n  o f  munic ipa l  wastewater o r  
sludge t o  the  Energy P l a n t a t i o n  i s  one o f  t h e  
synergisms considered i n  the  PEF concept. Speci- 
f i c  problems must be d e a l t  w i t h  when us ing land  
a p p l i c a t i o n  as a  method o f  d isposal  o f  wastes. 
S ta te  regu la t ions  and gu ide l ines  genera l l y  r e q u i r e  
secondary t reatment  be fo re  land  a p p l i c a t i o n  (30 
mg/l BOD and suspended s o l i d s  and no more than 
200 f e c a j  c o l i f o r m  organisms per  100 ml)[24]. 
The q u a l i t y  o f  sur face and groundwater must a lso  
be preserved. Th is  requirement imposes a  l i m i t  
on the  amount o f  wastewater o r  sludge which can 
s a f e l y  be app l ied  t o  the  land  and there fo re  on 
the  p o t e n t i a l  b e n e f i t s  r e s u l t i n g  from wastewater 
a p p l i c a t i o n  t o  the  p l a n t a t i o n .  Some s ta tes  a lso  
impose l i m i t s  on the  slope of the  land on which 
wastes a re  appl ied.  This r e g u l a t i o n  cou ld  reduce 
t h e  amount o f  l and  a v a i l a b l e  f o r  Energy Planta- 
t i o n  use. 

To be f u l l y  e f f e c t i v e ,  wastewater a p p l i c a t i o n  on 
t h e  p l a n t a t i o n  should take  p lace dur ing  the  
growing season when i r r i g a t i o n  i s  needed. Sub- 
s t a n t i a l  seasonal wastewater storage capac i t y  i s  
the re fo re  requi red.  Another fmp~I-ldll l; r.nnsidera- 
t i o n  i s  the  r e l a t i o n s h i p  between t r a n s p o r t a t i o n  
costs  o f  the  wastes t o  the  p l a n t a t i o n  and the 
c o s t  o f  the  land. T ranspor ta t ion  costs  f o r  
wastes increase r a p i d l y  w i t h  d is tance from the  
p o i n t  o f  generat ion ( the  urban center)  wh i le  land 
cos t  decreases sharp ly  as t h e  d is tance from the 
c i t y  increases. An optimum l o c a t i o n  r e s u l t i n g  i n  
the  minimum combined costs  o f  l and  and t ranspor ta-  
t i o n  must t h e r e f o r e  be chosen f o r  the PEF [25]. 

A  subrout ine was developed t o  analyze the cosl 
e f fec t i veness  o f  wastes u t i l i z a t i o n  on the pl;..,- 
t i o n .  The i r r i g a t i o n  needs are determined as 



sc r ibed  before.  I f  i r r i g a t i o n  i s  supp l ied  by 
s t  ir, the  amount o f  n i t r o g e n  p e r c o l a t i n g  
nn rceed EPA 1 i m i  t s ,  o r  (NW) L U + D + 2.7 
C ' where WW = n i t rogen  app l ied  t.hrnllgh w a < t . ~ w a t ~ r ,  
='nitrogen uptake by p lan ts ,  D = d e n i t r i f i c a t i o n ,  
= p e r c o l a t i n g  water and C = perco la te  n i t r o g e n  

10 m g / l i t e r .  P 

ch a n i t r o g e n  balance i s  performed f o r  each 
t e  us ing median values f o r  the  components o f  
e  wastes (so l  i d s ,  n u t r i e n t s ,  heavy metals) as 
ggested by Sommers [26]. The method described 

L o f t y  [27] which takes i n t o  account t h e  r e s i -  
a1 n i t r o g e n  a v a i l a b l e  from prev ious waste 
p l i c a t i o n s  i s  used t o  determine the  n i t r o g e n  
a n t  uptake. I f  n i t r o g e n  p e r c o l a t i o n  exceeds 
e EPA l i m i t s ,  the r a t e  o f  a p p l i c a t i o n  o f  waste- 
t e r s  must be reduced accord ing ly ,  thereby 
m i t i n g  t h e  usefulness o f  wastes as a source o f  
t r i e n t s  and i r r i g a t i o n  water. A q u a l i t a t i v e  
a l y s i s  i n d i c a t e d  t h a t  s i t e s  such as Phoenix, 
, having h igh  i r r i g a t i o n  requirements, cou ld  
t r e l y  on wastewater on ly  t o  supply t h e i r  water 
eds. 

t a l  a p p l i c a t i o n  o f  heavy metals through sludge 
wastewater a p p l i c a t i o n  cannot exceed the  EPA 

m i t s  i f  t h e  p l a n t a t i o n  land  i s  ever t o  be 
nver ted back t o  farming. A t  r a t e s  o f  appl ica-  
on env is ioned f o r  most s i t e s  considered i n  the  
a l y s i s ,  t h e  p o t e n t i a l  l i f e t i m e  o f  the  p lan ta -  
on be fo re  EPA l i m i t s  are reached w i l l  be from 

t o  80 years [25]. A f t e r  t h a t  pe r iod ,  t h e  land  
u l d  s t i l l  q u a l i f y  f o r  farming. 

e  model f o r  i r r i g a t i o n  w i t h  wastewater corn- 
, ises the  same elements as t h e  o r i g i n a l  i r r i g a -  
on model b u t  inc ludes a l s o  t r a n s p o r t a t i o n  o f  
.stewater by p i p e l i n e s  and storage i n  ponds. 
e t rea tment  o f  the wastes be fo re  a p p l i c a t i o n  i s  
sumed t o  be performed by t h e  m u n i c i p a l i t y .  The 
F i s  c r e d i t e d  f o r  t h e  d isposal  o f  t h e  wastes 
' t e r  treatment. 

, a l y s i s  o f  Improved Combustion Equipment 

ev ious  PEF work concerning power generat ion 
luipment de f ined  the  conversion f a c i  1  i t y  capa- 
l i t i e s  i n  terms o f  equipment a v a i l a b l e  a t  t h a t  
me. Feedstock was l i m i t e d  t o  woodchips. 
w a l l  conversion e f f i c i e n c i e s  were 17.0 t o  
;. 5%, steam qual i t y  was 650 PSIA @ 750°F, load  
;c to rs  were 20-25%, equipment s i z e  was based on 
t0,000-1,700,000 lb /hour  o f  steam o r  25- t o  
S-MW e l e c t r i c  p lan ts .  Present work w i l l  cons ider  
le use o f  new equipment t o  improve opera t ing  
~ n d i t i o n s ,  thereby inc reas ing  o v e r a l l  e f f i c i e n c y .  

te mix o f  new equipment considered was wood 
~ s i f i e r s  and gas tu rb ines .  While t h e  combina- 
on o f  these two pieces o f  hardware i s  capable 
' o v e r a l l  e f f i c i e n c i e s  as h igh  as 70 o r  80%, 
monstrated r e l i a b i l i t y ,  d u r a b i l i t y ,  and economy 
.e lack ing.  The major problem l i e s  i n  prevent- 
lg harmful m a t e r i a l  from t r a v e l  i n g  ou t  o f  t h e  
~ s i f i e r  and damaging t h e  tu rb ine .  

I !d Bed Combustion (FBC) t o i l e r s  and i n -  
i ra te  b o i l e r s  were a lso  considered. The 

;L ~ ~ ~ e r s  have c a p a b i l i t i e s  o f  simultaneously 

burn ing  a v a r i e t y  o f  f u e l ,  wet o r  dry ,  and can 
remove s u l f u r  from stack,gases w i thou t  expensive 
a i r  p o l  1  u t i o n  equipment. Disadvantages inc lude  
h igh  energy r c q u i r c m c n t ~ ,  d i f f i i u l  ty w i  Llr fue l  
d i s t r i b u t i o n  i n  combustion chambers, and p a r t i c u -  
l a t e  carryover .  Ava i lab le  f l u id i zed-bed  b o i l e r s  
operate under t h e  cond i t i ons  de f ined  i n  the  
prev ious PEF study, al though manufacturers are 
w i l l i n g  t o  b u i l d  equipment t o  requ i red  s p e c i f i c a -  
t i o n s .  

I n c l i n e d - g r a t e  designs can a l s o  handle green 
f u e l s ,  should be ab le  t o  handle a v a r i e t y  o f  
f u e l s ,  a l l o w  more complete combustion o f  t h e  
f u e l ,  and have demonstrated h i g h  r e l i a b i l i t y  
w h i l e  i n  serv ice.  I n c l i n e d - g r a t e  systems i n  
ex is tence operate w i t h  a much h igher  steam 
qual i t y  (900-1400 PSIA, 900°F), and appropr ia te 
s izes are a v a i l a b l e  from a number o f  manufacturers. 
Unless s u l f u r  i n  t h e  f u e l  feedstock i s  o f  major 
concern, i n c l i n e d  grates appear t o  be a beJter 
choice o f  b o i l e r  systems. The improved capa- 
b i l i t i e s  o f  t h i s  equipment over equipment pre- 
v i o u s l y  a v a i l a b l e  should increase o v e r a l l  con- 
ve rs ion  e f f i c i e n c y  some 5 o r  10%. 

A l t e r n a t i v e  Wetland Biosystems 

Algae were se lec ted  as the  pr ime focus f o r  an 
i n t e g r a t e d  subsystem f o r  PEF because the  tech- 
nology o f  a l g a l  ponds i s  reasonably w e l l  developed 
and i s  based on years o f  experience w i t h  ponds 
f o r  t reatment  o f  munic ipa l  and i n d u s t r i a l  wastes. 
However, algae present  some major engineer ing 
problems i n  mass c u l t i v a t i o n  and harvest ing.  

For example, p r o d u c t i v i t i e s  a re  l i m i t e d  by t h e  
amount o f  carbon i n  t h e  wastewater. Carbon 
d iox ide  o r  some o t h e r  carbon source must be 
in t roduced i f  growth t o  t h e  N o r  P l i m i t  i s  t o  be 
accomplished, which i s  d e s i r a b l e  because t h i s  
would a l l o w  the  most e f f e c t i v e  use o f  waste 
n u t r i e n t s  f o r  r e c y c l i n g  t o  t h e  Energy P lan ta t ion .  
I n t r o d u c t i o n  o f  CO t o  t h e  pond system i n  t h e  ' 

amounts requ i red  a$pears t o  be c o s t - p r o h i b i t i v e .  

Construct ion and opera t ion  costs  f o r  ponds are 
high. For maximum biomass p roduc t ion  and y i e l d ,  
the  ponds must be shal low, r e q u i r i n g  r e l a t i v e l y  
f l a t  l and  and extens ive s i t e  preparat ion.  Avai la-  
b i l i t y  o f  f l a t  l and  i n  marginal l and  areas a p p l i -  
cable t o  Energy P l a n t a t i o n  usage w i l l  be r e s t r i c t e d ,  
M ix ing  i s  requ i red  t o  keep the  microalgae suspended 
and ma in ta in  p r o d u c t i v i t y ,  so opera t ing  costs  are 
high. 

Harvest ing o f  microalgae i s  a  major techn ica l  and 
economic c o n s t r a i n t .  E f f e c t i v e  methods r e s u l t i n g  
i n  h igh  y i e l d s ,  such as c e n t r i f u g a t i o n ,  are h i g h  
i n  c o s t  o r  r e q u i r e  a d d i t i o n  o f  unwanted chemicals 
which i n t e r f e r e  w i t h  anaerobic d i g e s t i o n  o f  t h e  
harvested a l g a l  biomass. M i c r o s t r a i n i n g  i s  l e s s  
c o s t l y  b u t  l e s s  e f f e c t i v e  and requ i res  species 
c o n t r o l  t o  some degree, which has n o t  y e t  been 
e f f e c t i v e l y  demonstrated i n  open systems f o r  long  
per iods  o f  t ime and r e s u l t s  i n  reduced y i e l d s .  

Aquatic p l a n t s  n o t  sub jec t  t o  these c o n s t r a i n t s  
inc lude  t h e  f 1 o a t i  ng and emergent f reshwater  
macrophytes, such as water hyac in th  (Eichhorn ia 



c r a s s i  es), duckweed (Lemna sps.) and c a t t a i l  
d t i f o l i a ) .  Because they are f l o a t i n g  o r  
emergent, pond depth and t u r b i d i t y  a r e  n o t  im- 
por t ,ant  design c r i t e r i a .  Carbon d i o x i d e  can. be 
obta ined d i r e c t l y  from t h e  atmosphere, and har- 
v e s t i n g  should be e a s i e r  than f o r  microalgae 
because o f  t h e  macroscopic s i z e  o f  t h e  p lan ts .  
To compare t h e  r e l a t i v e  m e r i t s  o f  us ing  these 
p l a n t s  f o r  t h e  wet land biosystem i n  PEF, data 
were obta ined from t h e  l i t e r a t u r e  on p r o d u c t i v i t y  
and conversion t o  methane by anaerobic d iges t ion .  

Water hyac in th  i s  a f l o a t i n g  p l a n t  w i t h  l a r g e  
leaves which extend upward from the  wate r ' s  
sur face from c l u s t e r s  o f  r o o t s  beneath t h e  sur- 
face. I t thr iv.es i n  warm s lugg ish  waters i n  the  
southern Un i ted  States and Centra l  America, b u t  
i s  n o t  winter-hardy i n  temperate regions. Although 
water hyac in th  seems c l e a r l y  super io r  t o  o ther  
aqua t i c  p l a n t s  b o t h  i n  p r o d u c t i v i t y  and i n  con- 
v e r s i o n  t o  methane f o r  t h e  PEF subsystem, i t s  
geographic range, which i s  r e s t r i c t e d  t o  semi- 
t r o p i c a l  areas, 1s a dlsaduantagc. 

Duckweed i s  a minute f l o a t i n g  p l a n t  w i t h  a wide 
n a t u r a l  geographic range. The fronds a t t a i n  a 
maximum of 0.4 inches i n  l e n g t h  and width;  severa l  
elongated r o o t s  hang from t h e  underside o f  each 
frond. However, t h e  p l a n t s  a re  suscep t ib le  t o  
damage by wind i n  unprotected open water areas, 
and p r o d u c t i v i t y  even under favorable cond i t i ons  
i s  f a r  i n f e r i o r  t o  t h a t  o f  water hyacinth.  

C a t t a i l  abounds i n  and near shal low ponds and 
marshes throughout  the  Un i ted  States, growing 
even i n  northernmost s t a t e s  w i t h  severe winters .  
The p l a n t  i s  roo ted  t o  bottom mud and a p o r t i o n  
o f  t h e  f o l i a g e  may be submerged. Dense c l u s t e r s  
o f  t a l l  sp ikes r i s e  above t h e  surface. Produc- 
t i v i t y  i s  high. However, c u l t i v a t i o n ,  harvest ing,  
and conversicn problems o f f s e t  these advantages. 
C u l t i v a t i o n  requ i res  a f a i r l y  l e v e l  bottom as 
shal low depth i s  necessary. Harvest ing would 
probably  r e q u i r e  d r a i n i n g  o f  the ponds, and 
conversion t o  methane e f f i c i e n t l y  i s  n o t  poss ib le  
due t o  t h e  h igh  f ib rous  component o f  c a t t a i l  
biomass. 

Only water hyac in th  appears t o  have s i  gn l  t i  cant  
promise as a PEF subsystem component. I n  warm 
c l imates,  water hyac in th  i s  p o t e n t i a l l y  super io r  
t o  algae as an aqua t i c  component o f  a PEF system. 

COMPLETION OF THE PROJECT 

Work remaining t o  complete the  p r o j e c t  inc ludes 
f i n i s h i n g  t h e  programming o f  the model add i t i ons ,  
v e r i f y i n g  t h e  model, ga ther ing  data f o r  a few 
a d d i t i o n a l  s i t e s ,  and runn ing  the model program 
t o  analyze and compare the  d i f f e r e n t  modes o f  de- 
s ign ing  and opera t ing  t h e  PEF. The work product  
. w i l l  be a comprehensive ana lys is  o f  t h e  economic 
v i a b i l i t y  o f  t h e  PEF. 

ACKNOWLERGMENTS 

The concept o f  the  Photosynthesis Energy Fac to ry .  
(PEF) was devised j o i n t l y  by Dr. G. C. Szego o f  
InterTechnology/Solar Corporat ion and' Dr. W. J. 
Oswald o f  the  U n i v e r s i t y  o f  C a l i f o r n i a  a t  Berkeley. 
The work repor ted  i n  t h i s  paper was supported by 
t h e  U.S. Department o f  Energy under Contracts No. 
EX-76-C-01-2548 and No. ET-78-C-01-3024. The 
U n i v e r s i t y  o f  C a l i f o r n i a  a t  Berkeley p a r t i c i p a t e d  
i n  t h e  i n i t i a l  p r o j e c t  under a subcontract.  

REFERENCES 

.l. G. C. Szego, e t  a l . ,  "The Energy Planta- 
t i on , "  Proceedings o f  the  7 t h  I n t e r s o c i e t y  Energy 
Conversion Engineering Conference, 1972. 

2. G. C. Szego and C. C. Kemp, Chemtech, p. 275, 
May 1973. 

3. C. C. Kemp and G. C. Szego, "The Energy 
P lan ta t ion ,  It 168th ~ m e r i c a n  I:hemiC81 $0~1 e t y  
Meeting, A t l a n t i c  C i t y ,  New Jersey, September 12, 
1974. 

4. J. F. Henry, e t  a l .  , "The Energy p lantat ionTM: 
Design, Operat ion and Economic P o t e n t i a l  ,I1 172nd 
Nat ional  Meeting o f  the  American Chemical Society ,  
San Francisco, C a l i f o r n i a ,  September 1976. 

5. InterTechnology/Solar Corporat ion, "Feasi- 
b i l i t y  o f  Meeting t h e  Energy Needs o f  Army Bases 
w i t h  Self-Generated Fuels Der ived from So la r  
Energy P lan ta t ions  ,I1 Report No. 260675, Defense 
Advanced Research Pro jec ts  Agency, Contract  No. 
DACA 23-74-C-0009, NTIS No. AD-A031 163/164/211. 

6. In terTechnol  ogy/Sol a r  Corporat ion, "Solar  
SNG: The Est imated A v a i l a b i l i t y  o f  Resources f o r  
Large-Scale Product ion o f  SNG by Anaerobic 
D iges t ion  o f  S p e c i a l l y  Grown P l a n t  Matter,"  
Report No. 011075, American Gas Associat ion,  
P r o j e c t  No. I U  114-1, October 1, 1975. 

7. InterTechnology/Sol a r  Corporat ion, "The 
Photosynthesis Energy Factory: Analys is ,  
Synthoci 6 ,  ar?d O~mnns t~ ra t ian  .I1 Report No. 150677, 
U. S. Energy Research and Devel opment Admi n i  s t r a -  
t i o n ,  Contract  No. EX-76-C-01-2548, June 15, 1977. 

8. M. D. Fraser ,  e t  a l . ,  "Analys is  o f  The 
Photosynthesis Energy Factory as an Energy Con- 
ve rs ion  and M a t e r i a l s  Recovery System," Winter  
Meeting, Power Engineering Society ,  I n s t i t u t e  O f  
L l e c t r l c a l  and Elect.rnnics Engineers, New Ynrk, 
February 1, 1978, Energy Development Book, Vol 
I V ,  78 th  0050-5-PWR, pp. 59-67. 

9. W.M. Broadfoot ,  J. Fores t ry ,  Vol. 62, p. 259, 
1964. 

10. D.W. Einspahr, M.K. Benson, and M. L. Harder, 
i n :  E f f e c t  o f  Gorwth Acce le ra t ion  on Proper t ies  
o f  Wood Symposium, Proceedings, Sec. I. , pp. 1-10, 
Madison, W I ,  1972. 



.. U.S. Department of Agriculture, Soil 26. L.E. Sommers, D.W. Nelson, and K. J. Yost, 
~nr--..-.tion Service, Engineering Division, "Variable Nature of Chemical Compositions of 
zcl .1 Release No. 2 1  (Rev. 2), September Sewage Sludge," Environmental Qua1 i ty, Vol . 5, 
37L. no. 3, 1978. 

. R. Zahner, in "Water Deficits and Plant 27. R. J. Lofty, R. P. Stearns, and K.V. LaConde, 
-owth ," T. T. Koxl owski, ed. , Volume 11, Academic "Implementing an Agricultural Sludge Utilization 
-ess, 1968. Program," Notes prepared for the Environmental 

Protection Agency Technology Transfer Design 
3. R. H. Whittaker, "Communities and Ecosystems ,I1 Seminar on Sludge Treatment and Disposal , 1977. 
7d ed., Macmillan, 1975. 

1. M. Whitkamp, and B.S. Ausmus, "Processes in 
zcomposiiion and Nutrient Transfer in Forest 
ystems ," in: J. M. Anderson and A. Macfadyen, 
Is., "The Role of Terrestrial and Aquatic 
rgani sms in Decomposition Processes ,I1 17th Symp. 
ritish Ecol. Soc., Blackwell Scientific Publica- 
ions, pp. 375-396, 1975. 

5. N.T. Edwards, "Effects of Temperature and 
ojsture on Carbon Dioxide Evolution in a Mixed 
eciduous Forest Floor," Soil Sci. Soc. Amer. 
roc. Vol. 39, pp. 361-365, 1975. 

6. V. Meentemeyer, "Macrocl imate and Lignin 
ontrol of Litter Decomposition Rates," Ecology, 
01. 59, pp. 465-472, 1978. 

7. D. S. DeBell, and ,M.A. Radwan, "Growth and 
itrogen Relations of Coppiced Black Cottonwood 
nd Red Alder in Pure and Mixed Plant.ings,I1 USDA 
orest Service PNW For. Range Exp. Sta., 1978. 

.8. MITRE Corporation/METREK Division, "Silvicul- 

.ural Biomass Farms, Volume IV, Site-specific 
'reduction Studies and Cost Analyses," MITRE 
echnical Report No. 7347, May 1977. 

.9. P.R. Blankenhorn, et al., "Evaluation 
Irocedure for Consideration of Forest Biomass as 
I Fuel Source for a 100-MW Electric Generating 
.acility," Pa. State Univ. College of Agriculture, 
rgricultural Experiment Station, University Park, 
'A, September 1978. 

!O. D.W. Rose, "Cost of Producing Energy From 
load in Intensive Cultures," Journal of Environ- 
iental Management, Vol. 5, pp. 23-35, 1977. 

$7 Personal Communisationc with Joc Szany, 
rmerican Hoist & Derrick Co., St. Paul, MN. 

!2. Personal Communication with William D. 
ieeland, Harris Press & Shear Co., Cordele, GA. 

!3. Personal Communications with Donn W. Leva, 
-ubexpress Systems, Houston, TX. 

!4. C.E. Morris, and W.J. Jewell, "Regulations 
~ n d  Guidelines for Land Application of Wastes - a 
50 State Overview," in: Land as a Waste Management 
\l ternative, Proceedings of the 1976 Cornel 1 
\gricultural Waste Management Conference, R.C. 
-oehr, ed., Ann Arbor Science Pub., 1977. 

!5. InterTechnology/Solar Corporation, "Applica- 
;ion of Municipal Sludges on Energy Crops: a 

t 1 i ty Ana'lysis ,I1 EPA Contract No. 68-01-4688, 
leport, July 1978. 





POTENTIAL WATER QUALITY IMPACTS 
FROM LARGE SCALE CROP 

RESIDUE HARVESTING 

ABSTRACT 

Michael F. Torpy, Loren 3. Habegger 
Shen-Yann Chiu and Susan B a r i s a s  

The des ign  methodology and some of t h e  r e s u l t s  of 
a  s tudy  on t h e  l o c a t i o n  i n  t h e  cont iguous U.S. and 
e f fec . t s  of s u b s t i t u t i n g  ~ o l a r  f o r  c o a l  energy art. 
desc r ibed .  A s c e n a r i o  s i m i l a r  t o  a  maximum s o l a r  
p e n e t r a t i o n  s c e n a r i o  i s  addressed and t h e  r e l a t i v e  
i n c r e a s e s  i n  s h e e t  e r o s i o n  wi th  and withou: biomass 
r e s i d u e  ha rves t ing  a r e  eva lua ted .  Changes i n  
e ros ion  a r e  p ro jec ted  by us ing  t h e  Unive r sa l  S o i l -  
Loss Equation. Some r e s u l t s  a r e  desc r ibed  i n  
r e l a t i o n  t o  t h e  con t inu ing  s t u d i e s  which w i l l  
address  comparisons between c o a l  and s o l a r  e r o s i o n  
and water q u a l i t y  impacts.  

Most of t h e  a s p e c t s  of s o l a r  technology implementa- 
t i o n  a r e  regarded, wi th  f avor  i n  r e l a t i o n  t o  environ- 
mental  q u a l i t y .  One of t h e  more s i g n i f i c a n t  adver se  
environmental  impacts  of s o l a r  technology is  t h e  
inc reased  e r o s i o n  and t h e  subsequent i n c r e a s e s  i n  
non-point source  p o l l u t i o n  from biomass r e s i d u e  
ha rves t ing .  The Energy and Environmental Systems . 
D i v i s i o n  of Argonne Na t iona l  Laboratory i s  a s s e s s -  
ing  t h e  p o s s i b l e  e x t e n t  of s o l a r  technology impacts  
a s  desc r ibed  in two s c e n a r i o s  developed by t h e  
Domestic P o l i c y  Review. The s c e n a r i o  d i scussed  i n  
t h i s  paper  is  s i m i l a r  t o  t h e  maximum s o l a r  penetra-  
t i o n  s c e n a r i o  (high s o l a r  s c e n a r i o )  developed by 
t h e  Department of Energy. I n  t h a t  s c e n a r i o ,  14.2 
Quads 01 s u l a r  U L I ~ L . ~ ~  would p P O ~ l d e  12% o i  t h e  114 
Quads r equ i red  by t h e  yea r  2000. Of t h e  t o t a l  
s o l a r  energy p r o j e c t e d  i n  t h a t  s c e n a r i o ,  5.2 Quads 
a r e  p ro jec ted  from a l l  biomass p roduc t s ,  1 .5  Quads 
of which a r e  from biomass r e s i d u e  ha rves t ing .  
Th i s  accounts  f o r  1.3% of t h e  t o t a l  energy demand 
i n  t h e  scenar io .  

T h i s  s tudy  i s  designed t o  p rov ide  a n  overview of 
t h e  crop l e n d s  a v a i l a b l e  f o r  biomass r e s i d u e  har-  
v e s t i n g ,  t h e  c h a r a c t e r i s t i c s  of t h e  land a f f e c t e d  
by t h e  h a r v e s t i n g ,  and t h e  s e v e r i t y  of t h e  r e s u l t -  
i n g  h p a c t s  of e r o s i o n  inc lud ing  water  q u a l i t y  
impacts.  I n  a d d i t i o n ,  t h e  methodology is designed 
t o  compare t h e  d i f f e r e n c e s  i n  e r o s i o n  w i t h i n  
r e g i o n s  where biomass res i f iue  h a r v e s t i n g  may be 
s u b s t i t u t e d  f o r  c o a l  mining i n  a  s c e n a r i o .  The 
- + r l A l l  j.s ongoing and t h i s  paper  d i s c u s s e s  s tudy  

I and some p re l imina ry  r e s u l t s .  

The s tudy  r e l i e s  on a  n a t i o n a l  crop inven to ry  of 
t h e  U.S. Department of A g r i c u l t u r e  [l] t o  p rov ide  
a  b a s i s  f o r  l o c a t i n g  t h e  l i k e l y  c rop  product ion.  
Th i s  inven to ry  is  coupled wi th  a  S tan fo rd  Research 
I n s t i t u t e  Study [2] ,  which d e s c r i b e s  t h e  r e s i d u e  
y i e l d  r a t i o s  and i s  used t o  d e f i n e  t h e  amount of 
crop r e s i d u e  a v a i l a b l e  f o r  ha rves t ing .  

The c rops  considered i n  t h e  a n a l y s i s  a r e :  

1. Barley 9 .  Rice 

2. Oats  10.  F lax  

3. Peanuts  11. Corn . 

4. Rye 12. I r i s h  P o t a t o e s  

5. Soybeans 13. Sorghum 

6. Cotton 14. Vegetables  

7. Wheat 15. Sugar cane 

8. Hay 16. Sugar b e e t s  

The l o c a t i o n  and ac reage  of each c rop  a r e  de f ined  
a t  t h e  c o u n t y . l e v e 1  and aggregated t o  t h e  Land 
Resource Area (LRA) a s  de f ined  by t h e  U.S. Depart-  
ment of A g r i c u l t u r e ,  S o i l  Conservat ion Service 
[3].  he- 156 LRAs i n  t h e  cont iguous U.S. a r e  
grouped accord ing  t o  s i m i l a r i t i e s  i n  land use ,  
e l e v a t i o n ,  c l i m a t e ,  water  a v a i l a b i l i t y ,  a n d . s o i l  
t ypes .  

The Unive r sa l  Soil-Loss Equat ion,  developed by 
Wischmeier and Smith [ 4 ] ,  i s  coupled wi th  t h e  
s c e n a r i o  s i t i n g  d a t a  t o  d e s c r i b e  t h e  r e l a t i v e  
i n c r e a s e s  i n  s o i l  l o s s  p r o j e c t e d  f o r  biomass 
r e s i d u e  ha rves t ing .  The r e l a t i o n s h i p s  of t h e  
v a r i a b l e s  a f f e c t i n g  s o i l  e r o s i o n  were de r ived  
from many control l -ed s t u d i e s  on experimental, p l o t s  
and smal l  watersheds .  The equa t ion  has  t h e  form 

where A = s o i l  l o s s  i n  t o n s  per  a c r e  
R = r a i n f a l l  f a c t o r  ( e ros ion  index) 
K = s o i l  e r o d i b i l i t y  f a c t o r  
L = s lope- l eng th  f a c t o r  



S = s lope -g rad ien t  f a c t o r  
C = cover  and management f a c t o r  
P = e r o s i o n  c o n t r o l  suppor t ing  p r a c t i c e  

f a c t o r  

The equa t ion  p r e d i c t s  s o i l  e r o s i o n  and was devel-  
o p e d . t o  p rov ide  s p e c i f i c  and r e l i a b l e  gu ides  t o  
s e l e c t i o n  of  adequa te  s o i l  and water  conse rva t ion  
p r a c t i c e s  f o r  farm f i e l d s .  

Shee t  e r o s i o n  is  t h e  movement of s o i l  r e s u l t i n g  
from r a i n d r o p  s p l a s h  and s u r f a c e  r u n o f f .  Other 
forms of e r o s i o n  i n c l u d e  channe l  e r o s i o n ,  i n  which 
s o i l  is t r a n s p o r t e d  a s  sediment by f lowing s t r eams  
of wate r  a c r o s s  t h e  l a n d ;  and streambank e r o s i o n ,  
i n  which r i p a r i a n  s o i l  i s  t r a n s f e r r e d  by the 'energy 
of  moving water .  The d e g r e e  of s e v e r i t y  of  s h e e t  
e r o s i o n  is p r o p o r t i o n a l  t o  t h e  i n t c n s i c y  of r a i n -  
f a l l  and i n f l u e n c e d  by s o i l  and c rop- re l a t ed  
f a c t o r s  t h a t  a f f e c t  t h e  subsequent  movement of  
t h e  d i s l o d g e d  s o i l .  Thus, s h e e t  e r o s i o n  removes 
t h e  l i g h t e r  s o i l  p a r t i c l e s ,  o rgan ic  m a t t e r ,  and 
s o l u b l e  n u t r i e n t s  from t h e  l and  and is  a  s e r i o u s  
d e t r i m e n t  t o  s o i l  f e r t i l i t y  and p r o d u c t i v i t y ,  a s  
w e l l  a s  t o  r e s u l t i n g  s t r eam q u a l i t y .  

The Soi l -Loss  Equat ion is  r e l a t i v e l y  a c c u r a t e  f o r  
e s t i m a t i n g  t h e  degree  of s h e e t  e r o s i o n  t h a t  may 
o c c u r  on s m a l l  watersheds .  The a p p l i c a b i l i t y  of 
t h e  equa t ion  s u f f e r s  a s  t h e  s i z e  of  a  watershed 
i n c r e a s e s  because  v a r i a b l e s  such a s  s l o p e  g r a d i e n t ,  
s o i l  t ype ,  and cove r  f a c t o r s  must be  averaged 
ove r  much l a r g e r  a r e a s .  As a  r e s u l t ,  t h e  develop- 
e r s  of  t h e  equa t ion  have s t r o n g l y  recommended 
t h a t  l a r g e  wa te r sheds  b e  d i v i d e d  i n t o  s m a l l  a r e a s  
f o r  computat ion o f  s o i l  l o s s  and t h a t  t h e  r e s u l t -  
i n g  d a t a  b e  summed f o r  t h e  l a r g e r  a r e a  [6]. T h i s  
form of  a n a l y s i s ,  i . e . ,  ave rag ing  t h e  r e s u l t s  t o  
t h e  LRA level,&s been used by o t h e r  r e s e a r c h e r s  
t o  e s t i m a t e  s o i l  l o s s  and sediment load ing  [7 ,8] .  
However, such  r c s u l t s  must be  t r e a t e d  w i t h  c a u t i o n .  
The t echn ique  is most u s e f u l  i n  t h e  comparat ive  
a n a l y s i s  of  t h e  e f f e c t s  of s o i l  management prac-  
t i c e s  r a t h e r  than  i n  de te rmin ing  t h e  a c t u a l  magui- 
t u d e  of s o i l  l o s s  a t  t h e  LRA l e v e l .  

The Soi l -Loss  Equat ion d e s c r i b e s  t h e  r e l a t i v e  
change i n  s h e e t  e r o s i o n  dur ing  t h e  impact p e r i o d ,  
i .e.,  t h e  p e r i o d  from c rop  h a r v e s t  t o  v e g e t a t i v e  
canopy r e e s t a b l i s h m e n t .  To i d e n t i f y  t h e s e  impacts ,  
s p e c i f i c  C f a c t o r s  f o r  each  c rop  i n  e a c h  LRA were 
developed in t h i s  s t u d y  t o  r e f l e c t  r e s i d u a l  
h a r v e s t i n g  c o n d i t i o n s  d u r i n g  t h e  impact pe r iod .  
The C v a l u e  f o r  a  s p e c i f i c  c rop  v a r i e s  among 

' r e g i o n s  c~ f  t h e  counLy d e p r ~ ~ d i n g  on cha e r u s l v r  
r a i n f a l l  c o n d i t i o n s  and t h e  pe r iod  and degree  of 
p l a n t  cover.  To p rov ide  t h e  b a s i s  f o r  comparison, 
two C f a c t o r  v a l u e s  were i d e n t i f i e d  f o r  each case :  
one  was developed on t h e  assumpt ion t h a t  c rop  
r e s i d u e s , - a r e  l e f t  on t h e  f i e l d  and t i l l e d  i n t o  t h e  
s o i l ,  and t h e  second was developed on t h e  assump- 
t i o n  t h a t  t h e  r e s i d u e s  a r e  complete ly  removed a t  
t h e  t ime of  ha rves t .  

The d e r i v a t i o n  of C v a l u e s  that a c c u r a t e l y  r e f l e c t  
e x i s t i n g  c rop  management v a r i a b l e s  r e q u i r e  s i t e -  
s p e c i f i c  da t a .  I n  t h i s  s tudy ,  t y p i c a l  good and 
average crop-management c a s e s  were s p e c i f i e d  and 
do n o t  n e c e s s a r i l y  r e f l e c t  t h e  a c t u a l  p r a c t i c e s  
in a  p a r t i c u l a r  s t a t e  of t h e  LRA. In  g e n e r a l ,  
r o t a t i o n  of row c rops  and close-grown c rops  was . ,  

assumed t o  be  a  good c rop  management and con t in -  
uous p roduc t ion  of one c rop  was assumed t o  be  
ave rage  management. 

The s tudy  pe r iod  f o r  each c rop ,  s t a r t i n g  from t h e  
average h a r v e s t  d a t e  through t h e  fo l lowing  ave rage  
p l a n t i n g  d a t e ,  was ob ta ined  from USDA Handbook 
283, Usual PZanting and Harvesting Dates. 

T n  a d d i t i o n  t o  t h e  C f a c t o r s ,  R f a c t o r s  d e s c r i b i n g  
t h e  c h a r a c t e r i s t i c s  of t h e  r a i n f a l l  and snowfa l l  
d u r i n g  t h e  s tudy  p e r i o d  were a l s o  developed. 
These f a c t o r s ,  when used i n  t h e  s o i l - l o s s  equa t ion .  
p rov ide  a  b a s i s  f o r  e v e n t u a l l y  e s t i m a t i n g  non- 
po in t  s o u r c e  s h e e t  e r o s i o n  and subsequent sediment 
d e l i v e r y  t o  t h e  s t ream.  

The sediment  d e l i v e r y  r a t i o ,  a  f a c t o r  t h a t  de- 
s c r i b e s  t h e  p o r t i o n  of t h e  eroded s o i l  r each ing  
t h e  s t r eam a t  a  s p e c i f i e d  r a r e ,  can be  a p p l i e d  
t o  t h e  Soil-Loss Equat ion.  Use of t h e  sediment 
d e l i v e r y  r a t i o  i s  dependent on watershed s i z e  
and s o i l  t ype ,  and t h e  r a t i o  i s  u s u a l l y  a p p l i e d  
on ly  t o  sma l l  watersheds .  To d a t e ,  we have n o t  
found a n  a c c e p t a b l e  d a t a  b a s e  f o r  app ly ing  t h e  
sediment d e l i v e r y  r a t i o  i n  s t u d i e s  t h a t  a r e  
n a t i o n a l  i n  scope. I n s t e a d ,  t h e  r a t t o  w i l l  be  
a p p l i e d  i n  c a s e  a n a l y s e s  f o r  a r e a s  i n  which 
r e s u l t s  of t h e  s tudy  i n d i c a t e  t h a t  impacts  
r e l a t e d  t o  r e s i d u a 1 . h a r v e s t i n g  could  c o n s t r a i n  
energy development. I n  any even t ,  i t  is  impor- 
t a n t  t o  i d e n t i f y  inc reased  s h e e t  e r o s i o n  because 
i t  r e p r e s e n t s  t h e  p o t e n t i a l  f o r  t h e  l o s s  of a  
nonrenewable r e s o u r c e ,  a s  w e l l  a s  t h e  p o t e n t i a l  
£o r  wa te r  q u a l i t y  d e t e r i o r a t i o n  i n  c e r t a i n  a r e a s .  

RESULTS AND DISCUSSION 

I n  a  c a s e  where good marlagement p r a c t i c e s  were 
assumed, t h e  r e s u l t s  i n d i c a t e  t h a t  some geographic  
a r e a s  p o t e n t i a l l y  have r e l a t i v e l y  high-impact 
a r e a s ,  and t h e s e  w i l l  be  analyzed more c a r e f u l l y  
w i t h  r ega rd  t o  t h e  environmental  q u a l i t y  t r ade -  
o f f s  from con1 mining. S p e c i f i c a l l y ,  t h e  s t a t e s  
of  Montana, North Dakota, and Wyoming have been 
i d e n t i f i e d  i n  t h e  s tudy  a s  a r e q s  w i t h  p o t e n t i a l  
f o r  h igh  envi.ronrnental, impacts  from s h e e t  e r o s i o n  
a f t e r  r e s i d u e  h a r v e s t i n g  ( s e e  Tab le  1, Column A ) .  
Although t h e s e  v a l u e s  a r e  r e l a t i v e l y  h igh ,  compar- 
i s o n  w i t h  s i m i l a r  v a l u e s  of t h e  s c e n a r i o  su r face -  
mining p r o j e c t i o n s  i n  t h e  same r e g i o n  may i n d i -  
c a t e  t h a t  r e s i d u e  h a r v e s t i n g  i s  p r e f e r a b l e  because 
of environmental  c o n s i d e r a t i o n s .  
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Columns B and C of  Table  1 a l s o  i n d i c a t e  some re -  
s u l t s  t h a t  w i l l  a l s o  r e c e i v e  a c l o s e r  a n a l y s i s .  
The s tudy i n d i c a t e s  t h a t  Iowa, Nebraska, I l l i n o i s  
and Ind iana  would expe r i ence  l a r g e  r e l a t i v e  in-  
c r e a s e s  i n  s h e e t  e r o s i o n  a s  t h e  r e s u l t  of  ha rves t -  
i n g  l a r g e  r e s i d u e  c rops  o f  p r i m a r i l y  co rn  and soy- 
beans .  Many a r e a s  w i t h i n  t h e s e  s t a t e s  p r e  a l r e a d y  
s u b j e c t e d  t o  s e v e r e  non-point sou rce  p o l l u t i o n ,  
and the  p r o j e c t e d  l a r g e  a d d i t i o n a l  i n c r e a s e s  would 
i n d i c a t e  an  e ~ s e n t i a l  need f o r  s t r i c t  erosion-con- 
t r o l  p r a c t i c e s .  Other  r e s u l t s  from t h e  s t u d y  i n d i -  
c a t e  : 

- s o i l  l o s s e s  by S t a t e  range from 4 t o  
25% i n c r e a s e  ' p e r  yea r .  

- s o i l  l o s s e s  p e r  a c r e  i n c r e a s e  by 0 .01  
t o  1 .56 tons .  

- s o i l  l o s s e s  p e r  t o n  of r e s i d u e  r ange  
from 0 . 0 1  t o  0.92 tons .  

- g r e a t e s t  p e r  c e n t  i n c r e a s e s  may occur  
i n  'Northern P l a i n s .  

- g r e a t e s t  a c t u a l  i n c r e a s e s  may occur  
i n  Appalachian Regions and C a l i f o r n i a .  

- impact o f  c rops  v a r i e s  wi th  r e g i o n  
. and cropping p r a c t f c e s ;  

WORK REMAINING AND FUTURE STUDY . 

The model f o r  s h e e t  e r o s i o n  r e s u l t i n g  from biomass 
h a r v e s t i n g  and from c o a l  mining is  developed t o  
t h e  po in t  of q u a n t i f i c a t i o n  f o r  c a s e  a n a l y s i s .  
When t h e  c o a l  p o r t i o n  of t h e  s c e n a r i o  is  complete,  
e r o s i o n  from bo th  s o u r c e s  w i l l  be  compared w f t h i n  
each s c e n a r i o .  

Some c h a r a c t e r i z a t i o n  of sediment  d e l i v e r y  r a t i o s  
w i l l  be coupled w i t h  e s t i m a t i o n  of t h e  amounts of 
a t t a c h e d  phosphorus k d  n i t r o g e n  n u t r i e n t s .  By 
cons ide r ing  t h e  n u t r i e n t s  a s s o c f a t e d ' w i t h  inc reased  
choet: a m s i n n ,  r h ~  aquatic e f f e c t s  and l i k e l f h o o d  
of  e u t r o p h i c a t i o n ,  a s  w e l l  a s  t h e  e f f e c t s  from 
p a r t i c u l a t e  sed imen ta t ion  can be  considered.  

I n  t h i s  s t u d y ,  t h e  biomass inven to ry  i n  t h e  sce-. 
n a r i o  is  based on h i s t o r i c a l  crop and land-usc 
d a t a .  The economics of crop p roduc t ion  s t r o n g l y  
determine t h e  c rops  f i n a l l y  used f o r  biomass har- 
v e s t i n g .  Because I J ~  cconomica, i t  is expected 
t h a t  some crops  w i l l  be r ep laced  by o t h e r s  w i t h  a 
g r e a t e r  r e s i d u e  h a r v e s t i n g  v a l u e  and t h a t  marg ina l  
land w i l l  be brought  i n t o  product ion.  I n  t h e  
former c a s e ,  t h e  p a t t e r n  of s h e e t  e r o s i o n  from re-  
s i d u e  h a r v e s t i n g  would change and perhaps become 
exagee ra t ed .  I n  t h e  l a t t e r  c a s e ?  t h e  s e v e r i t y  of 
e r o s i o n  would g r e a t l y  i n c r e a s e ,  caus ing  extreme 
sediment and n u t r i e n t  l o a d i n g  t o  t h e  s t ream.  These 
f a c t o r s  a r e  r e l e v a n t  t o  an  a c c u r a t e  a n a l y s i s  and 
w i l l  be addres sed  i n  con t inu ing  s t u d i e s .  
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ABSTRACT 

Evaluat ion of y i e l d s  and c o s t s  of sweet sorghum and sugarcane product ion 
using narrow in te r row spacing y ie lded  favorab le  r e s u l t s  l ead ing  t o  a t e n t a t i v e  "go" 
d e c i s i o n  f o r  development of sweet sorghum a s  a n  energy crop.   sugarcane'^ limiLed 
geographical  range r e l e g a t e s  i t  t o  a secondary p o s i t i o n  f o r  now. Experimental 
product ion of sweet sorghum i s  being expanded i n t o  North Dakota ( long day l e n g t h  and 
s h o r t  growing season) and i n t o  Kansas and Nebraska drylands.  Farm Bureau t r i a l s  i n  
I l l i n o i s ,  Iowa, and Ohio w i l l  t e s t  farmer acceptance.  Grain sorghum-sweet sorghum 
hybr ids  t o  s t r e t c h  t h e  fermentat ion season a r e  being evaluated.  The b e n e f i t s  of 
narrow in te r row spacing n e c e s s i t a t e  t h e  development of i n t e g r a t e d  p l a n t i n g ,  
ha rves t ing ,  processing,  s t o r a g e ,  and convers ion systems. Developments o u t s i d e  t h e  
scope of t h i s  paper a r e  underway i n  t h e s e  a r e a s .  

Th i s  paper provides  a r e p o r t  on s e l e c t e d  a s p e c t s  
of a program t o  develop carbohydrate  c rops  a s  
sources  of f u e l s ,  i n  which approximately a dozen 
o rgan iza t ions  a r e  p a r t i c i p a t i n g .  B a t t e l l e  Columbus 
Div i s ion  a c t s  a s  t h e  program manager and spokes- 
o r g a n i z a t i o n  f o r  t h i s  d i v e r s e  team. The team's 
d i v e r s i t y  a r i s e s  from its many t e c h n i c a l  d i s c i -  
p l i n e s ,  range of o r g a n i z a t i o n a l  types  ( resea rch  
i n s t i t u t e ,  USDA, u n i v e r s i t i e s ,  eng ineer ing  com- 
pan ies ,  and c o n s u l t a n t s ) ,  and i ts geographical  
b read th  (Fig.  1 ) .  Due t o  space l i m i t a t i o n s  and t h e  
biomass product ion o r i e n t a t i o n  of t h i s  s e s s i o n ,  t h e  
p r o j e c t  team's a c t i v i t i e s  i n  s t a l k  p rocess ing ,  
ha rves t ing ,  sugar  s o l u t i o n  p rese rva t ion ,  e thano l  
p rocess  development, corn products ,  and p o l i c y  
s t u d i e s  can on ly  be  mentioned. Separa te  r e p o r t s  on 
t h e s e  a c t i v i t i e s  a r e  forthcoming. 

DESCRIPTION OF TASK 

The development of carbohydrate  crops a s  f u e l  
sources  invo lves  t h e  development of a f l e x i b l e  
system f o r  s o l v i n g  near-term technology problems 
and f o r  t r a n s f e r r i n g  t h e  s o l u t i o n s  t o  u s e r s .  
D i f f i c u l t  ques t ions  t o  be  answered include:  which 
s p e c i f i c  crops  s h a l l  be  grown, where, which process  
and convers ion systems,  how much f u e l  should b e  
produced, a t  what c o s t ,  who should develop and who 
should implement, and when? Although t h i s  t a s k  
i e s c r i p t i o n  appears  i n f i n i t e ,  economic and tech-  
n i c a l  r e a l i t i e s  s e r v e  t o  l i m i t  t h e  o b j e c t i v e s  . 
DBJECTIVES: COST AND PERFORMANCE TARGETS 

! gh carbohydrate  crops could b e  employed t o  
a u e l s  f o r  cooking, d ry ing  g r a i n ,  o r  home 
t.----..g, top  p r i o r i t y  has  been ass igned t o  l i q u i d  
notor f u e l s .  It is  t h e s e  f u e l s  t h a t  a r e  s u b j e c t  t o  

a r h i t r a r y  cur ta i l tnen t  and p r i c e  changes. 

A t e n t a t i v e  goa l  of one b i l l i o n  t o  t e n  b i l l i o n  
g a l l o n s  of replacement f o r  g a s o l i n e  o r  d i e s e l  f u e l  
has  been s e l e c t e d .  Although t h i s  w i l l  s o l v e  only 
approximately 10 pe rcen t  of t h e  problem, i t  i s  a 
worthwhile c o n t r i b u t i o n .  Ul t ima te ly ,  o t h e r  renew- 
a b l e  resources  ( e s p e c i a l l y  t r e e s )  can be expected 
t o  c o n t r i b u t e  s i g n i f i c a n t l y  more t o  t h e  s o l u t i o n  
of t h e  imported motor f u e l  problem, bu t  both t ime 
and t echno log ica l  r i s k s  a r e  involved.  Ethanol and 
methanol from carbohydrate  crops need t o  be  ready 
f o r  s a l e  a t  approximately $1  per  g a l l o n  and $0.65 
per  g a l l o n ,  r e s p e c t i v e l y .  These p r i c e s  a r e  no t  
compet i t ive  wi th  $0.56 pe r  g a l l o n  g a s o l i n e  from 
petroleum a t  $15.50 pe r  b a r r e l ;  b u t ,  by t h e  t ime 
s i g n i f i c a n t  numbers of  a l c o h o l  p l a n t s  have been 
b u i l t ,  $15.50 petroleum w i l l  be  a fond memory. I n  
s e t t i n g  performance t a r g e t s ,  e thano l  and methanol 
have a pre fe r red  p o s i t i o n ,  because t h e  1978 Energy 
Act s p e c i f i e d  a l c o h o l  f u e l s  f o r  exc lus ion  from 
f e d e r a l  e x c i s e  t axes .  However, any a l t e r n a t i v e s  
(such a s  ketone f u e l s )  must be  a v a i l a b l e  f o r  an 
equ iva len t  p r i c e ,  cons ide r ing  what they c o n t r i b u t e  
both i n  mileage and i n  oc tane  r a t i n g .  It i s  n o t  
s u f f i c i e n t  t o  have s i g n i f i c a n t  q u a n t i t i e s  of  
e thano l  and methanol a t  r e l a t i v e l y  reasonab le  
p r i c e s .  Those q u a n t i t i e s  and p r i c e s  must be 
a t t a i n e d  without  undue adverse  impacts on food 
p r i c e s .  

These goa l s  need t o  be  achieved on a t ime ly  b a s i s .  
The f u e l  system has  enough l a g s  i n  i t  t o  make two 
b i l l i o n  g a l l o n s  per  yea r  a very ambit ious  goa l  f o r  
t h e  yea r  1985. Attainment of 1 0  b i l l i o n  g a l l o n s  
of f u e l  per  yea r  by 1990 and 20 b i l l i o n  g a l l o n s  by 
t h e  yea r  2000 from carbohydrate  crops would 
r e q u i r e  an a l l -ou t  e f f o r t  t h a t  could be  achieved 
only by a c l e a r  mandate t o  i n d u s t r y ,  s q l i d  f inan-  
c i a l  backing, and a r a p i d  d e t e r i o r a t i o n  i n  t h e  
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a>.-,--bility of petroleum. These a r e  'not p l e a s a n t  
c i rcumstances ,  bu t  t h e  DOE Biomass Energy Systems 
program would n o t  be  fulfill in^ i t s  mission i f  
such coilLi11gencies were n o t  planned f o r .  

I f  1 0  b i l l i o n  g a l l o n s  of e thano l  a r e  r e q u i r e d ,  i t  
would b e  necessary t o  use  t h e  g r a i n  from about  38 
m i l l i o n  a c r e s  of land t h a t  has a reasonably high 
p roduc t iv i ty  (100 bushels  per a c r e ) .  Twenty-one 
m i l l i o n  a c r e s  of sugar crop land would be  neces- 
sa ry  t o  achieve a 10 b i l l i o n ' g a l l o n  goa l ,  provided 
t h a t  t h e  land were h igh ly  product ive (3 .5  tons  per 
a c r e  of fermentable  sugars ) .  To put  t h e s e  numbers 
i n t o  pe r spec t ive ,  c u r r e n t  U.S. cropland t o t a l s  
approximately 330 m i l l i o n  a c r e s .  Thus, d i v e r s i o n  
of approximately 1 0  pe rcen t  of U.S. cropland t o  
carbohydrate  crops f o r  f u e l  product ion could l e a d  
t o  achievement of t h e  goal .  The need f o r  an a g r i -  
c u l t u r a l  technology development program and a 
program t o  improve f u e l s  product ion from carbo- 
hydrate  crops a r i s e s  from t h e  f a c t  t h a t  such a 
d i v e r s i o n  would have an adverse  impact on food 
p r i c e s .  The goa l  of t h e  program then i s  t o  reduce 
t h e  adverse  impact by inc reas ing  t h e  q u a n t i t y  of 
fermentable  sugars  ob ta inab le  from each a c r e ,  
reducing t h e  q u a l i t y  of land requ i red  f o r  carbohy- 
d r a t e  crops,  and improving t h e  o v e r a l l  economics 
of f u e l s  product ion from carbohydrate  crops.  

APPROACH 

I f  we want t o  win ballgames, t h e  f i r s t  s t e p  i s  t o  . 
b u i l d  up a winning team. Ever s i n c e  t h e  o r i g i n a l  
systems s t u d i e s  ind ica ted  a need f o r  f u e l s  from 
carbohydrate  c rops ,  a major a c t i v i t y  of t h e  . 
B a t t e l l e  program has  been t o  b u i l d  a knowledgeable 
team t h a t  is  indigenous t o  t h e  reg ions  where t h e  
s e l e c t e d  crop could b e  grown (Fig.  1 ) .  The team 
members n o t  only understand t h e  problems of 
i n c r e a s i n g  y i e l d s  and expanding acreage i n  t h e i r  
own reg ions ,  bu t  a l s o  have c o n t a c t s  wi th  farmers  
and o t h e r  elements of ag r ibus iness  t o  t r a n s f e r  new 
technology a s  i t  comes along.  

The p o t e n t i a l  of t h e  va r ious  carbohydrate  crops t o  
achieve t h e  ambit ious  goa l s  ou t l ined  above has  been 
evaluated.  Cruc ia l  problems and b a r r i e r s  have been 
and a r e  being i d e n t i f i e d .  Conceots are being geu- 
o ra tcd  t o  uvercbme t h e s e  problems and b a r r i e r s .  
The concepts  t h a t  wi thstand i n i t i a l  c r i t i c a l  and 
s k e p t i c a l  eva lua t ion  a r e  subjected t o  f i e l d  t e s t i n g  
s o  t h a t  conclusions  and recommendations can be  made 
and implemented. 

KEY RESULTS AND ACCOMPLISHMENTS 

Whether g r a i n  o r  sugar crops a r e  used a s  t h e  source  
of fermentable  sugars ,  biomass raw m a t e r i a l  c o s t  i s  
t h e  preponderant c o s t  component. The need Lu pay 
d e p r e c i a t i o n ,  i n t e r e s t ,  and o t h e r  c a p i t a l  charges  
and t h e  need t o  r e t u r n  a p r o f i t  i n  t h e  form of a 
r e t u r n  on investment c o n s t i t u t e  the ' second  l a r g e s t  
comDonent. The c o s t  of fermentat ion,  d i s t i l l a t i o n ,  

:her p rocess ing  i s  smal l ,  compared with  raw 
I .a1 and c a p i t a l  charges ,  Although e i t h e r  d r y  
o r  wet m i l l i n g  of g r a i n  i s  r e l a t i v e l y  inexpensive,  

processing of s t a l k  crops such a s  sugarcane o r  
sweet sorghum r e q n i r e s  n heavy c a p i t a l  investment.  
Steam requ i red  f o r  d i s t i l l a t i o n ,  s t i l l a g e  d ry ing ,  
and o t h e r  process  a c t i v i t i e s  must be  generated 
e i t h e r  from biomass o r  from c o a l ;  o therwise ,  an 
i n o r d i n a t e  amount of f o s s i l  energy i s  consumed i n  
t h e  manufacture of e thano l .  A steam genera t ing  
f a c i l i t y  based on a g r i c u l t u r a l  r e s i d u e s  has  a 
c a p i t a l  c o s t  roughly double  t h a t  of a f u e l  o i l  
f a c i l i t y ,  and a c o a l  steam p l a n t  i s  approximately 
four  t imes a s  c o s t l y  a s  a f u e l  o i l  p l a n t .  
For tuna te ly ,  t h i s  bad news on e thano l  c o s t s  i s  a t  
l e a s t  p a r t l y  o f f s e t  by r a p i d l y  d e c l i n i n g  es t ima tes  
of t h e  q u a n t i t y  of steam requ i red  t o  d i s t i l l  
e thano l .  I n  t h e  p a s t  2 y e a r s ,  e s t ima tes  have 
decreased from approximately 50 pounds of steam t o  
approximately 22 pounds of steam per  g a l l o n  of 
f u e l  e thano l .  P ressure  d i s t i l l a t i o n  accounts  f o r  
most of t h i s  dec rease .  

For a given f a c i l i t y ,  t h e  l eng th  of t h e  e thano l  
product ion season has  a h igh ly  s i g n i f i c a n t  impact 
on e thano l  c o s t .  The c o s t  of sugarcane-derived 
e thano l  can vary from $1.20 pe r  ga l lon  wi th  a 330- 
day season t o  $1.94 per  g a l l o n  wi th  a 90-day 
season. 

Our a g r i c u l t u r a l  economics and processing s t u d i e s  
i n d i c a t e  t h a t  a t t a inment  of 1 0  b i l l i o n  g a l l o n s  of 
e t h a n o l  from carbohydrate  crops can b e  achieved a t  
r easonab le  food p r i c e  l e v e l s  only by u t i l i z i n g  
s e v e r a l  complementary biomass resources .  
Sugarcane has  a superb y i e l d  i n  i t s  t r o p i c a l  and 
s u b t r o p i c a l  h a b i t a t s ,  bu t  l i t t l e  of t h e  United . 
S t a t e s  has  t h e  a p p r o p r i a t e  c l ima te .  We need a 
sugarcane- l ike  crop t h a t  w i l l  grow over a wide 
geographical  range. Sweet sorghum, which is a 
crop now grown f o r  t h e  product ion of pancake 
syrups,  has  many (bu t  n o t  a l l )  of t h e  d e s i r e d  
a t t r i b u t e s .  

High y i e l d s  of sweet sorghum can be  obtained over  
a wide range of geographical  l a t i t u d e s  and 
c l ima tes .  A s  would be  expected f o r  a member of  
t h e  hardy sorghum family,  t h i s  crop is  n o t  n e a r l y  
a s  s e n s i t i v e  t o  drought o r  f r o s t  a s  is  sugarcane 
o r  corn. However, sweet sorghum is  no panacea. 
It has  a s h o r t  h a r v e s t i n g  and p lucess ing  season,  
which w i l l  impose working c a p i t a l  problems, even 
i f  t h e  t e c h n i c a l  problems of t h e  p e r i s h a b i l i t y  of 
i t s  s t a l k s  and raw j u i c e  a r e  overcome. It is 
expected t h a t ,  when sweet sorghum is fermented and 
d i s t i l l e d ,  i ts  s t i l l a g e  w i l l  resemble t h a t  which 
is  obtained from molasses ,  and d i spos ing  of i t  
would be  d i f f i c u l t ,  whereas t h e  s t i l l a g e  from corn 
fermentat ion is  an asset due t o  i t s  $128 per  ton  
p r i c e  a s  an animal f eed .  

A major emphasis i n  t h i s  program has  been on 
i n c r e a s i n g  t h e  y i e l d o  of sLalk crops by narrow 
in te r row spacing.  Conventional sugarcane and 
sweet sorghum agronomic p r a c t i c e s  use  rows t h a t  
a r e  approximately 5 t o  6 f e e t  a p a r t ,  s o  t h a t  con- 
v e n t i o n a l  h a r v e s t i n g  and p l a n t i n g  equipment can be  
employed. S tud ies  conducted by B a t t e l l e  and i ts 
subcon t rac to r s  and cocon t rac to r s  i n d i c a t e  t h a t  
sweet sorghum y i e l d s  can be  inc reased  40 t o  100 
pe rcen t  and sugarcane y i e l d s  can be  inc reased  40 



t o  50 percent  by narrow in te r row spacing. Por 
example (Fig. 2 ) ,  a t  Be l le  Glade, F lor ida ,  t h e  
y i e l d  of sweet sorghum was roughly doubled, a s  was 
t h e  y i e l d  of t o t a l  sugars ,  when t h e  rows were 
about 1.5 f e e t  a p a r t ,  ins tead  of approximately 3 
f e e t  a p a r t .  The importance of s e l e c t i n g  t h e  appro- 
p r i a t e  c u l t i v a r *  f s  shown a l s o  i n  Fig. 2. Not only 
does Roma give a much lower y i e l d  than does Wray, 
b u t  t h e  favorable  e f f e c t  of narrow interrow spacing 
is  no t  pronounced with Roma. 

A s  exce l len t  a s  these  sweet sorghum biomass and 
sugar  y i e l d s  were a t  Be l le  Glade, they were only 
h a l f  a s  g rea t  a s  what was obtained with sugarcane 
a t  t h e  same l o c a t i o n ,  The advantages of growing 
sweet sorghum i n  a r e a s  t h a t  a r e ' a l s u  amenable t o  
6ugarcar.e growth a r e  t h a t  cheaper land may be  used 
and, because t h e  sweet tl~rghlua prncessing season 
precedes t h e  sugarcane season, t h e  processing aild 
conversion f a c i l i t i e s  may be a b l e  t o  funct ion over 
a more e*eended scanon , ,  

Resu l t s  f o r  sweet sorghum a t  a l l  of our t e s t  loci+ 
t i o n s  a r e  presented i n  Table 1. These maximum 
biomass y i e l d s  a r e  f o r  small  p l o t s ,  and lower 
y i e l d s  would be expected f o r  commercial p lan t ings .  
On t h e  o ther  hand, improved c u l t i v a r s  and n u t r i e n t  
p r a c t i c e s  may tend t o  b r i n g  t h e  y i e l d s  back up 
toward these l e v e l s .  

For comparison, sugarcane a t  t h r e e  l o c a t i o n s  (Table 
2) showed much higher  y i e l d s  of d ry  biomass and 
fermentable sugars .  The d i f f e r e n c e  between Baton 
Rouge and Houma, Louisiana y i e l d s  a r i s e s  from d i f -  
ferences i n  research  methodology. The Baton Rouge 
experiments were d i r e c t e d  toward adapta t ion  of con- 
ven t iona l  p lan t ing  and harves t ing  equipment, while  
t h e  Houma experiments were designed s p e c i f i c a l l y  t o  
achieve genuine e q u i d i s t a n t  spacing. Thus, t h e  
goal  of t h e  Houma experiment was t o  explore t h e  
upper l i m i t  of sugarcane production i n  Louisiana, 
whereas the  Baton Rouge experiment was designed t u  
determine t h e  e f f e c t  of compromising t h e  i d e a l  t o  
f a c i l i t a t e  commercialization. 

Ta nhtafn high y i e l d s  of fermentable sugars ,  i t  is 
necessary t o  supply t h e  p l a n c ~  with c ~ r r e s p o n d i n g l y  
l a r g e  amounts of water and n u t r i e n t s .  Fortunately,  
t h e  sugar s t a l k  crops do not  requ i re  a s  much n i t r o -  
gen f e r t i l i z a t i o n  a s  do g r a i n  crops,  because l e s s  
p ro te in  is manufactured i n  the  s t a l k  crops. Before 
taking i n t o  account byproduct c r e d i t s  t h a t  a r e  
expected t o  be between $0.20 and $0.35 per ga l lon  
of ul'hnnol, the fe rnen tab le  sugars  c o s t  component 
of e thanol  is  l i k e l y  t o  be beewoun $0~66 and $1.20 
per  gal lon.  A t  b e s t ,  these  es t imates  lead t o  
ethanol  t h a t  s e l l s  f o r  $1  per gal lon and, a t  worst ,  
$2 per gal lon.  Furthermore, t h e  cheapest e thanol  
is l i k e l y  t o  c o n s t i t u t e  only a f r a c t i o n  of t h e  
t ~ t a l  e thanol  t h a t  could be manufactured from these  
sources. A r e a l i s t i c  viotrpofnt 5s t h a t  a l l  of our 
replacements f o r  imported petroleum a r e  going cu be 
expensive when produced i n  l a r g e  q u a n t i t i e s ,  and 
ethanol  w i l l  not  be  an exception. 

* Agronomists r e f e r  t o  s p e c i a l l y  bred v a r i e t i e s  a s  
"cu l t ivars"  . 

The Tilby process  separa tes  sweet sorghum, sugar- 
cane, o r  o ther  s t a l k  crops i n t o  two major f rac -  
t ions :  the  p i t h  which contains  t h e  fermentable 
sugars  des i red  f o r  e thanol  production, and r ind  
f i b e r s  i n  t h e  form of segments o r  s t rands .  The 
process p r i n c i p l e  is shown schematical ly  i n  F ig .  
3.  It is w e l l  s u i t e d  f o r  small-scale  use. 
The FY 1978 program a t  B a t t e l l e  Columbus Labora- 
t o r i e s  conducted f o r  DOE involved operat ion of a 
15-ton-per-hour Ti lby C-10 separa tor  p i l o t  p l a n t  
a t  Clewiston, F lc r ida .  Sugarcane was used a s  t h e  
s t a l k  feedstock,  but  t h e  process was a l s o  demon- 
s t r a t e d  on sweet sorghum s t a l k s  from which t h e  
leaves  had been s t r ipped  by hand. 

The organizat ion of the  p r o j e c t  team was a s  
fol lows;  Datto1J.e Columbus Laboratories  was t h e  
o v e r a l l  program manager. Ander-Cane, Ine. assem- 
bled and operated t h e  s talk-processing f a c i l i t y  
using some equipment purotiooed f rum In te rcane ,  
Inc. and some donated by t h e  U.S. Department Of 
Agr icu l tu re ' s  Be l le  Glade Experiment S ta t ion .  
Intercane,  Pnc. developed the  Ti lby separa tors ,  
key alignment equipment, and woo <he source of , 
t echnica l  information on t h e  process. Noeltner 
and Associates  developed t h e  s t rand  board sub- 
s t i t u t e  f o r  plywood and prepared samples derived 
from t h e  Ti lby f i b e r  output.  Joseph E. Atchison 
Consul tants ,  Inc. inves t iga ted  t h e  markets f o r  t h e  
f ib rous  coproducts and performed p a r t  of t h e  
eva lua t ion  of t h e  p i l o t  p lan t .  F. C. Schaffer  and 
Associates ,  a major engineering and cons t ruc t ion  
organizat ion t h a t  b u i l d s  sugar mills and a lcohol  
f a c i l i t i e s ,  developed c o s t  es t imate  comparisons of 
the  T i lby  process with conventional processes. 
This r a t h e r  complex team was employed i n  t h i s  
c r i t i c a l  evaluat ion because of i ts  c a p a b i l i t i e s  
and because of i t s  a b i l i t y  to  t r a n s f e r  t h i s  tech- 
nology t o  t h e  p r i v a t e  sec tor  with minimal delay.  

The following t e n t a t i v e  conclusions arose from t h e  
FY 1978 c r i t i c a l  evalpat ion:  (1) t h e  p i t h  and 
r ind f i b e r s  obtained from sugarcane and sweet 
sorghum appear promising on technica l  and economic 
bases; (2 )  some method t o  remove sweet sorghum's 
leaf  sheath must be developed before  the  Ti lby 
C-10 separa tor  can be used with sweet sorghum; 
(3) t h e  s a i t t e r s  on the  C-10 s t a l k  separa tor  a r e  
underpowered, and the mechallicm f o r  sl i t t i n g  of 
the  r ind segments i n t o  s t r a n d s  needs t o  be 
redesigned; (4) although the  s p e c i f i c  low-cost 
de t rash ing  system employed i n  t h i s  program i s  both 
i n e f f i c i e n t  and i n e f f e c t i v e ,  a nore sophis t i ca ted  
system t h a t  In te rcane  has designed might w e l l  
overcome these problems; (5) the  c a p i t a l  invest-  
a e n t  f~. l r  a facj.l . ity t h a t  uses t h e  Ti lby C-10 
separa tors  i n  place of canvulltiori3Z r!lgar m i l l . -  
probably would not be l e s s  than conventional sugar 
m i l l s ,  bu t  a higher-valued product mix would be 
obtained; (6) the  smaller  C-5 Tilby separa tor  
could process sweet sorghum s t a l k s  e f f e c t i v e l y  and 
would requ i re  l e s s  detrashing than the  C-10 
device; (7) i f  the  prvduccr is  w i l l i n g  t o  forego 
making plywood s u b s t i t u t e s ,  the  Ti lby C-5 system 
might tie scaled up t o  produce f u e l s  with a muc 
smaller  c a p i t a l  investment; (8) the  economies 
s c a l e  i n  t h e  Ti lby system a r e  smaller than witn 
conventional s t a l k  processing equipment; there- 
f o r e ,  smaller  m i l l s  c l o s e r  t o  the suurce of s i~pply  
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f o r  Two S w e e t  S o r g h u m  C u l t i v a r s  a t  
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Fig. 3. Ti lby S e p a r a t o r  Process 

Table 1. Results f o r  S w e e t  S o r g h u m  a t  A l l  
Test Locations 

SWEET SORGHUM 
P t P  .2 

MAXIMUM MAXIMUMTOTAL 
BIOMASS YIELD SUGAR YIELD 

LOCATION CULTIVAR (r/HAl IT/HAI 

1EUE GLADE. FL WRAY 28.5 8.8 

Table 2. Results f o r  S u g a r c a n e  a t  Throe 
Locations 

SUGARCANE 

MAXIMUM BIOMASS MAXIMUM TOTALSUGAR 
YIELD IT/HAl YIELD V/HAt 

LOCATION PLANT CROP RATOON PLANT CROP RATOON 

NEELACO. TX SART 50.0 B A BELU Q L A D ~  CL 60.0 60.0 30.8 26.0 

IATON ROUGE. LA WRAY 28.8 8.6 EATON ROUGL LP 40.0 36.8 17.7 26.0 

I U. MS M N  1 SO0 22.4 7.7 
(MER 60-21 MOUMA LA 61.2 - 21.1 - 

:OLUMBUS, OH WRAY 22.3 6.5 



appear feasible.  

This c r i t i c a l  evaluation led  to  the  r e c d a t i o n  
t h a t  DOE-funded Tilby development emphaiize C-5- 
type Tilby separator system for  use with m e t  
sorghum, sugarcane, and grain sorghum. Not only 
does the C-5-type system appear more suited f o r  
DOE'S purposes, but it a lso  avoids theemore expen- 
s ive  cap i t a l  investments of the C-10 system. 

Intercane is redesigning the  C-10 and is alter- 
its detrashing system t o  include root removal. 
BCL recomnends that  investigation of the (2-10 
system be shelved u n t i l  a revised system incor- 
poratkag thsee changes is available for  demanstra- 
t ion o r  u n t i l  compelling reasons a r e  advanced tha t  
DOE should invest  in such a f ac i l i ty .  Thie daci- 
sion should not be rwlstrued as a r e j e c t i a  e t  the 
C-10 strandboard system f o r  uee by those i n  the  
private sector who a r e  interested in manufacturing 
plywood substi tutes.  

Another task report  by Bat te l le  Columbus Division 
presents the  r e su l t s  of a study of the  f eas ib i l i ty  
of making corn grain available f o r  conversion in to  
motor fue l  ingredienrs (e.g., ethanol) without 
undue disruption of the pr ice  s t ructure  for  beef 
and other meat products tha t  a r e  now dependent on 
inexpensive corn grain. Corn grain fo r  c a t t l e  
feeding would be replaced by corn stover ( the 
s ta lks ,  cobs, and other l ignocellulosic portions 
of the corn plant) ,  a byproduct of ethanol fermen- 
ta t ion from corn grain. Thus, the unique capa- 
b i l i t y  of ruminant animals t o  use cellulose a s  the 
carbon source fo r  meat production could be 
exploited, and, as  a r e su l t  of ethanol fermenta- 
t ion,  the protein contained in the corn grain and 
in the yeast  could be used f o r  l ivestock 
production. 

The primary objective of the research program was 
t o  evaluate the potential  technical f eas ib i l i ty  
and economic for systems involving 
replacement of corn grain with corn stover and 
DDGS. The study includes a rather detailed evalu- 
a t ion of the cost  of ethanol from corn grain, 
using conventional dry milling and fermentation 
technology. 

The consumption of corn grain by c a t t l e  now occurs 
primarily i n  feedlots where high dai ly  weight 
gains a re  required. The nutr i t ional  value (e.g., 
metabolizable energy) of stored corn stover i n  
m i x t t i r c . ~  with RDGS would not sa t i s fy  the needs of 
feedlot operators. Upgrading of cotn sLuver by 
the  Iotech Process, Purdue Process, o r  a l k a l i  
could increase the nutr i t ional  value but a lso  
would increase the  cost of the cellulose material. 
I n i t i a l  estimates of nutr i t ional  improvements 
afforded by these processes do not appear t o  
correct the deficiencies of corn stover enough to  
offse t  the processing costs; however, these theo- 
r e t i c a l  estimates need to  be tested by feeding 
experiments. 

The production of even one b i l l i o n  gallons of 
ethanol from corn grain in Midwestern s t a t e s  lwould 
lead to  six times the present production of DDGS. 
This addit ional DDGS would compete with soybean 

meu,  aepressing prices f o r  the soybean fewers .  
A t  the same t i m e ,  the price of corn would be 
expected t o  r i s e ,  perhaps as high as $3 per bushel 
from a base of $2.27 per bushel. Became of theae 
d ras t i c  anticipated changes i n  corn and soybean 
prices through implementation of th i s  system, 
a t t r ac t ive  beef prices may not resul t .  
Furthermore, the r i s e  i n  corn grain prices aPd 
decline in DDGS prices a re  the  opposite of what is 
needed for  production of inexpensive ethanol from 
corn grain. 

The anticipated adverse price effects  of implem~azlt- 
i ag  t h i s  concept a r e  based on classical pr ice  elas- 
t i c i t y  theory. These effects  may not be observed 
in practice if l U  formerly devuLd Lo eoybcan 
production could be ut i l ized t o  grow additional 
Born. 

Batte l le  has jus t  completed a research program 
a t i t l e d  "Idantifieation of Key Policy Issues, 
Uternativeo, end Xmplfrntions Relating t ; ~  Energy 
from Biomass". Some possible a l ternat ive  energy 
policies were suggested. The implications of these 
alternatives r e l a t ive  t o  potential  costs and bene- 
f i t s  t o  the carbohydrate crop industry and U.S. 
taxpayers were examined. 

One factor complicating the production of energy 
from biomaes materials is that  some forme of bio- 
mass, such as  sugar crops and corn, contribute t o  
the  nation's food production. Use of these crops 
a s  an energy resource material meets with resis-  
tance from sorae observers who fear  that  U.S. food 
production capabi l i t ies  could be threatened. 
However, during the  periods of more than ample 
supplies and concurrent low prices for  agriculture 
commodities, the U.S. taxpayer has subsidized crop 
producers in order that  they might receive a 
"fair" income for thei r  production. For example, 
i n  1977 government payments to. producers fo r  the 
farm programs totaled $1.2 bi l l ion.  Over the l a s t  
13 years government payments to  producers have 
averaged $1.5 b i l l ion  in r e a l  dollars.  Several 
persons have suggested that  there a re  a l ternat ive  
uses fo r  the money going in to  the farm subsidy 
programs that  might be more beneficial  to the U.S. 
taxpayers and agr icul tura l  producers. 

Various policy incentives programs have been sugr 
gested in Congress and elsewhere to  stimulate bio- 
mass energy production and minimize dis tor t ions  in 
the economy. Bat te l le ' s  work suggests that  the 
production of b i l l ions  of gallons of ethanol would 
requitc a a i g n i f i c a n ~  pcl~ceucaam nf the current: 
production of carbohydrate crops. The diversion 
of carbohydrate crops away from t radi t ional  food 
and feed uses would mean changes i n  the prices of 
agr icul tura l  products. Other obstacles also a re  
present, including the development of ef f ic ient  
harvesting equipment, for development of high 
yielding var ie t ies ,  and the development of multiple 
input crop processing and fermentation f a c i l i t i e s .  
Policy incentives can help t o  minimize the various 
economic and ins t i tu t iona l  obstacles present1 - - - 
dering the development of fuels  from biomass 
systems; however, the policy alternatives shGULu "4 

related d i rec t ly  toward the most severe obstacles. 



Lthough there are anecdotal reports of qualita- 
ively high yields of sweet sorghum in various 
Ktreme environments, an important first step is 
J test its geographical range. For this reason, 
Jrth Dakota State University, Kansas State Uni- 
zrsity, and the University of Nebraska have been 
rought into the program in order to determine the 
Efects of short season, long-day length, and 
ryland conditions on several varieties of sweet 
~rghum. Commercial growers of corn and soybeans 
n Iowa, Illinois, and Ohio also are testing sweet 
~rgnum varieties to determine whether standard 
gricultural equipment and practices will provide 
~ o d  yields. These evaluations are being coordi- 
sted by the Farm Bureaus of tne respective states, 
nich have many thousands of farmer members to 
nom the technology can be transferred rapidly. 

ne need for a long fermentation season to achieve 
~w ethanol costs highlights the need for genetic 
nprovement. Dr. Fred Miller of the Texas ALM 
niversity has been experimenting with hybrids of 
rain sorghum and sweet sorghum, and these hybrids 
re being added to the program. Fermentable 
ugars in the stalk can provide in-season fermen- 
ation raw materials, while the starch stored in 
ne grain head can stretch the season. The woody 
ibers can be used either for fuel or for plywood 
ubstitutes. 

he introduction of a major new crop may require 
ew planting and harvesting equipment. In par- 
icular, the sweet sorghum leaf does not wither 
nd fall off, as does the sugarca'ne leaf. It is 
ecurely fastened to the stalk with a leaf sheath 
hat would jam a C-10 Tilby machine and decrease 
he effective throughput of conventional sugar 
rop stalk processing units. Modification of the 
-5 Tilby unit and the.development of a new 
ro.cessing system that does not require leaf 
emoval will be undertaken to overcome these 
roblems . 
reservation of sweet sorghum or sugarcane juices 
ithout energy-intensive evaporation is an impor- 
ant item requiring 'future work. Considerable 
rogress has been made at B,attelle in a juice 
reservation process, for which patent rights are 
eing assigned to the Department of Energy. 

ost evaluations of grain processing up to now 
ave pertained to dry milling of grain and sale of 
11 the byproducts as one animal feed called dis- 
illers' dry grains with soluble~. As Carroll 
eim pointed out at a recent American Chemical 
ociety meeting 111, wet milling of starchy crops 
rovides the opportunity to obtain byproduct 
redits of corn oil, corn and gluten meal, and 
heir lyproducts. fie glucose output of this kind 
f facility is suitable for use in tower 
ermenters. Integration of wet milling of starch 
rops with ethanol production could have a highly 
avorable impact on ethanol costs, especially for 

inttial producers. 

Motor fuels that contain at least 10 percent alco- 
hol of biomass origin are not subject to the $0.04 
per gallon federal excise tax. This provision of 
the Energy Act includes not only ethanol, but also 
methanol. Battelle's early studies included metha- 
nol from fibrous and leafy residues of sugar crop 
processing [ 2 ] .  Methanol did not appear to be very 
attractive from this source, because large facili- 
ties were considered necessary to achieve economies 
of scale and because forest residues appeared to be 
cheaper. Furthermore, the opportunities to produce 
plywood substitutes from these residues appeared 
quite attractive. The development of the multi- 
solid fluidized bed [3]  as a means to make compact 
gasifiers that do not require oxygen facilities and 
the institution of incentives for metnanol produc- 
tion bring methanol back into the picture for stalk 
crops. With stalks delivered to a central loca- 
tion, there are opportunities to integrate the 
production of ethanol with methanol, so that heat 
generated, but not fully consumed, in the gasifi- 
cation process can be used in the distillation of 
ethanol or in the evaporation of water from still- 
age or fermentable sugar solutions. 

A nagging problem that could be converted into an 
opportunity is the need for disposing of stalk crop 
stillage. This product has only approximately 10 
percent protein and is almost 40 percent soluble 
salts. Much of the valuable potash that is 
.extracted from the soil by the plant is in the 
stillage. The high biochemical oxygen demand of 
stillage renders it a disposal problem, and at 
least 10 gallons of stillage is.produced for every 
gallon of fuel ethanol. These factors have an 
adverse impact on commercialization decisions, 
because the technology does not exist to dispose of 
the stillage economically. The ideal recovery 
process would be one in which a protein-rich con- 
centrate is obtained after separating the potassium 
salts for return to the soil. Alternatively, a 
facility that processed both stalk crops and grain 
could blend off at least some of the stalk crop 
stillage. The nutritional performance of such 
blends needs to be evaluated. 

CONCLUSIONS 

Carbohydrate crops have a significant role to play 
in an overall United States program to obtain 
liquid motor fuels from biomass. The total demand 
for motor fuels is so large that other resources, 
such as trees, also must make a large contribution. 
Sweet sorghum has been selected for development as 
an energy crop for the United States, but its 
shortcomings are also recopizei. Yields and costs 
are being improved by narrow interrow spacing, and 
the geographical range is being tested by planting 
in various extreme environments. The genetic 
potential of the sorghum family is being tapped by 
making hybrids of sweet sorghum with grain sorghum, 
and improvements in stalk processing and ethanol 
production are leading to cost reductions and valu- 
able byproducts. Americans should not expect that 
ethanol will be an inexpensive motor fuel; however, 
they can expect that this fuel will be available as 
the price of petroleum rises and the future 



availability of imported petroleum becomes ever 
more dubious. The U.S.' recent experiences with 
gasoline shortages indicate that availability of 
motor fuel is more important to the American 
motorist than its price. 
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WSTRACT SITE AREA SELECTION 

In support to the Fuels from Biomass Systems 
3ranch, MITREIMetrek has developed an implementa- 
:ion plan for the installation and operation of a 
?ilot Silvicultural Biomass Farm of about 600 
xres at the Savannah River Plant, South Carolina. 
b e  project included a comparative assessment of 
lesigns using either a trickle irrigation system 
2r a traveling sprinkler system. Installation 
:osts, operating costs, biomass production costs, 
let energy efficiency and sensitivity to design 
Jarameters were compared for the two designs. 
R e  trickle irrigation system is recommended for 
the Savannah River project: installation costs 
Eor this system are estimated to be $1.1 million, 
~perating costs are estimated at $7.5 million for 
the 23 year lifetime of the project, biomass pro- 
Suction cost is projected to be $2.25/MM Btu for 
a large scale farm based on the Savannah River 
Jroject design and the net energy efficiency is 
estimated to be 0.91. The selection of the 
trickle system results from site specific condi- 
tions at the Savannah River Plant which may not 
Je found elsewhere. 

INTRODUCTION 

;i.lvicultural biomass energy farms are one of the 
~ptions being considered as a long term source of 
Euel/feedstock. An extensive research program 
sponsored by the Department of Energy (DOE) is 
presently underway to develop the basic data 
required to implement energy farms -- selection 
~f species, duration of rotations, biomass har- 
vesting and handling, etc. There is a need, how- 
ever, for pilot scale experiments to test new farm 
nanagement techniques and new equipment and to 
generate the cost data needed to evaluate the 
economic'potential of silvicultural energy farms. 
!fITRE/Metrek has assisted the Fuels from Biomass 
Systems Branch of the DOE in planning and design- 
ing such a pilot silvicultural biomass farm 
(PSBF). This work is a continuation of the ori- 
inal MITRE study on silvicultural energy farms 
el] and is discussed in two recent reports [2.3]. 
The program included four tasks: selection of a 
specific site for the pilpt project, design and 
planning of the PSBF and estimates of installa-' 
tion and operation costs for the project. These 
tasks are discussed below. 

The criteria adopted for selecting a site area 
for the pilot project included: a minimum of 20 
co 25 inches of precipitation annually, the avail- 
ability of arable land and the existence of ter- 
rain of no more than 30 percent grade. Because 
of the experimental nature of the PSBF and the 
desire to test a wide range of operating condi- 
tions, the availability of water for irrigation 
and the proximity of research facilities and per- 
sonnel familiar with the site area were also 
considered desirable. DOE'S Savannah River Plant 
(SRP) located near Aiken, South Carolina, meets 
these criteria and was selected as a site area 
for the PSBF. The SRP is attractive because of 
its location, size, multiple goal land use plan, 
existing research facilities and staff and because 
it is under DOE control. A word of caution 
regarding the selection of the SRP is however 
necessary: it may be difficult to extrapolate 
research findings from the SRP to other sites 
the Southeast because of its unique location in 
the sand hills of the Upper Coastal Plain. 

FARM SITE SELECTION 

Four alternative sites were proposed at the SRP. 
This choice was based on site quality and suit- 
ability for hardwood culture and on compatibility 
of biomass farming with other site uses. The 
Jackson site was selected for establishment of 
the PSBF. The general characteristics of this 
site are: fertile soil suitable for hardwoods, 
high productive potential, water availabilit 
nearly level terrain and easy accessibility ti]. 

LAYOUT AND DESIGN 

Because of the pilot nature of the project, it 
was decided that the PSBF design would include 
the capability for irrigation during a full six- 
year rotation. This is in contrast with the con- 
ceptual design proposed by MITRE for large scale 
farms in which irrigation is only provided during 
the first three years of a six-year growth cycle 
[I]. Early estimates indicated that irrigation 
would be a major component in the capital and 
operating costs of the PSBF. A comparative 
assessment of two designs, one including a trick- 
le irrigation system, the other including a 
traveling sprinkler system, was performed to se- 
lect the dcsign most appropriate for the PSDP. 
The design characteristics for the PSBF are sum- 
marized in Table 1. 



Each i r r i g a t i o n  sys tem h a s  s p e c i f i c  f e a t u r e s  
which w i l l  impact on t h e  l a y o u t  and c a p i t a l  and 
o p e r a t i n g  c o s t s  o f  t h e  PSBF. The t r i c k l e  sys tem 
is easy  t o  manage and o p e r a t e  and r e s u l t s  i n  low 
o p e r a t i o n  and maintenance (O&M) c o s t s .  The t r i c k -  
l e  sys tem does  n o t  r e q u i r e  i r r i g a t i o n  l a n e s  and, 
t h e r e f o r e ,  f o r  a  g iven  l a n d  a r e a ,  abou t  s i x  per- 
c e n t  more a r e a  can be  p l a n t e d  than would b e  t h e  
c a s e  f o r  a  t r a v e l i n g  s p r i n k l e r  system. The t r i c k -  
l e  system a p p l i e s  w a t e r  d i r e c t l y  t o  t h e  v i c i n i t y  
o f  t h e  p l a n t s  r o o t  sys tem and, t h e r e f o r e ,  u s e s  
w a t e r  more e f f i c i e n t l y  than  t h e  s p r i n k l e r  system. 
F o r  dense  p l a n t i n g s ,  however, t h e  c a p i t a l  c o s t  o f  
t h e  t r i c k l e  sys tem w i l l  b e  h igh  because  of t h e  
c o s t  a£ t h e  d r i p  t u b i n g  i n s t a l l e d  a long  each row 
o f  t r e e s .  For  t h i s  r eason ,  a 8' x 2 '  (8' between 
rows) p l a n t i n g  p a t t e r n  was. proposed f o r  t h e  PSBF 
r a t h e r  t . 11~~1  t h e  moro aonventi.ona.l. 0' x 4' pattern, 
Rever t ing  t o  a  4' x 4'  p a t t e r n  would i n c r e a s e  t h e  
c a p i t a l  c o s t  of  t h e  t r i c k l e  sys t em by about  $230 
p e r  p l a n t e d  a c r e .  The impact o f  t h i s  change i n  
p l a n t i n g  p a t t e r n  is  d i s c u s s e d  i n  t h e  s e n s i t i v i t y  
a n a l y s i s .  

The t r a v e l i n g  s p r i n k l e r  sys t em r e q u i r e s  i r r i g a t i o n  
l a n e s  which reduce t h e  p l a n t i n g  a r e a  p e r  g iven  
l and  a rea .  Opera t ion  c o s t s  a r e  h i g h e r  than  f o r  
t h e  t r i c k l e  sys tem because  o f  t h e  need f o r  moving 
t h e  s p r i n k l e r  u n i t s  from l a n e  t o  l a n e  d u r i n g  irri- 
ga t ion .  C a p i t a l  c o s t s  f o r  s e l f - p r o p e l l e d  sp r ink -  
l e r  sys tems a r e  g e n e r a l l y  lower than  f o r  t r i c k l e  
sys tems ($ /p l an ted  a c r e  b a s i s ) .  However, t h e  
a e n i v e l l a t i o n  observed a t  t h e  Jackson s i t e ,  t h e  
f r i c t i o n  l o s s e s  w i t h i n  t h e  wa te r  d i s t r i b u t i o n  
network and t h e  requirement  f o r  a  p r e s s u r e  o f  70 
p s i  a t  t h e  nozz le  o f  t h e  s p r i n k l e r  r e s u l t  i n  a  
d e s i g n  p r e s s u r e  o f  about  200 p s i  f o r  t h e  w a t e r  
mains f e e d i n g  t h e  s p r i n k l e r s .  The need f o r  h igh  
p r e s s u r e  mains w i l l  i n c r e a s e  t h e  c a p i t a l  c o s t  of  
t h e  s p r i n k l e r  system. Inc reased  pumping power 
w i l l  a l s o  i n c r e a s e  t h e  o p e r a t i n g  c o s t s .  Because 
o f  t h e  c o n d i t i o n s  o f  t h e  s i t e ,  n e i t h e r  i r r i g a t i o n  
sys tem has  a c l e a r c u t  advantage ove r  t h e  o t h e r  
one,  and a d e t a i l e d  comparat ive  assessment  of  
t h e  two sys tems f o r  t h e  Jackson s i t e  was per- 
formed. 

Layouts f o r  p i l o t  farms i n c l u d i n g  e i t h e r  i r r i g a -  
t i o n  sys tem were drawn f o r  t h e  Jackson s i t e .  Both 
l a y o u t s  have approximately  t h e  same o v e r a l l  a rea .  
The p l a n t e d  a r e a  Eor t h e  s p r i n k l e r  i r r i g a t i o n  
des ign ,  however, is s m a l l e r  because  o f  t h e  pre- 
s ence  o f  i r r i g a t i o n  l a n e s  (Table 2) .  

BIOMASS FkRM INSTALLATION 

The i n s t a l l a t i o n  of  t h e  PSBF i n c l u d e s  t h e  follow- 
i n g  s t e p s  i n  approximate  o rde r :  l and  c l e a r i n g ,  
l and  p r e p a r a t i o n ,  d r a i n a g e  d i t c h i n g  i f  needed, 
workroad c o n s t r u c t i o n ,  i r r i g a t i o n  system i n s t a l -  
l a t i o n  and p l a n t i n g .  For each o p e r a t i o n ,  r e g i o n a l  
c o n t r a c t o r s  were asked t o  e s t i m a t e  t h e  c o s t  and 
d u r a t i o n  of t h e  v a r i o u s  o p e r a t i o n s .  These d a t a  
were used i n  c o s t i n g  and schedu l ing  t h e  i n s t a l -  
l a t i o n  o f  the  farm. 

Land c l e a r i n g  can b e  p c r f o b e d  through t imber  
s a l e s  a t  no c o a t  t o  t h e  p r o j e c t .  T.and prepara-  
t i o n  and improvement i n c l u d e  r o o t  making, stump 
and s l a s h  burning,  a s h  sp read ing  and d i sk ing .  
The work roads  a r e  25 f e e t  wide, crowned and 
d i t ched .  Drainage d i t c h e s  a r e  necessa ry  i n  some 
a r e a s  of  t h e  farm. The c h a r a c t e r i s t i c s  of  t h e  
i r r i g a t i o n  sys tems a r e  shown i n  Table  3. The 
h i g h e r  c a p i t a l  c o s t  o f  t h e  s p r i n k l e r  sys tem 
r e s u l t s  from t h e  need f o r  :our w e l l s  r a t h e r  t h a n  
t h r e e  w e l l s  f o r  t h e  t r i c k l e  sys tem and from t h e  
requirement  f o r  h igh  working p res su re .  Year o l d  
b a r e  r o o t  s e e d l i n g s  of  t h e  s p e c i e s  proposed can 
b e  purchased from s t a t e  n u r s e r i e s  and should  be  
p l an ted  d u r i n g  t h e  month of  February. Two-row 
cuilnr~ercial p l o n t c r o  can be  used f n r  t h i s  opera- 
t i o n .  Table  4 shows t h e  e s t ima ted  c a p i t a l  c o s t s  
f o r  t h e  two des igns .  I n  bo th  cases ,  t h e  i r r i g a -  
t i o n  sys tems account  f o r  a lmbst  80 percerlt  u t  
t h e  t o t a l ,  and under t h e  c o n d i t i o n s  p r e v a i l i n g  
a t  t h e  s i t e  t h e  t r i c k l e  system is l e s s  c o s t l y  
t o  i n s t a l l  than t h e  s p r i n k l e r  system. P l a n t i n g  
of t h e  f i r s t  module is  scheduled f o r  February  
1981 and w i l l  b e  fo l lowed by p l a n t i n g  o f  t h e  
o t h e r  modules a t  one  y e a r  i n t e r v a l s .  No sched- 
u l i n g  problems a r e  envis ioned excep t  Eor t h e  
f i r s t  module. I f  t h e  February  1981 d e a d l i n e  is 
t o  be met, some o p e r a t i o n s  such a s  o r d e r i n g  o f  
t h e  s e e d l i n g s  must be  i n i t i a t e d  i n  t h e  f a l l  o f  
1979. 

BIOMASS FARM OPERATION 

Year ly  farm o p e r a t i o n s  i n c l u d e  c u l t i v a t i o n  f o r  
weed c o n t r o l ,  f e r t i l i z a t i o n ,  i r r i g a t i o n  and har- 
v e s t i n g .  Tab le  5 summarizes t h e  o p e r a t i o n a l  
c h a r a c t e r i s t i c s  assumed f o r  t h e  PSBF. P e r i o d i c  
d i s k i n g  w i l l  be  used t o  reduce compe t i t i on  from 
weeds. The h i g h e r  a p p l i c a t i o n  r a t e s  o f  f e r t i l i -  
z c r  p r o j e c t e d  f o r  t h e  s p r i n k l e r  sys tem r e s u l t  
from expected l o s s e s  of  f e r t i l i z e r  by nlrl o f f  
and v o l a t i l i z a t i o n  when i t  i s  a p p l i e d  through 
t h e  s p r i n k l e r  system. The h i g h e r  c o s t  of  f e r t i l -  
i z a t i o n  f o r  t h e  s p r i n k l e r  sys tem r e s u l t s  from a  
combination o f  h i g h e r  f e r t i l i z e r  c o s t s  and h i g h e r  
fuel  c o s t s  f o r  o p e r a t i n g  t h e  s p r i n k l e r  system. 
The d i f f e r e n c e  i n  i r r i g a t i o n  c o s t s  between the 
t r i c k l e  and s p r i n k l e r  sys tems r e s u l t  from t h e  
lower wa te r  u t i l i z a t i o n  of  t h e  s p r i n k l e r  sys tem 
and from t h e  high pumping c o s t s  a s s o c i a t e d  with. .  
t h i s  system. No h a r v e s t i n g  u n i t  f o r  s i l v i c u l t u r a l  
energy farming is  a v a i l a b l e  a t  p re sen t .  Opera- 
t i o n a l  c h a r a c t e r i s t i c s  comparable t o  those  of  
commercial who lc t r co  ch ippe r s  were used i n  t h e  
a n a l y s i s  [ 41  . 
Opera t ing  c o s t s  were e s t ima ted  f o r  t h e  l i f e t i m e  
o f  t h e  PSBF. I t  was assumed t h a t  t h e  p r o j e c t  
would be pursued u n t i l  a l l  modules have been i n  
o p e r a t i o n  f o r  a t  l e a s t  t h r e e  (one f i r s t  growth, 
two coppice)  r o t a t i o n s ,  i;e. ,  u n t i l  t h e  y e a r  
2003. Table  6 summarizes t h e  p r o j e c t e d  o p e r a t i n g  
c o s t s  f o r  t h e  l i f e t i m e  of  t h e  p r o j e c t .  The major 
component of  t h e  p r o j e c t e d  c o s t s  i s  personnc' 
which i n c l u d e s  a  team a t  the  s i t e  and a  sup1 
i n g  team f o r  a n a l y s i s  and r e p o r t i n g  o f  t h e  ( 



cc ted and for overall management of the pro- 
jec~. Irrigation is the largest of the field 
relared rnst romponents followcd,by fertilizaliul~. 
Together these items amount to over 50 percent of 
the non-personnel related expenses. The total 
estimated operating cost of the project is 7.5 
million dollars or about $300,000 per year and 
8.4 million dollars or about $350,000 per year 
for the trickle and sprinkler designs respec- 
tively. These yearly budgets could be 10 to 15 
percent higher than estimated. 

BIOMASS PRODUCTION COSTS 

Some of the capital and O&N cost components for 
the PSBF are not representative of the concep- 
tual design proposed for large scale energy farms. 
For instance, personnel costs at the PSBF are 
higher ($/acre) than expected for a large scale 
farm, no land fees are included i n  the PSBF bud- 
get and irrigation is planned for the full dura- 
tion of a rotation rather than for half of the 
rotation in the case of a large farm [I]. The 
cost data for the PSBF was adapted to reflect 
large scale farm operations. Cost items not 
included in the PSBF budget were taken from a 
previous analysis for a site located in Georgia 

[I]. These data were then used to estimate bio- 
sass production costs on a large energy farm. 
(Table 7). Biomass production costs are pro- 
jected to be $2.25 and $2.94 per million Btu for 
the trickle and sprinkler designs respectively. 
With the exception of financial items, irriga- 
tion, fertilization and biomass handling and tran- 
sport are the major components of the production 
COStS. 

NET ENERGY EFFICIENCY 

R e  net energy efficiency (ratio of the net ener- 
gy yield to the gross energy yield) was estimated 
to be 0.91 and 0.74 for the trickle and sprinkler 
5esigns respectively. The input energy includes 
the fuels for machinery operation and the energy 
for fertilizer synthesis. 

SENSITIVITY ANALYSIS 

The sensitivity of biomass production cost and 
efficiency to cost or management parameters rele- 
vant to the PSBF designs was analyzed. The impact 
~f variauons in installation costs, number of 
:ultivations, amount of fertilizer and water, 
productivity, planting pattern and of the replace- 
nent of diesel fuel by electricity for water 
pumping was examined. Increasing productivity 
reduces biomass costs and improves efficiency for 
~oth thc irrigation designs. Modifying the plant- 
ing pattern from 8' x 2' to 4' x 4' has an unfav- 
~rable effect on the trickle design; the trickle 
iesign nevertheless remains more attractive (cost 
and efIiciency) than the sprinkler design even 
c--  '5e 4' x 4' planting pattern. The impact of 

!s in other design parameters on the cost of 
:s and energy efficiency is relatively small 

and, in all cases, the cost of biomass and energy 
efficiency for the tricklo design are always more 
favorable than for the sprinkler design. In 
principle, if electricity could be purchased at 
continuous service rates, electric pumping of 
irrigation water could be cheaper than diesel 
engine pumping. However, unless preferential 
rates for U.S. government activity is obtained, 
the interruptable rate that would be charged to 
the project would make the electric option more 
expensive. 

CONCLUSION 

Table 8 summarizes the comparison between the two 
irrigation systems designs. On the basis of this 
comparative analysis it is recommended that the 
trickle design be adopted at the SRP. It should 
be noted, however, that the preference for the 
trickle system resulcs from site specific condi- 
tions (deep wells and terrain denivellation for 
instance) which affect the sprinkler system more 
than it affects the trickle system. Therefore, 
caution should be exercised when extrapolating 
the conclusions of the present analysis to other 
sites. 
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TXE1.E 1 

DESIGX CHIL?.ACTERISiICS OF TIiE PILOT SILSICUi.TURAL 

RIO:44SS FAK'I 

ROTATIOX PEBI03  (IMITIAL AStI COPPICE): 6 YLqRS 

DISTASCE BETWEEN ~ O M S :  8 FEET OR 4 FEET 
DISTAUCE ESTVEEX TREES: 2 FEET OR 4 FEET 

IRBIGATIOS: TXICWE/IXLLS OR TR~VELISG S?RItXLER/liELLS 

FEBTILIZATICS: LiQUID FE!ULLIZ~P  IHRGUeii IRRIOA'TIOII BYSTEII 

SPECIES : A-?ERICZK STCLYORE (PLATT2WS OCCIDENTALIS) 
n ' a o p u s  ALCER (ALXUS CLUTIXOSA) 
%,ASH PIXE ( P I U S  ELLIOTT11 VAR. ELLIOTT11 FNGELY) 

PRODUCTIVITY: 

BASE CASE: 8 DTE/A-Y 
LOlJ C X E :  5 DTEI.4-Y 
HIGH CASE: 10 DTEIA-Y 

SITE.CIUiUCTEB1STICS OF W E  PILOT SILVICULTUW 

SIO%SS ?AW 

TRICKLF: IRRIGATION S P R I X L E S  iR3IC.:TIOS 

PLk.TED. AREA (ACRES) 

I,inw annns tncses) 

IRaICATION &YES AKEA (ACRES) 

RESEAXCH ZSD STORAGE AREA (ACRES) 

TOTAL STTE AREA (ACRES) 



TABLE 3 

C'rMkaC'I'EKLSTLCS OF l%E IRXIGATIOX S Y S T M S  

(BASE CASE) 

TRICKLE SYSTEM 

P E X  DAILY WATER DMAND (ACRE FOOT/DAY) 9.7 

.CZA IRRIGATED AT OSE TTME BY O ~ E  UNIT (ACRES) 50 

?IL?IBER OF L'XITS OPBRqTING SIMILTASEOUSLY 3 

SPACISG EETTATEN D R I P  TUBING OR IRRIGATIO11 L m E S  (FT)  8 

SPACING BETGEES D R I P  HOLES I N  D R I P  TL'BING (FT) 2 

LEKGTH OF D R I P  TUBIXG PER ACRE (FT)  5.460 

!!OXKING PRESSUBZ OF 1RRIGATIO:i S Y S T M  ( P S I )  1 0  

SVXBER OF 1,000 CPK K L L S  PER S Y S T M  3 

asom OF WZLS (FT) /I 50 

S 4 T I X G  OF C I E S E L  EKGIKE DRIVE (HE') 117 

I S S T A L W T I O S  COST MCLUDIWG K L L S  ( $ / P U \ T E D  ACRE) 530* 

R E P U C E I E S T  OF P L A S T I C  TUBING ($/PLA,YTZD A C E )  230 

COST OF I.EL.L, P I P 2  A\3 DRIVE ($/PLANTED ACRE) 435 

*COULD REACH $ 7 6 0  P 3  ACRE FOR A 4' X 4' PLAIXTIXG PATTEXN. 

TABLE 4 

INST+LED CAPITAL COSTS FOR TliE TRICKLE I m I G A T I O l i  

AN3 T W E L I X G  S P R I h n E R  IRRIG.~TIOX SVSTFYS 

(1976 DOLL4RS P E R  PLL! iZD ACRE) 

1. S I T E  INT'ROVElEhT (ROADS. DITCHES) 

2.  U V D  P R E P A U T I O N  

3. S3E';OT.C 

TRICKLE I R R I G h T I G X  

COST - PERCEh'T 

SPRI!mER S Y S T M  

70 AT NOZZLE 
1 7 0  IS P I P I N G  

TRAl'ELI?:G SPRIhW.ER I R R I G A T I O S  

COST - ? E R C S T  

189 8.8 

232 - 10.8 - 
421 19.6 

94 3 11.3 

393 18.3 

67L . 3 1 . 3  - - 
1,310 60.9 , 



TABLE 5 

OPERATIONAL CIIAR4CTERISTICS OF THI  PILOT SILVICULTURAZ. BIOZIASS FARM - 

N W E R  OF CULTIVATIOSS ?EX GROWIKG SEASON 

1 s t  Y 3 R  
2nd YEA!! 

COST PER CULTI'JATIOW ($/ACRE) 

FEPTILIZER AVEIUGE APPLICATIOX RATES 

AVERAGE COST FER ACRE-YEAR ($/ACRE YEAR) 

IX!!ISATION SEEOS (.~c?Z-FOOT/.~CRE-YEAR) 

COST PER ACRE-Y-4 ($'/ACRE-YE4R) 

I"VEST1SG (LXPERMEST.U. UNIT) 

w ; ? c I n  (DRYTON/HOUR) , 

COST ($/ACRE) 

TABLE 6 

Sl.%YARY OF THE PROJECTED OPEX4TIPIC COSTS FOX THE 

PILOT SILVIC ' JLTLW BIOlMSS FARXI 

( 1 9 7 8  D o l l a r s )  

TRTCYLE SYST31 

II;T?!S RASE CASE - 
103s h - - 

CLTl;'iATIO:: 278 3.7 

FERTiLIZATION 6 0 4  8.0 

SPRISKLlR S'ISTEH 

BASE CASE 

i o 3 $  - Z - 

UTILITIES .LYD SERVICES 

TOTAL 

A\;E?,4GE CGST PER ?LL\ ' IED 
A C E  ?EX VEAX ( S I P l a n c c d  
Acre -Year )  



ESTWATED BIOXASS PRODUCTION COSTS ASD NET ESERGT EFFICIExCY 

FOR A LARGE SCALE ENERGY FAR?? 

SITE AMED O:i Sp DATA 

TRICi;LF: DESIG?: S??.I?XLEr. DESIC;:: 

P L ~ X I ! ~ G / S W E R V I ~ I O X ,  
UCD BASE 
LAUD PEP.4K4TION 
ROADS 
PL-LYTIXG 
I3XIGATION 
FERTILIZATIG:? 
WEED CONTROL 
HILXVESTINO 
BIO?lASS HANDLING XYD TRANSPORT 
IXTE-PEST 
TAXES 
EXRY TO INVLSTGR 

COST PER YILLIOS ETU (1978 $/?Pi BTU) 

RET EVERGY EFFICIENCY 

COST PERCEFT C x  ?E'?CEST 
(.1978$/~~) -- G? ( 1 9 7 E $ / ~ ~ )  - 0' 

TOTAL 

5 .2  
5.0 
2.4 
l . 7  
1.2 

25.2 
15.9 

6.5 
2.9 

10 .5  
3.3 

10.2 
10 .0  

TABLZ 8 

SL?PYLRY COMPARISON OF THE Th'O IRRIGATION DESXCRS 
\ 

ITEXS - TRICKLE DESIGW S%I?KLER DCSIGF 

TOTAL CUITAL COST (THOUSAND 1978 DOLLAX'S) 

TOTAL Oil! COSTS (mOUS.4SD 1 9 7 8  DOLLARS) 

ESTIDlhTLD BIOYXGC ?ILODUCTIOB COST 

. (1978 $/I91 BBT) 

NET EhTRGY ETFICIENCY 

S!3SITIVITX TO DESIGN PARA!TERS . . 

2.25 

0.91 

* 
V a r i a b l e  

2.90 

0.74 

* 
V a r i a b l e  

* BIOYASS COST A?, ENERGY EFFICIEXCY ALWAYS REMAIN MORE FAVORABLE FOR THE 
TRICKLE SYSTM THAEi FOR THE SPRINKLER SYSTEM. 
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ABSTRACT 

The overall  objective of the DOE Fuels From Biomass 
Herbaceous Species Screening Program is t o  identify 
the herbaceous plant species that  might be the most 
promising candidates f o r  biomass production i n  
approximately six dif ferent  regions of the United 
States (Phase I )  and t o  then conduct f i e l d  screen- 
ings on each species i n  order t o  recommend the 
most promising species for future research and 
development (Phase 11). The United States w a s  
divided i n t o  t en  regions, based on the SCS Land 
Resource Areas, and the six tha t  appear t o  offer  
the most potential  fo r  commercial biomass produc- 
t ion  were identified. A l i t e r a t u r e  review and 
f i e ld  interviews generated a list of 280 promising 
epecies, on which botanical and economic screenings 
were conducted. The resu l t  of the screening i s  a 
list, fo r  each region, of up t o  20 species that  
appear to  have potent ia l  for  high biomass p rodur  
t i v i t y  and which should be considered fo r  inclusion 
i n  Phase I1 f ie ld  screening. A t o t a l  of 70 
di f ferent  species were included i n  the  regional 
lists. 

DESCRIPTION OF TASK 

The Department of Energy' s Fuels f ram Biomass 
Systems Branch is  coordinating a two phase Herba- 
ceous Species Screetting Program i n  order t o  ident i fy  
those species with the  greatest  potent ia l  f o r  use 
on t e r r e s t r i a l  energy farma. Arthur D. L i t t l e ,  Inc., 
was responsible fo r  completion of Phase I of t h i s  
program; Phase I1 lma uuL yet been ia i t iared.  The 
overall objective of Phase I was t o  identify up t o  
20 promising species f o r  wholeplant biomass 
production i n  approximately s i x  di f ferent  regions 
of the  United States,  while Phase I1 w i l l  involve 
f i e ld  screenfng of those species. 

3BJECTIVES/COST AND PERFORMANCE TARGETS 

fie Department of Energy's Fuels from Biomass 
Program has sponsored considerable past  and current 
research on the  potent ia l  fo r  energy production 
etom s i lv icu l tu ra l  and aquatic botanical systems. 
f i e  objective of the  Herbaceous Species Screening 

ui~ is  t o  ident i fy  herbaceous species tha t  have 
: i a l  f o r  high biomass productivity on 

t e r r e s t r i a l  energy farms. The emphasis is  
primarily on previously unexploited, non-woody, 
annual and peremriel species, and includes consid- 
era t ion of developed agr icul tura l  crops with 
potent ia l  fo r  high whole-plant biomass productivity. 

Phase I of the program involved identifying the  
most promising species fo r  inclusion i n  a Phase 11 
f i e l d  screening i n  s i x  regions of the U.S. and 
designing a three-year f i e l d  screening program fo r  
those species. 

Cost arul Performance Targers 

Phase I took approximately 7 mnths  t o  complete. 
The reglon delineation was performed during the 
f i r s t  four months,.along with the l i t e r a t u r e  review, 
f i e l d  visits, and personal comnunications with 
noted epecialists .  By the end of the  f i f t h  month. 
the  l i t e r a t u r e  review was complete as well a s  the 
botanical and economic screenings of the  candidate 
species. Final select ion of species recommended 
fo r  f i e l d  testing,  which involved integration of 
the botanical and economic screenings, required 
an addit ional month. The resu l t s  were presented 
a t  a public meeting during the 7th month. The 
cost  fo r  Phase I work was $123,000. 

APPROACH 

Literature Review aad Data Collection 

I n  order t o  determine which species should be 
included i n  t h i s  Phase I screening, we contacted 
over 150 agronomists and botanists through phone 
and f i e l d  interviews. After describing the  
programs' objectives, we asked each person t o  
recammaad those herbaceous species i n  his/her 
region tha t  would produce the greatest  whole plant 
biomass. A list of 280 suggested species was 
compiled fo r  the  United States. The l i t e r a t u r e  
review provided limited informationrespecially i n  
regard t o  the productivity, agronomic needs and 
economic parameters of unexploited plant species. 
Therefore, it was necessary t o  r e ly  on extensive 
interviews with noted spec ia l i s t s  i n  botanical, 
agronomic and other biomass areas f o r  much of the 
cul tura l  information and some yield estimates, 



FtGURE 1 REGION DELINEATION BASED ON MAJOR LAND RESOURCE AREAS OF THE UNITED STATES 
(exduriw of Wlu and Hawaii) 

Region Delineation 

I n  order t o  conduct the  species screening and t o  
evaluate regions with potent ia l  fo r  commercial 
biomass production, the  U.S. was divided in to  10 
ecological regions, based on the 20 So i l  Conserva- 
t i o n  Service Land Resource areas [ l ]  (see Figure 
1). Althsugh region delineation systems based on 
both agr icul tura l  character is t ics  and vegetation 
types werc favietred, l llr SCS c l soa i fL~a t ion  wan 
selected because i t  incorporated character is t ics  
such a s  s o i l  type, ra infa l l ,  temperaturgand 
topography, as well a s  land use. 

The regions t h a t  appear to  offer  the  greatest  
potential fo r  herbaceous biomass production on a 
commercial basis a r e  Regiona 5 ,  6, 7, 8, 9 ,  and 10, 
primarily because: 

a A majority of promising biomass candidate 
species a r e  adapted t o  o r  grow productively 
under the  conditions found i n  these regions, 

Climatological character is t ics  of these regions 
a re  conducive to  crop production practices that  
M e  modaraLrly encrgy i a t a n a i v ~  (3  a., lMa  
need f o r  i r r igat ion) ,  

a Cropland is more abundant, therefore, the poteo 
cia1 quad &pact would be higher. For example, 
even i n  established agr icul tura l  regions such 
as 8 and 10 nearly 205! of the  t o t a l  land suit-  
able f o r  crop production was available for  
production In 1974 [2,3J. 

Regions 3 and 4 were ranked seventh and eighth an6 
s l igh t ly  lower than the top ranked regions. While 
these regions have many posi t ive  features in the 
southern portions (a good growing season with 
h l p l ~  i~~acslation,  oaae unuti 1 i xed cropland and an 
abundant supply of rangelands) they ranked lowe+ 
due to  a lack of natural r a in fa l l ,  necessitat in 
i r r iga t ion  f d t  crop production i n  most unutf 
areas. This r e su l t s  i n  more energy intensil  
agr icul tura l  practices and higher costs. 



List of 280 Recommended Species 

Is the species m o d y  or 
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FIGURE 2 SPECIES SCREENING METHODOLOGY 

Yes * 

Regions 1 and 2 (Northwestern Forest and California Species Screening 
Subtropical) were considered to have the least  
f eas ib i l i ty  due to their relatively limited land Botanical. The screening methodology used for each 
availabil ity and highly urbanized areas. of the 280 recommended species i s  outlined i n  

Figure 2. Since this  program i s  focused on 
terrestr ia l ,  herbaceous plants, we began a t  

Is there sufficient information on: 

1)  Management needs (fertilizer. 
w r e r .  ability t o  grow in mono. 
culture1 and 

2 )  Physiological characteristics idis- 
ease, insect, drought, & cold tol- 
erances) to continue rcreening at 
this time? 

I 

Is productivity > 
5 Mtlhalyr? - Eliminated 

No Relative Plant 

Attempt 
to Obtain 

More Information LEVEL l V  
on the 
Species Results of 

Economic 
Screening 0 

Growth Form 

Yes 

Rank High 
to Low in 

Does a species exhibit high 
production. low menage- . 
ment inputs, and the physi- 
ological toleranom oppro 
priate for its region? 

No - 



Screening Leve l  I by e l i m i n a t i n g  a q u a t i c  and woody 
s p e c i e s .  I n  a d d i t i o n ,  we e l imina ted  s p e c i e s  t h a t  
a r e  e i t h e r  1 )  p a r a s i t i c ,  2) c a c t i  ( s u c c u l e n t ) ,  
3) i l l e g a l  t o  grow, 4) be ing  i n v e s t i g a t e d  under 
o t h e r  D.O.E. c o n t r a c t s  ( i . e . .  hydrocarbon and sugar  
c rop  p r o j e c t s ) ,  o r  5) l e s s  t h a n  one f o o t  t a l l  (be- 
cause  of low y i e l d  p o t e n t i a l  and minimum h a r v e s t  
h e i g h t ) .  Seventy- three  s p e c i e s  were included i n  
t h e s e  c a t e g o r i e s .  

Informat ion ob ta ined  from t h e  l i t e r a t u r e  review and 
i n t e r v i e w s  was used t o  d e s c r i b e  a minimum of t h e  
fo l lowing  c h a r a c t e r i s t i c s  f o r  each of t h e  remaining 
s p e c i e s :  p r o d u c t i v i t y ,  monoculture a b i l i t y ,  h e i g h t ,  
wa te r  needs, f e r t i l i z e r  needs and response,  h a b i t a t .  
d i s e a s e  and i n s e c t  r e s i s t a n c e ,  and co ld ,  s a l t ,  and 
d r o v ~ h t  t o l e r a n c e .  S ince  i t  was n o t  p o s s i b l e  t o  
o b t a i n  in fo rmat ion  on many of t h e  more important  
c h a r a c t e r i s t i c s  f o r  a l l  s p e c i e s  ( i . e . ,  a produc- 
t i v i t y  f i g u r e  f o r  each p l a n t ) ,  t h e  s c r e e n i n g  
methodology was des igned  t o l g i v e  weight  t o  o t h e r  
c h a r a c t e r i s t i c s  t h a t  i n f l u e n c e  t h e  p o t e n t i a l  f o r  
h i g h  p r o d u c t i v i t y ,  such  as c u l t u r a l  requirements 
o r  environmental  t o l e r a n c e s .  

Once the  in fo rmat ion  was assembled, s e v e r a l  s t e p s  
were  taken t o  narrow t h e  l is t  of s p e c i e s  a t  
S c r e e  Ing  Leve l  11. P l a n t s  growing on ly  i n  wet land 
a reasx  were  e l i m i n a t e d  due t o  environmental /  
r e g u l a t o r y  c o n s i d e r a t i o n s ,  l a c k  of land ava i l a -  
b i l i t y ,  and p o t e n t i a l  h a r v e s t i n g  d i f f i c u l t y .  Vines 
were e l imina ted  because  of p o t e n t i a l  h a r v e s t i n g  
d i f f i c u l t y .  S ince  t h e  Phase  I1 f i e l d  sc reen ing  
program was de f ined  f o r  t h r e e  growing seasons ,  we 
e l imina ted  p e r e n n i a l  s p e c i e s  which a r e  known t o  
r e q u i r e  more than  t h r e e  y e a r s  t o  e s t a b l i s h  a 
p roduc t ive  s t and .  Twenty-four s p e c i e s  were e l imi -  
na ted  a t  t h i s  l e v e l  and included c a t t a i l s  (Typha 
Sp.) ,  bambob (Arundinar ia  Sp.) and Kudzu ( P u e r a r i a  
l o b a t a ) .  

The next  s t e p  (Screening Level  111) was t o  examine 
a v a i l a b l e  p r o d u c t i v i t y  in fo rmat ion  f o r  each s p e c i e s .  
P l a n t s  w i t h  a n  annua l  p r o d u c t i v i t y  of l e s s  than  
2.2 t o n s / a c r e  (5 MTIha) were e l imina ted .  This  was 
f e l t  t o  r e p r e s e n t  a conse rva t ive  minimum produc- 
t i v i t y  requirement ,  g iven t h e  f a c t  t h a t  we recorded 
p r o d u c t i v i t i e s  from 0.4 t o  22.3 t o n s / a c r e  (1-50 
MT/ha ) and cha t  t h e  ma jo r i ty  of p lan t s .p roduced  
between 4.5 and 6.7 t o n s / a c r e  (10-15 MT/ha). Only 
e igh teen  s p e c i e s  were e l imina ted  on t h e  b a s i s  of 
p r o d u c t i v i t y .  The economic e v a l u a t i o n  was con- 
ducted on a l l  s p e c i e s  wi th  p r o d u c t i v i t y  d a t a .  

Spec ies  w i t h  e i t h e r  a p r o d u c t i v i t y  of more than  
5 MT/ha, o r  w i t h  s u f f i c i e n t  d a t a  t o  con t inue  
sc reen ing ,  @ere then grouped Ly t h e  region0 i n  
which they  grow, w i t h  many s p e c i e s  occur r ing  i n  
more than one reg ion .  There was i n s u f f i c i e n t  d a t a  
t o  adequate ly  s c r e e n  seven ty  s p e c i e s  and they a r e  
awa i t ing  f u r t h e r  in fo rmat ion .  

The next  'step 2 Screening Level V was t o  s e p a r a t e  
t h e  r e g i o n a l i z e d  s p e c i e s  i n t o  s i x  growth form 

Adefined a s  marshes,  swamps, t i v e r  banks, l a k e  
shores  

n groups: legumes, t a l l  and s h o r t C  g r a s s e s ,  t: 
and s h o r t  broadleaves ,  and t u b e r s .  It was as: 
t h a t  rough p r o d u c t i v i t y  and c h a r a c t e r i s t i c  compari- 
suns  could be  made among t h e  p l a n t s  w i t h i n  each 
group i n  o rde r  t o  f a c i l i t a t e  f u r t h e r  s c r e e n i n g  of 
s p e c i e s  wi thou t  s p e c i f i c  y i e l d  informat ion.  I n  
a d d i t i o n ,  t h e  growth form groups enabled t h e  a s s ign-  
ment of p rox ies  t o  p rev ious ly  unexploi ted s p e c i e s ,  
which was necessary f o r  t h e  economic sc reen ing .  

The s p e c i e s  t h a t  appeared t o  have t h e  l e a s t  poten- 
t i a l  i n  terms of p r o d u c t i v i t y ,  management, and 
t o l e r a n c e s  were e l i m i n a t e d . a t  Level  V (12 s p e c i e s ) .  
The remaining s p e c i e s  were then  ranked i n  each 
growth form type and reg ion  i n  o rde r  of dec reas ing  
p o t e n t i a l  f o r  biomass p r o d u c t i v i t y .  The r e s u l t s  
of t h e  economic sc reen ing  were incorpora ted  b e f o r e  
the f i n a l  s e l e c t i o n  of a p ~ c i o s  recommended f o r  
i n c l u s i o n  i n  Phase 11 f i e l d  sc reen ing  i n  each 
reg ion .  

Economic. The economic s c r e e n i n g  was conducted a s  
a supplement t o  t h e  b o t a n i c a l  sc reen ing .  S ince  a 
ma jo r i ty  of t h e  s p e c i e s  screened have never  been 
commercially produced, primary t e c h n i c a l  and 
economic d a t a  on i n p u t s  such a s  seed ing  r a t e s ,  
f e r t i l i z a t i o n  and p e s t i c i d e  schedu les ,  l a b o r ,  i rr i-  
g a t i o n  and mechanization n e e d s , a s  w e l l a s  h a r v e s t i n  
c o s t s ,  have y e t  t o  b e  developed f o r  most of t h e  
cand ida te  s p e c i e s .  Therefore ,  the  well-documented 
commercial c rops  shown i n  Table  1 were u t i l i z e d  a s  
p rox ies  f o r  t h e  s i x  growth form groups of cand ida te  
spec ies .  Th i s  provided t h e  b a s i s  f o r  our  develop- 
ment of i n d i c a t o r s  o f  t h e  p o t e n t i a l  economic f e a s i -  
b i l i t y  of each herbaceous s p e c i e s .  

L A f t e r  s p e c i e s  wi th  r e l i a b l e  p r o d u c t i v i t y  e s t i m a t e s  
were i d e n t i f i e d ,  a n a l y t i c a l  c r i t e r i a  were app l i ed  
t o  t h e  fo l lowing  t h r e e  d i s t i n c t  i n d i c e s :  

Estimated c o s t s  of product ion,  based on proto-  
t y p i c a l  c rop  budgets  f o r  each proxy; 

Est imated v a l u e  of product ion,  a s  a measure of 
a p o t e n t i a l  cand ida te  s p e c i e s '  r e l a t i v e  com- 
p e t i t i v e n e s s ;  and 

Est imated cropland a v a i l a b i l i t y  i n  each s p e c i e s  
known r e g i o n s  of h a b i t a t .  

A t y p i c a l  1976 crop budget was developed f o r  each 
proxy and is summarized i n  Table 1. A inaximum cos  
of product ion pe r  ton  was e s t a b l i s h e d  a s  t h e  f i r s t  
s c reen ing  C r i t e r i o n .  i n  o r d e r  t o  e l i m i n a t e  those  

' t a l l  24. f e e t  (,average he igh t )  

'short  < 4  f e e t  

D ~ l t h o u g h  repor ted  y i e l d s  from r e s e a r c h  ? l o t s  a r e  
o f t e n  h igher  than  those  ob ta ined  on a commercial 
s c a l e ,  t h e  maximum repor ted  y i e l d s  were u t i i i z e d  
i n  t h i s  a n a l y s i s .  Since many of t h e  cand ida te  
s p e c i e s  have n o t  had t h e  b e n e f i t  of g e n e t i c  - -  

c u l t u r a l  r e s e a r c h  and development, i t  was £1 I 

maximum f i g u r e  would be  a b e t t e r  i n d i c a t i o n  - -  
f u t u r e  p o t e n t i a l .  



TABLE 1 

AVERAGE COST OF PRODUCTION FOR PROXY CROPS, 1976a 

Annual b 
; r w t h  or  Average Yield Cost per Acre Cost per Ton 
?arm Groups Proxy Perennial  Tons /Acre (MT/ha) (per Hectare) (per Metric Ton) 

($) ($)  

: a l l  g rasses  Corn A 7.7 (17.3) [6] 159 (393) I71 21 (23) 

ihort grasses  Wheat A 4.4 (9.8) 161 83 (205) 181 19 (21) 

: a l l  broadleaves Sunflowers A 6.7 (15.0) [9] 92 (228) 1101 14 (15) 

ihort broadleaves Sugar bee t s  A 6.2 (14.0) 161 525 (1296) [I11 85 (93) 

~egumes A l f a l f a  P 6.1 (13.7) [6]  143 (354) [81 23 (26) 

lubers Potatoes A 4.1 (9.2) (61 613 (1514) 150 (165) 

~verage Cost of Production f o r  a l l  Pr.oxy Crops 52 (57) 

Numbers i n  brackets  r e f e r  t o  references a t  end of paper. 

Whole p l a n t  on a dry matter  bas i s .  

pecies  t h a t  would not  o f f e r  enough incen t ive  f o r  
ven tua l  commercial production due t o  l ack  of 
t t r a c t i v e  margins f o r  t h e  producer. A va lue  of 
52/ton was t h e  maximum f o r  t h i s  a n a l y s i s ,  based 
n t h e  represen ta t ive  prox ies '  average cos t s / ton .  

he r e l a t i v e  competitiveness of biomass crops wi th  
ommercialized agronomic crops has a d i r e c t  i n f l u -  
nce on t h e i r  p o t e n t i a l  f o r  success fu l  commercial- 
za t ion .  It was f e l t  t h a t  a spec ies  which could be 
e f ined  as p o t e n t i a l l y  a t t r a c t i v e  should have a 
inimum value/ha equal  t o  o r  g r e a t e r  than 25% of 
he cur ren t  value of a l l  crops i n  a given region. 
n order  t o  c a l c u l a t e  t h e  average va luefha ,  t h e  
a l u e  of a l l  crops per  region and t h e  amount of a l l  
ropland per region was i n i t i a l l y  determined. 
econdly, an average p o t e n t i a l  va lue  of $41.25/dry 
on ($45.20/dry MT) f o r  candidate  biomass spec ies  
a s  est imated [4,5], based on cur ren t  ve lues  of 
ompetitive f u e l s .  It was f e l t  t h a t  t h i s  p r i c e  was 

good i n d i c a t o r  of t h e  minimum p r i c e  l e v e l  a t  
hich biomass would be  a v a i l a b l e  t o  t h e  market. 
ssuming e f f i c i e n t  conversion technology i s  r e a d i l y  
va i lab le .  

t was a l s o  f e l t  t h a t  a spec ies  t h a t  grew only i n  
l imi ted  a r e a  would not be a s  s u i t a b l e  a s  one 

dapted t o  a wider range. Given t h e  presen t  s t a t e  
f non-monoculture and non-commercial production of 
o s t  of t h e  candidate  spec ies ,  we f e l t  i t  would be 
r e j u d i c i a l  t o  e l imina te  a spec ies  on the  b a s i s  of 
ts cur ren t  h a b i t a t  a lone.  There is  much p o t e n t i a l  
or in t roduc t ion  of some of these  spec ies  i n t o  new 
reas. Therefore, cropland a v a i l a b i l i t y  was used 
6 a supplementary measure, bu t  was no t  a spec ies  
l imina t ing  parameter. 

ach spec ies  was assigned a r e l a t i v e  va lue  f o r  t h e  
egree t o  which i t  met each c r i t e r i o n .  These va lues  
e re  then mul t ip l ied  i n  order  t o  determine each 
s rv iv ing  splecies' f i n a l  economic ranking. S p e c i e s  
e re  segregated by eco log ica l  region,  and arrayed 

10s t l i k e l y  feas ib le"  t o  " l e a s t  l i k e l y  f eas i -  
. t h i n  each region. 

I n t e g r a t i o n .  A t  Screening Level V I  (see Figure 2) 
t h e  economic f e a s i b i l i t y  a s s e s s m e n t s ~ r e s u l t i n g  
from t h e  economic sc reen  were in tegra ted  with the  
bo tan ica l  ranking. The six p l a n t  groupings were 
then consolidated and t h e  most promising twenty 
spec ies  wi th in  each reg ion ,  i n  terms of produc- 
t i v i t y ,  management needs, phys io log ica l  to le rances  
and economic ranking, were s e l e c t e d .  

The seventy recommended spec ies  included previously 
unexploited spec ies  with undetermined agronomic 
needs (such a s  redroo t  pigweed, lambsquarters,  
Colorado r i v e r  hemp, and ragweed) a s  wel l  a s  
spec ies  which have received years  of agronomic 
research  and development (such a s  Bermuda g r a s s ,  
kenaf, reed canary grass  and sudan grass ) .  

The Phase I spec ies  screening produced a l i s t  of 
seventy spec ies  t h a t  appear t o  o f f e r  p o t e n t i a l  f o r  
high biomass p roduc t iv i ty  and should be considered 
f o r  inc lus ion  i n  f i e l d  screening trisls in one o r  
more regions. Although Regions 5 t o  10 appear t o  
o f f e r  the  g r e a t e s t  p o t e n t i a l  f o r  commercial biomass 
production, spec ies  suggested i n  Regions 4 ,  3 and 2 
were a l s o  screened. The s p e c i e s  t h a t  appear t o  
o f f e r  p o t e n t i a l  f o r  b i k s s  production a r e  l i s t e d  
a l p h a b e t i c a l l y ,  by region,  i n  Table 2. 

The four  spec ies  wi th  t h e  g r e a t e s t  reported produc- 
t i v ' i t i e s  f o r  Region 10 (Southeastern P r a i r i e  Delta  
and Coast) a r e  Bermuda g r a s s  (Cynodon dactylon)  , 
kenaf (Hibiscus cannabinus), nap ie rgrass  
(Pennisetum purpureum) , and forage sorghum (Sorghum 
b i c o l o r ) .  Okra (Hibiscus escu len tus ) ,  r o s e l l e  
(Hibiscus s a b d a r i f f a ) ,  and perennia l  ryegrass  
(Lolium perenne) were recommended only i n  t h i s  re-  
gion. Napiergrass is  a t r o p i c a l  spec ies  t h a t  is  
adapted t o  t h e  southern por t ions  of Region 10,  
whi le  e i t h e r  the  Coastal  o r  T i f ton  44 v a r i e t i e s  of 
Bermuda g r a s s ,  a warm season g r a s s ,  could be grown 
throughout t h e  region.  



TABLE 2 

SPECIES RECOMMENDEII FOR INCLUSION IN FIELD SCREENING 

Maximum Reported 
S c i e n t i f i c  Name Common Name Product iv i tv  

Dry t o n s / a c r e ( ~ ~ / h e c t a r e )  

REGION 10 - Southeastern P r a i r i e ,  Delta  and Coas t .  

Amaranthus r e t ro f l exus  
Ambrosia t r i f i d a  
Arundo donax 
Chenopodium album 
Cro t a l a r i a  juncea 
Cynodon dacrylon 
Festuca arundinacea 
Hlbiscus cannabinus 
Hisb i scus  escu len tus  
H i s h i s c i ~ s  sahdar i f  f a  
Lespedeza cunsata 
Lolium perenne 
Paspalum di la ta tum 
Pennisetum americanum 
Pennisetum purpureum 
Phalar i s  tuberosa 
Sesbania e x a l t a t a  
Sorghum b i co lo r  
Sorghum halepense 
Sorghum sudanense x S. b ico lor  

Redroot pigweed 
Giant ragweed 
Giant reed 
Lambsquarters 
SUULL l~emp 
Bermuda grass  
T a l l  fescue 
Kenaf 
Okra 
Roselle . 
Ser icea  lespeaeza ' 

Perennial  rye grass  
Da l l i s  g rass  
Pear l  m i l l e t  
Napiergrass 
Harding grass  
Colorado r i v e r  hemp 
Forage sorghum 
Johnsongrass 
Sorghum hybrid 

REGION 9 - General Farm and North A t l an t i c  

Amaranthus r e t ro f l exus  
Asclepias sy r i a ca  
Bromus he r i n i s  
Coronil la  v a r i a  
Cynodon dactylon 
Dnctylis glomerata 
Festuqa arundinacea 
Hibiscus cannabinus 
Kochia scopar ia  
Lathyrus s y l v e s t r i s  
Lespedeza cuneata 
Miscanthus s i nens i s  
Penioum r ? i r g 3 t 1 . ! m  

Paspalum di la ta tum 
Pennisetum americanum 
Phalar i s  arundinacea 
Phleum pra tense  
Phytolacca americana 
Sorghum st~danense 
Sorghum sudanese x S. b i co lo r  

REGION 8 - Cent ra l  : 

h a r a n t h u s  re t rof lexus  
Ambrosia t r i f i d a  
Apocynum cannabinum 
Asclepias syrS.aca 
Bromus lnermis 
Chenopodium album 
Crambe c o r d i f o l i a  
Dactylis glomerata 
Datura.stramonium 
Festuca arundinacea 
Kochia scopar ia  

Redroot pigveed 
Common milkweed 
Smooth bromegrass 
C r a m  vetch 
Bermuda grass  
O~cLa~dgrasa 
'Tall rescue 
Itellaf 
Kochia 
F l a t  pea 
Sericea lespedeza 
Eu l a l i a  
Switchgrass 
D a l l i s  grass  
Pear l  m i l l e t  
Reed canary grass  
Common timothy 
Pokeweed 
Sudan grass  
Sorghum hybrid 

Redroot pigweed . 
Ciant ragweed 
Hemp dogbane 
Common milkweed 
Smooth bromegrass 
Lambsquarterk 
Colewort 
Orchardgrass 
Jimsonweed 
T a l l  fescue 
Kochia 

- - 
8.3 (18.7, wildstand) - 
6.9 (15.4 Georgia) 
12 (27 Ti f ton ,  GA Coastal 
,3.7 (8.3 Alabama) 
13  (29.2 Southeast) 
3.3 (7.4 Georgia) 
7.6 ( 17 Georgia) 
5.0 (13 Oeorgia) 
4.9 (11) 
5.4 (12 South) 
9.5 (21.3 Georgia) 
12.7 (28.5 Georgia) 
4.5 (10.1 Alabama) 
7.1 (16 Arkansas) 
12 (27 Louisiana) 
6.2 (14 South) 
7.9 (17.6 Georgia) 

- 
5.5 (12.3 I l l i n o i s )  
6.2 (14 W. Virginia)  
4.5 (10 W. Virginia)  
7.1 (16 South) 
5 . 8  ( 1 1  W. Vireinia 
5.4 (12 w. Virginia]  
A .  3 (1 8.5 Appaliach63n) 
3.1 (7.0 Pennsylvania) 
5 (11.2 Northeast) 
4.1 (9.1 Tennessee) 
6 (13.5 Tennessee) 
6 (13.5 Kentuclcy) 
54 (12 Sourh) 
3.8 (8.6 Tennessee) 
5.8 (13 Northeast) 
4.5 (10 Pennsylvania) -- 
5.0 (11.1 W. Virginia)  

' 8.2 (18.4 Tennessee) 

-- 
5.5 (12.3 I l l i n o i s )  
5.6 (12.5) -- - 
6.9 (15.5 Indiana) -- 
7.0 (15.6 Indiana) 
6.7 (15 South Dakota) 

Ref erenc 
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TABLE 2 (contd) 

i c i en t i f i c  Name Common Name 

edicago s a t i v a  
anicum virgatum 
h a l a r i s  arundinacea 
hleum pratense 
hytolacca americana 
orghum bico lor  
orghum sudanense 
orghum Sudanese x S. 
ripsacum dactyloides 

A l f a l f a  
Swit chgrass 
Reed canarygrass 
Common timothy 
Pokeweed 
Forage sorghum 
Sudan grass  

b ico lor  Hybrid sorghum 
Gama grass  

EGION 7 - Lake S t a t e s  and Northeast 

mbrosia a r t e m i s i i f o l i a  
mbrosia t r i f i d a  
ndrnpogon g e r a r d i i  
pocynum cannabinum 
sc l ep i a s  syr iaca  ' 

t r i p l e x  pa tu la  
vena f a tua  
romum inermis 
henopodium album 
o r o n i l l a  v a r i a  ' 

a c t y l i s  glomerata 
chinochloa c r u s g a l l i  
estuca arundinacea 
e l iaq thus  annuus 
e l ian thus  tuberosus 
athyrus s y l v e s t r i s  
edicago s a t i v a  
n l a l a r i s  arundinacea 
nleum pratense 
nytolacca americana 

Common ragweed 
Giant ragweed 
Big bluestem 
Hemp doghana 
Common milkweed 
Spreading sa l tbush  
Wild oa t s  
Smooth bromegrass . 
Lambsquarters 
Crown vetch 
Orchardgrass 
Barnyard grass  
T a l l  fescue 
Sunflower 
Jerusalem ar t ichoke  
F l a t  pea 
A l f a l f a  
Reed canarygrass 
Common timothy 
Pokeweed 

EGION 6 - Central  and Southwestern P la ins  and Plateaus 

naranthus re t rof lexos  
nbrosia ps i los tachya  
~dropogon v i rg+icus  
cundo donax 
~ t h r i o c h l o a  barbinodis  
co t a l a r i a  juncea 
podon dactylon 
cagros t i s  curvula 
Lbiscus cannabinus 
zdicago s a t i v a  
micum dichomotiflorum 
micum coloratum 
micum maximum 
micum miliaceum 
micum virgatum 
?nnisetum americanum 
?nnisetum purpureum 
ssbania e x a l t a t a  
xghum halepense 
~rghum Sudanense 

Redroot pigweed 
Perennial  ragweed 
Broomsedge 
Giant reed 
Cane bluestem 

. Sunn hemp 
Bermuda grass  
Weeping love grass  
ICenai 
A l f a l f a  
F a l l  panicum 
Kleingrass 
Guineagrass 
Proso m i l l e t  
Switchgrass 
Pear l  m i l l e t  
Napiergrass 
Colorado r i v e r  hemp 
Johnsongrass 
Sudan grass  

SGION 5 - Northern and Western Great P la ins  

gropyron repens 
~dropogon ge r a rd i i  

as  syr iaca  
.lus ci.cer 

Quackgrass 
Big bluestem 
Common milkweed 
Kilkvet ch 

Maximum Reported 
P ~ u d u c t i v i t y  

Dry tons/acre (MT/hectare) 

6.1 (13.7 Corn Bel t )  
. 4.4 (9.9 Iowa) 

7.6 (17 Indiana) 
4.6 (10.4 Ohio) - 
11.4 (25.6 Ohio) 
4.8 (10.8 Iowa) 
8.5 (19.1 Iowa). 
3.6 (8) 

-- 
3.8 (8.5 Northeast) -- 
5.5 (12.3 I l l i n o i s )  
3.5 (7.8) . -- 
5.0 (11.1 Wisconsin) -- 
4.0 (9 Northeast) 
4.9 (11 Wisconsin) -- 

- 
8.9 (20 Minnesota) 
14.3 (32) 
5.0 (11.2 Northeast) 
4.7 (10.6 Michigan) 
6.1 (13.7 New York) 
4.8 (10.8 Wisconsin) -- 

-- 
8.3 (18.6 Texas) 
4.8 (10.8 Texas) 
9.5 (21.3 Kansas) 
5.4 (12.1 Oklahoma) -- 
14.i (33 Texas) 
8.0 (17.9 New Mexico) -- 
3.8 (8.6 Texas) -- 

-- 
10.0 (22.4 Texas) 
4.0 (9 South) -- 
11.2 (25 Texas) 
6.2 (14 South) 
3.7 (8.4 Texas) 

"high" 
60 (13.4 Nebraska) 
5.5 (12.3 1l.l.d.nois) 
7.2 (16.2 Montana) 

References* 



TABLE 2 ( c o n t d l  

Maximum Reported 
Ref ere1 S c i e n t i f i c  Name Common Name Produc t iv i ty  

Dry t o n s l a c r e  (MT hec ta re )  

Bromus inermis  
Coron i l l a  v a r i a  
Dac ty l i s  glomerata 
Hel ianthus annuus 
Hel ianthus annuus x H.tuberosus 
Hel ianthus maximil iani  
Hel ianthus tuberosus 
Kochia scopar ia  
Medicago s a t i v a  
Mel i lo tus  a l b a  
Panicum miliaceum 
Panicum virgatum 

-. -- . - S a l s o l a  k a l i  
Tripsacum dac ty lo ides  

Smooth bromegrass 
Crownvetch 
Orchardgrass 
Sunflower 
Sunchoke 
Perenn ia l  sunflower 
Jerusalem ar t i choke  
Kochia 
A l f a l f a  
White sweet c lover  
Proso m i l l e t  
Switchgrass 
Russia* t h i s c i e  
Gama g r a s s  

"high" 
5.8 (12.9 Colorado) 

'thigh,' 
8.8 (19.7 Minnesota) 
12.7 (28.5 Texas) ' -- 
14.3 (32) 
6.7 (15 South Dakota) 
5.6 (12.5 North Dakota) 
3.3 (7.5 Texas) -- 
6.4 (14.3 Nebraska) 
7 . 1  (J.6 New Mexko) 
3.6 (8) 

REGION 4 (Most Require I r r i g a t i o n )  - Western Range 

2.3 (5.2 South) - Amaranthus hybridus 
Amaranthus r e t r o f l e x u e  
Ambrosia ps i los tachya  
Ambrosia t r i f i d a  
Artemisia f i l i f o l i a  
Bothr iochloa barbinodia  
Cucurbita f o e t i d i s s i m a  
Cynodon dactylon 
Datura stramonium 
E r a g r o s t i s  curvula  
Erianthus ravennae 
Medicago s a t i v a  
Meli lotus  a l b a  
Panicum a n t i d o t a l e  

Grain amaranth 
Rodroot p i  ,peed 
Perenn ia l  ragweed 
Giant ragweed 
Sandsage 
Cane bluestem 
Buffalo gourd 
Bermuda g r a s s  
Jim onweed 
Weeping l y e .  g rass  
Plume grass  
A l f a l f a  
White sweet c lover  
Blue panic  g rass  

- 
4.8 (10.8 Texas) 
4.5 (10 Arizona) -- 

- 
8.0 (17.9 New Mexico) 
3.3 (7.5 Texas) 
8.0 (18 Arizona - without  

i r r i g a t i o n )  - P h a l a r i s  tuberosa 
Proboscidea p a r v i f l o r a  

Harding grass  
Devi l ' s  claw 

REGION 3 - Northwestern/Rocky Mountain 

Agr~pyron  repens 
Amaranthus r e t r o f l e x u s  
Astragalus  c i c e r  
Bromus marginatus 
Kochia scopar ia  
Medicago s a t i v a  
P l i a l a c b  cnnarioneie 
Phleum pra tense  
S a l s o l a  k a l i  
Sisymbrium al t iss imum 

Quackgrass 
k d ~ 0 0 t  piwe.'eed 
Milkvetch 
Mountain bromegrass 
Kochia 
A l f a l f a  
Canary g rass  
common timothy 
Russian t h i s t l e  
Tumble mustard 

-- 
5.4 ( l2 .u  coldradoj  

"high" 
4.9 (11) 
3.6 (8  Washington) -- -- 
4.5 (10.1 West) -- 

REGION 2 (Most Require I r r i g a t i o n )  - C a l i f o r n i a  Subtropical  

Amaranthus r e t  rof  l exus  
Avena f a t u a  
Cynodon das ty lon  
Datura stramonium 
Festuca arundinacea 
Medicago s a t i v a  
Mel i lo tus  a l b a  
Oryaopoim m i l l  ncea 
Panicum maximum 
Pennisetum clandestinum 
Pluchea s e r i c e a  
Sesbania e x a l t a t a  
Sisymbrium altissiumum 
Sorghum b i c o l o r  
Sorghum halepense 
Sorghum sudanense 
Sorghum Sudanese x S.bicolor  

Redroot pigweed 
Wild nats 
Bermuda grass  
Jimsonweed 
T a l l  fescue 
A l f a l f a  
White sweet c lover  
Smilo g rass  
Guineagraes 
Ukuyugrass  
Arrowweed 
Colorado r i v e r  hemp 
Tumble mustard 
Forage sorghum 
Johnsongrass 
Sudan grass  
Sudan-Sorghum hybrid 

-- 
-- 
-- 
-- 
-- 

8.5 (19.1 Ca l i fo rn ia )  -- 
-- -- 
-- 
-- 
-- 
-- 

12.9 (29 Ca l i fo rn ia )  -- 
16.0 (35.9 Ca l i fo rn ia )  
14 .1  (31.7 Ca l i fo rn ia )  

"Unreferenced y i e l d s  a r e  es t imates  obtained i n  f i e l d  interviews.  
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hr  ---cies  with t h e  h ighes t  reported y i e l d s  i n  
ej 9 (General Farm and North A t l a n t i c )  a r e  
mc .. bromegrass (Bromus inermis) ,  Bermuda g r a s s ,  
enaf ,  e u l a l i a  (Miscanthus s i n e n s i s ) ,  switchgrass  
Pani r i i m  ~ r i  rpntum) , reed canary grass  (Pl lalar ls  
rundinacea) and a sorghum hybrid (Sorghum sudanense 

S. b i c o l o r ) .  E u l a l i a  i s  the  only spec ies  t h a t  
a s  unique t o  t h i s  region. Region 8 (Central)  
f f e r s  p o t e n t i a l  f o r  growing many productive cool- 
eason grasses  such a s  orchardgrass  (Dactyl is  
lomerata) ,  t a l l  fescue (Festuca arundinacea) and 
eed canary grass .  Colewort (Crambe c o r d i f o l i a )  
s the only spec ies  t h a t  was recommended s o l e l y  i n  
egion 8. 

he maximum reported p r o d u c t i v i t i e s  f o r  t h e  spec ies  
ecommended f o r  Region 7 (Lake S t a t e s  and Northea5.t) 
r e  somewhat lower than tnose reported f o r  Region 
0. The promising spec ies  f o r  t h i s  region inc lude  
mooth bromegrass, orchardgrass ,  sunflower and reed 
anarygrass. The two spec ies  t h a t  a r e  recommended 
n l y  i n  t h i s  region a r e  common ragweed (Ambrosia 
r t e m i s i i f o l i a )  and spreading sa l tbush  (Ar t r ip lex  
&). Common ragweed is a self-seeding annual 
h a t  t o l e r a t e s  dry s o i l s  and grows i n  dense n a t u r a l  
onocultures. Sunflower, which has the  g r e a t e s t  
eported produc t iv i ty  i n  t h i s  region,  grows on dry ,  
andy loams and i s  drought t o l e r a n t .  

our of the  spec ies  recommended f o r  Region 6 (Cen- 
r a l  and Southwestern P l a i n s  and P la teaus)  a r e  
nique t o  t h a t  region:  broomsedge (Andropogon 
i r g i n i c u s ) ,  f a l l  panicum (Panicum dichomotiflorum), 
l e i n g r a s s  (Panicum coloratum) and guineagrass 
Pariicum maximum). Guineagrass ( f o r  which y i e l d s  
f 30 MT/ha have been recorded i n  Nigeria)  is  a 
e r e n n i a l  t h a t  could grow i n  southern F lor ida ,  
exas and Cal i fo rn ia .  The spec ies  with t h e  great-  
s t  reported p r o d u c t i v i t i e s  i n  t h i s  region a r e  
i a n t  reed (Arundodonax), sunn hemp ( C r o t e l a r i a  
uncea), kenaf ,  switchgrass ,  and Colorado r i v e r  
emp . 
he  spec ies  t h a t  o f f e r  high produc t iv i ty  p o t e n t i a l  
n Region 5 (Northern and Western Great P l a i n s )  in- 
lude milkvetch (Astragalus c i c e r ) ,  sunflower, sun- 
hoke (Helianthus * x H. tuberosus) ,  kochia 
Kochia scoparia)  and Russian t h i s t l e  (Sa l so la  
a l i ) .  Sunchoke and perennia l  sunflower (Helianthus - 
ax imi l ian i )  a r e  t h e  two spec ies  recommended only 
n thin region* 

i n c e  l e s s  than 20 candidate  spec ies  remained f o r  
egions 4,  3, and 2 (Western Range, Northwestern 
ocky Mountain, and Cal i fo rn ia  Subtropical)  a t  
creening Level V I  ( see  Figure 2 1 , a l l  of those re- 
a i n i n g  spec ies  were included on Table 2. Mountain 
romegrass (Bromus marginatus) and canary grass  
P h a l a r i s  canar iens i s )  a r e  recommended only i n  
egion 3, whilo  omilo grass ( O i y e u ~ ~ l s  ml l iacea) ,  
ikuyugrass (Pennisetum clandestinum) and a r r m e e d  
Pluchea s e r i c e a  a r e  t h e  t h r e e  recommended spec ies  -- 
rrlyue Lu k g i w  2 .  

.ost of the  s p e c i e s  o f f e r  p o t e n t i a l  i n  more than one 
egion, while  twelve spec ies  a r e  recommended f o r  
o m  or more regions.  They a r e :  redroa t  pigweed, 

ragweed, common milkweed, smooth bromegrass, 

Bemuda g r a s s ,  orchardgrass ,  t a l l  fescue,  kochia, 
a l f a l f a ,  switchgrass ,  common timothy, and hybrid 
sorghum. 

Included i n  t h e  Phase I work was a prel iminary de- 
s i g n  f o r  the  Phase I1 f i e l d  screening.  The purpose 
of t h e  f i e l d  t e s t i n g  i s  t o  determine the  biomass 
p roduc t iv i ty  of t h e  recommended spec ies  and t o  
generate  information on the  environmental and cul- 
t u r a l  parameters in f luenc ing  t h a t  p roduc t iv i ty .  
The r e s u l t s  of Phase I1 w i l l  determine which produc- 
t i v e  spec ies  can be es tab l i shed  a t  a reasonble cos t .  
Our f i e l d  screening design considers  two ca tegor ies  
of herbaceous spec ies  : ' agronomically c e r t a i n  and 
previously unexploited. The primary v a r i a b l e s  in- 
troduced i n  t h e  i n i t i a l  f ie4d t e s t i n g  program w i l l  
be harves t  time and frequen&. Data w i l l  a l s o  be 
co l lec ted  on green weight,  dry weignt,  BTU conten t ,  
d i s e a s e  a n d i n s e c t  problems and environmental con- 
d i t i o n s .  

Although Phase I1 was o r i g i n a l l y  planned f o r  t h r e e  
years ,  i t  i s  now an t ic ipa ted  t h a t  f i e l d  screening 
of promising herbaceous p l a n t s  w i l l  be conducted 
f o r  a g r e a t e r  number of years,by subcont rac tors  i n  
d i f f e r e n t  a r e a s  of t h e  U.S. It i s  a n t i c i p a t e d  t h a t  
an RFP w i l l  be issued and subcontractors se lec ted  
p r i o r  t o  t h e  1980 growing season. 
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'ESCRIPTION OF RESEARCH PROGRAM OBJECTIVE 

he objectives and research program tasks include 
he following: 

. Develop a selective acid hydrolysis process 
uitable f o r  large scale applications which can 
electively ext rac t  and recover the hemicellulose 
ort ion of biomass in the form of i t s  constituent 
ugars (primarily xylose) . 
. To uti  1 i ze th i s  hemicell ul ose recovery process 
s a pretreatment process for  cellulose hydroly- 
is-- the solids from which the hemicellulose has 
een removed have a much higher suscept ib i l i ty  to  
e l lu lose  hydrolysis. 

. To experimentally screen and i so la t e  micro- 
rganisms that  can ferment the xylose-rich acid 
ydrolyzate with good yields t o  l iquid fuel 
onsti tuents,  chemical by-products and fuel inter-  
edi ates . 
. To develop a process f o r  the conversion of 
cid hydrolyzate sugars t o  fuels ,  by-product 
hemicals and fuel intermediates. 

. To coordinate the processes described above 
i t h  the  remaining processes under study elsewhere 
n order to  develop an integrated biomass refining 
ompl ex. 

ARGETS 

. Process and Equipment Specifications f o r  the 
e lec t ive  acid-catalyzed hydrolysis of hemicellu- 
ose including separation and recovery of consti- 
uent sugars in a large scale biomass refining 
ompl ex. This process shall  produce constituent 
ugars a t  investment and operating costs such tha t  
he fuels and chemicals can be produced a t  econo- 
ical l y  sa t i s fac tory  prices. 

. Process, plus Microorganism Isolation and 
qaracterization,  fo r  the fermentation of hemi- 
el lulose consti tuent sugars (se lec t ive  acid 
ydrolyzate) a t  a t t r ac t ive  yields to  l iquid fuel 
smponents, by-product chemicals and fuel in t e r -  
ediates. The process shall  produce fuels and 
lemicals a t  investment and operating costs tha t  

momical ly  viable. 

3. Process fo r  the conversion of fuel in ter -  
mediates (such as butanedi 01 ) t o  gas01 ine 
extenders a t  economi ca l l  y viable costs. 

APPROACH 

The approach of th i s  research program i s  t o  per- 
form experimental research process and equipment 
designs and process economics in an in terac t ive  
and coordinated manner.. 

Hemi cellulose u t i l  ization research has been per- 
formed with large numbers of batch autoclave 
experiments. The batch reaction studies have 
determined conditions a t  which maximum xylose 
yield from hemicell ulose can be obtained. Exten- 
sive mapping of xylose and by-product formati on 
(furfural  glucose, polysaccharides and acet ic  
acid) has been accomplished throughout the pro- 
jected operating range of the hemicellulose 
hydrolysis reaction.. The kinetics of the sequence 
of reactions occurring in the hydrolysis are now 
under investigation t o  properly design a 1 arge 
scale unit .  The batch studies ..of necessity,  were 
performed a t  lower sol id / l iquid  ra t ios  than those 
of a large scale process. Consequently, an experi- 
mental reactor i s  being designed and constructed 
to obtain data a t  indust r ia l ly  feasible sol id /  
1 iquid r a t ios .  

Experiments have been conducted t o  a s s i s t  in the 
selection of sui table  equipment fo r  the subsequent 
separation of the sol id  and l iquid products. 

Contacts were made with equipment manufacturers to 
determine the su i t ab i l i t y  of pulp digesters and 
washers fo r  use in hemicellulose hydrolysis. 

A screening program was developed t o  se lec t  for  
microorganisms capable of fermenting hemicel lulose 
hydrolyzate. Five microorganisms were isolated 
from cel lu los ic  waste which grew in the hydroly- 
zate. One microorganism which we have designated 
AU-1-d3 ferments D-xylose t o  ethanol, a c e t i c a c i d  
and 2 $3-butanediol . The .yield of fermentation 
products i s  about 60% based on xylose fermented. 

Growth conditions of culture AU-1-d3 were studied 
to  optimize growth and fermentation potential of 



the organism. Growth conditions were character- 
ized with respect t o  pH, xylose concentration, 
nitrogen fo r  growth, temperature, and growth ra te .  2.0 1 

Fermentation studies were conducted using pure 
xylose, as a preliminary s tep  of fermenting hemi- 
cellulose hydrolyzate. With AU-1-d3 a number of 
bench scale batch fermentations were carried out 
w i t h  the control of pH, temperature and D.O. in 
order to optimize these parameters. Column 
fermentation technology was then employed to  im- 
prove the fermentation process providing a number 
of benefits incl uding reducing fermentation time 
and raising product concentration. 

KEY RESULTS 
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The following i s  a summary of the resul ts  fo r  each 
of the four major tasks which are described in the 60 120 180 240 

previous sections.  REACTION TINE. RINUTES 

Fig. 1. Effect of temperature on xylose yields 
Hemicel lulose Conversion t o  Xylose by Selective during hydrolysis of A.S.T.M. 4-8 mesh oak a t  
Acld Hydrolysis 0.2 w t .  Z H2S04. 

This section deals with the  hydrolysis of hemi- 
cellulose from oak hardwood using d i lu t e  aqueous 
H2S04 as the ca ta lys t .  The objective here i s  t o  
recover the carbohydrates in hemicellulose by 
maximization of the xylose yield in  the hydroly- 
za te .  Since hemicellulose i s  an amorphous sol id  
which consists  of a xylose backbone (xylan) with 
s ide  chains of various sugars [1,21, i t  hydrolyzes 
much fas ter  than crystal1 ine cellulose.  This 
makes i t  possible fo r  the  reaction to  be selective 
with respect to  the  hemicellulose fraction.  
Conditions must be chosen so that  the conversion 
of hemicellulose into xylose i s  favored over the 
conversion of cellulose into glucose, the decom- 
position of xylose into furfural  , and the produc- 
t ion  of by-products 133. Since hemicellulose 
accounts fo r  10-40% of the to ta l  weight of various 
biomass materials [4,53, i t  i s  important tha t  the 
carbohydrates in hemicellulose be recovered. 

' 'BASED ON 20% 
XYIAN IN B I W S  
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REACTION TINE, NlNUTES 

Maximization of Xylose Yield: Results of the in- 
vestigation show tha t  a maximum xylose yield of 
83% can be obtained bv the hvdrolvsis of hemi- 
ce l l  ulose in oak hardiood at"l500i and 0.20% 
H2S04 by weight. The hydrolysis reactions were 
c a r r ~ e d  out i n  a batch autoclave containing a 10 
t o  1 liquid to  sol id  r a t i o  (.volume of 1 iquid to  
mass of oven dry so l ids ) .  Wood chips were used 
which were retained between A.S.T.M. (Tyler) 4 and 
8 mesh screens. Figures 1 and 2 show the ef fec t  
of temperature and acid ca ta lys t  concentration on 
the yield of xylose. As the temperature i s  in- 
creased the maximum xylose yields fo r  each acid 
ca ta lys t  concentration occur a t  e a r l i e r  times and 
the decomposition of xylose i s  more rapid. I t  i s  
shown tha t , a t  1500C, an H2S04 concentration of 
0.20% i s  required before a re la t ive  maximum will  
occur within three hours of hydrolysis time. 

The major products of oak hydrolysis a t  the 
conditions fo r  the maxi.mum yield of .xylose are 
given in Table I .  Results fram t h i s  table  show 

Fig. 2. Effect of H2SO4 cata lys t  concentration on 
xylose yields during hydrolysis of A.S.T.M. 4-8 
mesh oak a t  150°C. 

TABLE I 
HYDROLYSIS PRODUCTS AT 150°c, 0.2% H so4, 

AND 90 M I N .  (MAXIMUM XYLOSE Y I E L ~ )  

component 
xylose 

w t . %  of soluble solids 
50 

glucose 26 
polysaccharl de 10 
acet ic  acid 10 
furfural  3 
methanol 

that  hydrolysis a t  150 '~  and 0.20% HzSO4 i s  
se lec t ive  with respect . to  the hemicellulose 
fraction.  A t  these conditions the conversion of 
cellulose to glucose i s  only 17% and the convl 
sion of hemicel lulose to furfural  by xylose 



xnmnnsition i s  only 8%. The ra t io  of sol id  oak 
3 t e a c i d s o l u t i o n f o r t h e o p t i m i z a t i o n o f  
i t  rat ing conditions, temperature and % H2SO4, 
i s  maintained a t  1 to  10. The yields were cal-  
~ l a t e d  based on Southern Red Oak hardwood con- 
sining 20% xylan and 50% cellulose on a dry 
'ight basis. 

i e  inves.tigation of xylose yields and by-product 
~rmation was carried out over a temperature range 
f 1400C - 1800C and an acid concentration range 
f 0.0% - 0.4% H2SO4. Table I1 gives the  main 
iformation on the production of xylose f o r  t n i s  
ivestigation. 

TABLE I1 
XYLOSE MAXIMUM YIELDS AN0 REACTION 
TIMES VS. TEMPERATURE AN0 % H2S04 

% ~ 2 ~ 0 4  

' ' 0.05 - 0.10 - 0.20 0.40 - 
I 

joOc * * 83% 
90 min 

joOc * 55% 74% 
150 min 45 min 

70°c 48% 64% 65% 
90min 60min 30min 

30°c 4 1% 55% ,662 
70min 50min 15min 

59% 
90 min 

7 1% 
30 min 
69% 

15 min 
74% 

10 min 

* Maximum yield not within 180 min 

: 150'~ and 0.20% H SO4 the y ie ld  of xylose 
langes very gradualfy with time in the region of 
nximum yield.  This means tha t  the exact resi-  
rnce time i s  not c r i t i c a l  in a reactor design. 
?veral reactor configurations appear practical 
-om the standpoint of chemical kinetics due to  
le re la t ive ly  f l a t  maximum i n  xylose yield.  

/-products: The production of by-products i s  
Iso affected by the operating conditions. The 
ield of furfural  i s  shown in  Fig. 3 to  be a strong 
~nc t ion  of temperature and acid concentration. A t  
30°C and 0.40% H2S04, furfura l  actually shows a 
nximum which gives evidence of furfural  breakdown. 

lucose occurs as a constituent of various cry- 
:all.ine cel luloses,  amorphous cellulose and side 
lains on hemicellulose. When exposed t o  acid, 
ie amorphous cellulose and the hemicellulose s ide  
iains are hydrolyzed simultaneously with the  
flan backbone of hemi ce l l  ul ose. However, a t  
lese conditions most of the crys ta l l ine  cellulose 
; unreacted 111. 

iximum yie ld  of glucose was realized a t  the most. 
?vere conditions investigated, 0.4% H2S04 and 
30°C. Figure 4 shows tha t  glucose peaks a f t e r  
!lose and then begins t o  decline a t  a modest 
i te.  Xylose degrades a t  a s igni f icant ly  f a s t e r  
i te  than ,glucose 163. The cellulose conversion 
I glucose i s  s t i l l  quite low a t  21%. 

In sequence: The reaction sequence fo r  the 
r i s  of hemicellulose. has been postulated as 

REACTION TIRE, RINUTES 

Fig. 3. Effect of temperature on the production 
of furfural  a t  0.4% H2S04. 

I 1 
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Fig. 4. Hydrolysis of A.S.T.M. 4-8 mesh oak a t  
1800C and 0.4% H2S04. Sugar concentration (% W/V) 
vs. time (min.). 

TEMP - l8O0C 
XYLOSE wi.2 H2S04 0.402 

a ser ies  of reactions. F i r s t ,  sol id hemicell ulose 
i s  converted into soluble xylose 01 igosaccharides. 
Next, the soluble xylose 01 igomers are  hydrolyzed 
into monomeric xylose. Finally, xylose decomposes 
in to  furfural  111. The xylose decomposition s tep  
has been reported t o  be f i r s t  order in xylose and 
acid ca ta lys t  concentration [7]. Sol ubil i t y  
1 imits of 1 arge polysaccharides and internal mass 
t ransfer  resistance fo r  the oak chip may affec t  
the  observed reaction rate.  

Llb/SOLID - 1011 

The carbohydrate analysis in t h i s  study was 
carried out using l iquid  chromatography a t  moder- 
a t e  pressures 181. The product designated as 
polymer consists of 01 i gosaccharides which have 
chain lengths of seven monomer units  and above. 
I t  i s  probable tha t  t h i s  polymer contains poly- 
sacchari.des of glucose as well as oligomers of 
xylose due t o  the lack 'of  separation between high 
molecular weight components. Analysis of indivi-  
dual components with chain lengths less  than 



seven i s  possible with increasing separation as 
the chain length decreases. 

I 

If' 
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Fig. 5. Hydrolysis of A.S.T.M. 4-8 mesh oak a t  
1500C and 0.2% H2S04. 

Figure 6 i l ' lus t ra tes  the  ef fec t  of temperature on 
the production of high molecular weight polymer, 
the f i r s t  carbohydrate product to appear during 
hemicellulose hydrolysis. I t  i s  interesting to  
note tha t  the  temperature appears t o  af fec t  only 
the reaction time of the maximum polymer co"cen- 
t ra t ion .  

Q 
6b 120 180 240 

REACTION TIRE. MINUTES 

Fig. 6 .  Effect of temperature on polymer 
productinn a t  0.05% H2S04. 

The amounts of individual xylose oligosaccharides 
with chain lengths less  than seven vary consider- 
ably with the operating conditions. A maximum 
yield of 35:6 fo r  xylobiose was observed a t  150°C 
and 0.05% H2S04. Figure 7 shows the effect  of 
temperature on xylobiose production. 

The concurrence of the decline of polymer and the 
maximum yield of xylose i s  i l l u s t r a t ed  in Fig. 5. 
This i s  in agreement with the reaction sequence 
where polymer preceeds monomeric xylose. The 

REACTION TINE. MINUTES 

Fig. 7 .  Effect of temperature on xylobiose 
production a t  0.05% H2S04. 

following l i s t  gives the components in order of 
the i r  appearance in the ser ies  of reactions : 

1. sol id  'hemicellulose 
2. soluble xylose 01 igosaccharides 
3.  xylobiose 
4 .  xylose 
5. furfural 

In conclusion, the major resul ts  of th i s  section 
are as follows. A maximum xylose yield of 83% i s  
obtained a t  1500C and 0.20% H2S0 . The hydrolysis 
of oak hardwood exhibits a high !egree of se l ec t i -  
vity with respect to  hemicell ulose. Concentra- 
tions of by-products in oak hydrolyzate a t  
conditions fo r  maximum xylose yiel d were re1 ative- 
ly low. Also, substantial  amounts of xylose 
oligosaccharides were observed a t  0.05% ll2SO4 and 
Lw~~pei-ature3 i n  thc cxperlmental r.iir~ge (140QC - 
180OC). 

Equipment Selection for  Hemicel lulose Hydrolysis 
and Sol id-Liquid Separation - 
Based on the resul ts  of pre l iminary e ~ p e r ~ l l l ~ e ~ ~ l b  
and conversations with equipment suppliers,  the 
following process has tentatively been selected 
fo r  the production and separation of xylose from 
hemicellulose. As shown in Fig. 8 ,  deharked wood 
i s  directed into chip preparation equipment which 
i s  responsible for  chipping the wood into 4-8 cm 
me,h q i w .  Thc chips are t h ~ n  metered into steam 
pretreating equipment in which the chips are but11 
brought to  process temperature and made more 
receptive to acid impregnation. During presteam- 
ing, the conditions are sui table  to i n i t i a t e  
hydrolysis of some of the hemicellulose present. 

The chips are then conveyed to  the hydrolysis 
reactor where the hemi cellulose undergoes further 
reaction. Operating conditions are 140- 160°C ' ' 

0.02-0.06 percent sul fur ic  acid. I t  appears ' 

both continuous vert ical  and inclined hydroly~ 
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F ig.  8. Schematic f o r  hemicel lu lose h y d r o l y s i s  and xy lose- l i gnoce l lu lose  separat ion.  

a c t o r s  w i l l  be su i tab, le  as w e l l  as t h e  cont inuous o f  c e l l u l o s e  t o  produce glucose. Whether t h i s  
d r a u l i c  reac to rs  i n  which the  h igh  temperature s tep  i s  completed be fo re  o r  a f t e r  d i f f u s i o n  wash- 
sh stages are an i n t e g r a l  p a r t  of the reac to r  i n g  w i l l  depend on t h e  opera t ing  c h a r a c t e r i s t i c s  
wer. Fo l low ing  a 20 minute h y d r o l y s i s  period, of t h e  d i f f u s i o n  washing equipment. A f t e r  washing, 
e ch ips w i l l  c o n s i s t  o f  t h e  o r i g i n a l  c e l l u l o s e  the  so l  i d  1 ignocel  l u l o s e  i s  dewatered us ing con- 
d 1 i g n i n  m a t r i x  (1  ignocel  l u l o s e ) ,  t h e  converted ven t iona l  f i l t r a t i o n  and continuous press ing 
m i c e l l u l o s e  (now present i n  t h e  c h i p  i n t e r i o r  as equi pment . 
l u b l e  xy lose)  p lus  a small amount o f  unreacted 
mice1 1 ulose. FennentEiL iun o f  Hem5cell ulose Hydrolyzates 

e c h i p  s l u r r y  i s  nex t  passed t o  a h,igh tempera- 
r e  wash which favors  the  d i f f u s i o n  o f  t h e  
l u b l e  xy lose  from the  ch ip  i n t e r i o r .  Since the, 
i p  i n t e r i o r  w i l l  con ta in  ac id,  per forming the  
r s t  wash a t  h igh  temperature a l lows f o r  f u r t h e r  
d r o l y s i s ,  thus inc reas ing  the  e f f e c t i v e  residence 
ne of t h e  reac t ion .  

ITER 

s i g n i f i ' c a n t  amount o f  recoverable m a t e r i a l  w i l l  
ill be present  w i t h i n  t h e  ch ip  a f t e r  the  f i r s t  
jh, t h e r e f o r e  mu1 t i s t a g e  countercurrent  d i f f u s i o n  
;hing w i l l  prov ide f o r  the  t r a n s f e r  o f  t h i s  
t e r i a l  i n t o  t h e  advancing wash. I n  o rder  t o  
m o t e  h igh  mass t r a n s f e r  ra tes ,  a s i z e  reduc t ion  
t h e  post-hydrolyzed ch ip  i s  undertaken us ing 

. ion  equipment. This  s i z e  reduc t ion  wi; l  
advantageous i n  the subsequent processing 
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PREPARATION 

The o b j e c t i v e  i n  t h i s  sec t ion  o f  t h e  program i s  t o  
develop a fermentat ion process whereby t h e  hemi- 
c e l l u l o s e  hydro lyzates are converted i n t o  fue l  
substances. The emphasis d u r i n g  t h i s  t ime  span 
was p laced on fermentat ion o f  xylose, t h e  pre- 
dominant component i n  the  hydro lyzate.  Specif i- 
cal  l y  , t h e  factors  e f f e c t i n g  t h e  fermentat ion were 
i d e n t i f i e d  and opt imized. Improvemnts were then 
sought i n  fermentat ion from the  s tandpoint  of a 
chemical process. 

- 

Batch' fermentat ion:  As descr ibed i n  t h e  previous 
sect ion,  an extens ive microorganism screening 
study was made on a l a r g e  number o f  b a c t e r i a  and 
yeasts. On t h e  basis  o f  growth, product formation 
and xy lose  consumpti,on data, a b a c t e r i  urn l o c a l 1  y 
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i s o l a t e d  f rom decaying wood ( t e n t a t i v e l y  named 
AU-1-d3) was se lec ted  f o r  fermentat ion -s tud ies.  

Using t h i s  organism a s e r i e s  o f  batch fermentat ions 
were c a r r i e d  out.  The medium contained xylose as a 
s o l e  source, minera l  s a l t s  (0.5% ( N H ~ ) ~ H P O ~  and 
o thers  i n  minor  q u a n t i t i e s )  and yeast  e x t r a c t  
(0.15%). 

The i n i t i a l  xy lose concen t ra t ion  was 10%. A f t e r  
75 hours 1.9% xylose remained unfermented (F ig .  9 ) .  
The product y i e l d  based on consumed sugar was 6.1%. 
Product d i s t r i b u t i o n  a t  t h i s  stage was as fo l lows:  

.... % wt.  o f  xylose consumed 

Butanedi 01 73% 44.7 
Ethanol 9.4% 5.7 
A c e t i c  Ac id 8% 
Aceto in 9% 

- 10 

dD * 51.2 w l w  % 

24 0 REslDUAL XVLOSE . g :k 0 T U R B l D l T V  
n BUTANEDIOL ,d 

0 ETHANOL 20 e, 0 

2 
- 6  * 

Fig.  9. C e l l  growth, so lven t  formation, and xylose 
consumption p r o f i l e s  w i t h  101 i n i t i a l  x y l o s e  i n  
s t i r r e d  tank.  

... . 
I n  a d d i t i o n  t o  xylose, t h e  hemicel l u l o s e  hydro ly-  
zate conta ins o t h e r  hexoses and pentoses, namely 
glucose, mannose and arabinose. The a b i l i t y  o f  
AU-i-d3 t o  rnetabbl l z e  ttirht: bugar-3 was t cc ted .  A 
medium con ta in ing  equal amounts o f  these sugars 
(1.25% each) was fermented. As shown i n  F ig.  10, 
a l l  the sugars were consumed except arabinose. 
The products were the same as those from xylose. 
I t i s  t h e r e f o r e  expected t h a t  a l l  the sugars from 
hernicel lulose except arabinose w i l l  be converted 
i n  tho fermentat ion process us ing  AU-I-d3. 

Modelinq i n  product  formation: A p r e l  iminary 
k i n e t i c  s tudy was made w i t h  regard t o  product 
formation us ing Leudeking-Piret emp i r i ca l  model ; 
- dP - - 2 3  +,BX. The present fermentat ion data were d t  d t  
i n  good agreement w i t h  the  model (.Fig. 11). More- 
over the constants i n  t h e  model were determined. 
From these constants, t h e  r e l a t i v e  magnitudes o f  
growth-associated and non-growth associated terms 
were determined a t  a f i x e d  t ime (.t = 23 h r  was 
chosen) as shown below. 

dx Ethanol:  aE = 0.018 

BE X = 0 . 2 0 8  

Butanedio l :  aa = 0.05 

B B X  =0 .29  

0 GLUCOSE 
0 MANNOSE 
0 XVLOSE 
0 ARABINOSE I 

T l n E  (HOURS) 

Fig. 10. M i c r o b i a l  sugar preference. 

F ig.  11. Mathematical analys is  o f  product 
format i  on i n  s t i r r e d  tank fermentor. 

Judging from the  above data, i t  i s  apparent t h a t  
product format ion i n  t h i s  fermentat ion i s  essen- 
t i a l  l y  p ropor t iona l  t o  c e l l  concentrat ion.  This 
i n  t u r n  l e d  us t o  I n v e s t i g a t e  non-conventional 
fermentat ion schemes i n  which h igh  b a c t e r i a l  con- 
cen t ra t ions  a r e  employed. 

Column fermentat ion: I n  order  t o  achieve h igh  
concentrat ion dur ing fermentat ion a method of 
a f f i x i n g  microorganisms on a s o l i d  support wa 



:p' I. For this purpose, in cooperation with 
1m1 and Griffith of Oak Ridge National Labora- 
I*, column fermenter was constructed using 
schig rings as support material. This column 
m n t c r  was attached to the mair~ fer-nar~ter and 
e system was operated in a recirculation mode 
'ig. 12). 

' ter in i t i a l ly  carrying out runs with 5% W / V  
'lose, the xylose content was raised t o  10% W/V. 
e rate of fermentation was significantly im- 
oved compared t o  that of the batch fermenter 
ig. 13). Of our particular interest was the 
c t  that the maximum xylose consumption rate in 
e column was three times that  of the batch 
rmenter. This also implies that the fermenta- 
on time can be reduced by the same factor. The 
plus % W/V of xylose was totally consumed during 
e run.  The concentrations of the solvents a t  
e i r  maximum level were as follows: 

Butahedi 01 
Ethanol 
Acetic Acid 
Acetoin 

H INDICATOR 
CONTR 

An overall yield of 55% was obtained based on the 
amount of xylose consumed. The level of xylose 
fe l l  to  less than 0.6 gm%/100 ml within 51 hours. 
After 51 hours, the fermentation almost ceased, 
I t  would also be important to  note that the final 
turbidity values obtained from process stream were 
only half of that obtained in batch fermentor. 
This, coupled w i t h  ini t l a l  high fermentation rates 
shows that fermentation took place mainly by micro- 
organisms attached to the column packing. 

Screening and Characterization of Wood Hydrolyzate 
Fermenting Bacteria 

Screenin : Microorganisms were obtained from 
T- cu ture collections based on their  reported 
potential of util izing wood hydrolyzates or 
abi l i ty  t o  produce fermentation products. Bacteria 
representing the following enera: Clostri dium 
(10 cultures), Bacillus (117. Pseudorimas (1). 
Aeromonas (l), m e a s t s ,  representing 7 
genera, were evaluated for their  abi l i ty  t o  in i t i -  
ate growth i n  an extract derived from acid 
hydrolyzed wood. Due t o  the acidity (pH 2.0) and 
low level of nitrogen (.005%) the hydrolyzate was 

SAMPLING- 

*PERISTALTIC 

4" RASCHING + 

5N CAUSTIC 
PERISTALTIC PUMP 

AIR SUPPLY 
FILTER ROTAMETER 

Fig. 12. Column fermentor set-up. 



X C O L W  
0 STIRRED TANK I 

Fig. 13. Residual xylose vs. t ime  I n  hours- in  
column and s t i r r e d  tank under s im i l a r  s ta r t l ng  
condltionS. 

neutral ize'd wwi t h  NaOH o r  CaC03 and also supple- 
mented w i th  nitrogen. Adjustments i n  pH were 
calculated t o  give pH 4, 5, 6 and 7 a f te r  auto- 
c l  aving the hydrolyzate. Nitrogen was added 
p r i o r  t o  autoclaving by the  addi t ion of .l% urea, 
.l% peptone o r  a combination o f  .l% KH2P04 and 
.l% peptone. Inoculations o f  microorganisms were 
made t o  y i e l d  about 1000 ce l l s lm l  o f  the  hydroly- 
zate and incubation was conducted a t  320C for  7 
davs. None o f  the  38 cul tures above i n i t i a t e d  
growth i n  the ac id  hydrolyzate. Although some 
o f  the species o f  Clostr idium and Bac i l lus  
~roduced ethanol, butanol and 2,3--01 i n  
iaboratory media- t h e i  r inab i  1 i t y  t o  propagate i n  
acid wood hydrolyzate precluded fu r the r  evaluation 
o f  these species. 

Several microorganisms were iso la ted from c e l l  u- 
l o s i c  wastes and these were screened f o r  a b i l i t y  
t o  ferment xylose and t o  grow i n  wood hydrolyzate. 
Five bacter ia l  isolates obtained from one source 
o f  c e l l u l o s i c  waste grew i n  the hydrolyzate ad- 
justed t o  pH 6.0 and supplemented wi th  .5% peptone. 
One o f  these is01 ates , whi ch has been designated 
AU-1-d3 read i l y  metabolizes D-xy l M e  ahd y ie lds  
about 60% o f  ethanol, acet ic  ac id  and 2,3-butane- 
d i o l  based on xylose fermented. This microorganism 
has d i s t i n c t  advantages over other organisms we 
evaluated i n  tha t  i t  read i l y  metabolizes xylose 
g iv ing good y ie lds  o f  fermentation products, and 
also it grows i n  acid wood hydrolyzate requ i r ing  
only pH adjustment and ni t rogen supplementation. 

Mannose, sucrose, 1 actose, xylose , ma1 tose, 
glucose , arabinose and fructose a1 1 support guuu 
growth. Culture AU-1-d3 also to lerates a wide 
range o f  pH f o r  growth. Good growth occurs 
between pH 5.0 t o  7.0 w i th  the optjmum range 
between pH 5.5 t o  6.5. The organism has a rap id  
growth rate. With an inoculat ion ra te  y ie ld ing  
about 100 ce l ls lml  o f  minimal sa l t s  medium 
i n i t i a l l y  , the maximum stat ionary growth phase i s  
reached i n  10.4 h r  a t  37%. The optimum growth 
temperature f o r  cu l tu re  AU-1-d3 i s  37OC; however, 
there i s  l i t t l e  difference i n  growth ra te  between 
32 and 37O~. No growth occurs a t  45OC. 

TABLE I11 
EFFECT OF NITROGEN LEVEL AND SOURCE 

ON GROWTH OF AU-1-d3 

0.5% Nitrouen 

10010 
1.0% Nitrogen 

=on o f  yeast ex t rac t  t o  NH4HzPO t o  4 achieve 0.1%, 0.5%, and 1.0% nitrogen n minimal 
sa l t s  medium w i th  1% D-xylose (pH 6.0). 

'cel l  count determined a f t e r  72H incubation a t  
.32oC. 

The optimum leve l  o f  n i t rogen f o r  growth o f  AU-1- 
d3 i s  w i th in  the range o f  .1 t o  .5%, wi t h  -5% 
y ie ld ing  a s l i g h t l y  be t te r  growth response than 
-1% ni t rogen (Table 111). A t  1% nitrogen growth 
was suppressed. Yeast ex t rac t  as a source of 
n i t rogen , a1 though i t  may have suppl i ed  other 
growth factors, was superior t o  amnoni llm phosphate 
and urea (-Table IV). Urea autoclaved i n  the sub- 
s t ra te  gave a be t te r  growth response than d i d  
m n i u m  phosphate. HOWlveP, a la term sludy usilrg 
f f l  t e r  s t e r i l i z e d  urea added t o  give .1% nitrogen 
a f ter  autoclaving the substrate was very t o x i c  t o  
the organism. About 40 t o  50% o f  the nitrogen 
need as supplied by yeast ex t rac t  can be replaced 
wi th  a m n i  um phosphate without appreciable a f fec t  
on growth (.Table 111). 

Characterization: I n  a minimal sa l t s  medium 
TABLE IV 

xNHqH2P04, 1 g; NaC1, 59; MgS04-7H20, .2g and 
EFFECT OF NITROGEN SOURCE ON GROWTH 

KHzP04, lg ;  i n  1000 ml water) cu l tu re  AU-1-d3 
OF AU-1-d3* 

grows wel l  a t  D(+) xylose concentrations between 
.1 t o  2%. Best growth occurs w i t h  2% xylose and 

Nitrogen Source (Equivalent 

levels above 3% suppress growth. However, al'Ler a t  0.1% N OD C610 nm) 

the maximum stat ionary growth phase i s  reached Yeast ex t rac t  .SO9 
the organism read i ly  metabolizes 10% xylose t o  Phenol Red Broth Base . I61  
ethanol and 2,3-butanediol. The organism i s  NHqH2P04 .076 
capable o f  u t i l i z i n g  a var ie ty  o f  carbohydrates. Urea .268 

*Growth i n  minimal sa l t s  medium a t  pH 6.0 w i th  1% 



-xylose. Optical density determined a f t e r  72H 
ncubation a t  32C. 

U '  AU-1-d3 grows in acid and a1 kal ine wood 
y ~ - .  - . ,zates adjusted to  pH 6.0 to  6.5 and supple- 
ented with .1% nitrogen, as ammonium phosphate, 
nd 1% D-xylose (Table V ) .  Growth was bet ter  in 
he undiluted alkaline hydrolyzate than in the acid 
ydrolyzate with increased growth occurring in both 
ubstrates upon dilution with minimal s a l t s  medium. 
i about 40 t o  50% of acid hydrolyzate or alkaline 
ydrolyzate in minimal s a l t s  medium, growth of 
ulture AU-1-d3 was similar in both substrates. 
1 kal ine hydrolyzate without nitrogen and xylosf 
uppiementation a lso  supported good growth of the 
ul ture .  

urther studies are underway t o  optimize growth and 
zrmentation yields of culture AU-I-d3. 

TABLE V 
GROWTH OF ISOLATE AU-1-d3 IN 

ACID AND ALKALINE HYDROLYZATES 

ydrol yzate Type Wood Hydrolyzate 
% ~ c i d ~  A1 kal ineA ~l kal ineB 

100 4 8 3 . 0 ~ 1 0 ~  6. 8 ~ 1 0 ~  6. 9 ~ 1 0 ~  8 
80 1. 2x107 7. 2 ~ 1 0 ~  8. 5 ~ 1 0 ~  
60 6. 6x108 7. 3x109 9. 6x109 
50 8 . 2 ~ 1 0 ~  1. 1x109 1 .3~10  
40 1. 1x109 1. 5x109 
20 1. 3x109 3. 3x109 
10 5. 4x109 6. 2x109 
0 8 .5~10  8 .9~10  

1.1% nitrogen (NH4H2POq) and 1% D-xylose added. 
jydrolyzates diluted in minimal s a l t s  medium 
. . I% N and 1% xylose) pH 6.0. 

40 xylose or  nitrogen added. Buffered a t  pH 6.5 
t i th Na HPO (1.79%) and K2HP04 (1.17%), hydroly- 
!ate difute! with s t e r i l e  water. A11 samples 
incubated 72H a t .  32C. 

JTURE PLANS 

ie selection of hemicel lulose hydrolysis conditions 
i l l  be investigated to  optimize xylose yield in 
!rms of process variables (biomass type, chip s i ze ,  
'etreatment conditions, acid concentration, re-  
!ntion time, temperature, and 1 iquid t o  sol id  
~ t i o ) .  This work thrus t  will d i rec t ly  af fec t  the  
!lection of the large-scale hydrolysis reactor 
~d be performed in the experimental high sol ids 
!actor. 

'eas fo r  fu ture  study in the  area of hemicellulose 
?drolysis include investigation of the d'ecmposi- 
on kinetics of xylose a t  the operating condition 
lnges of t h i s  investigation,  the kinetics of 
tdrolysis of various 01 igosacchari des, and the 
Yect of chip s ize  on observed reaction ra tes ,  
~ l e c t i u i t y  and yie lds  to  determine the s igni f i -  
.nce of internal mass t ransfer  resistance. The 
'fect of the  solid t o  l iquid r a t i o  in the reactor 

i s  also extremely important since increasing t h i s  
ra t io  i s  a preference t o  increasing the number of 
recycles of the hydrolyzate in a continuous opera- 
t ion for  production of a fermentation substrate 
medium with an adequately high concentration of 
xyl osc. 

Further diffusion experiments will be perfoned to  
determine the best washing conditions (including 
chip s i ze ,  temperature, length and nature of wash 
cycle).  F i l t ra t ion  studies will be conducted to  
characterize the sol id material and investigate 
the economics of the proposed solid-l iquid separa- 
t ion schemes. 

The future work on batch fermentation will focus 
closely on the parameters of fermentation. 
Attempts will be made t o  d i rec t  the pathways 
toward a s ingle  major product (e i ther  ethanol o r  
butanediol) using a speci f ic  inhibitor.  Other 
fermentation schemes will  be investigated which 
produce high yield of otential  1 iquid fuels 
(butanol, acetone, etc! fo r  comparison with AU-1-d3 
xylose conversion t o  butanediol and ethanol. 

The resul ts  obtained with column fermentation have 
been very encouraging. Attempts will be made to  
further increase the rates of fermentation and 
substrate concentration by continuous1 y acclimating 
microorganisms to  high product concentrations. 
Adapting the microorganism t o  hemi cell  ulose hydroly- 
zate by gradually increasing the proportion of 
hydrolyzate in the column process (feed) stream 
needs t o  be carried out. The ef fec t  of reducing 
the nitrogen medium especially yeast ext rac t  will 
be studied in column fermentation. Under the 
present s e t  up, mass t ransfer  e f f ec t s  for  oxygen, 
substrate,  and product may be playing s igni f icant  
role in fermentation. These ef fec ts  need t o  be 
investigated. 

Studies are planned to  fur ther  optimize the fermen- 
tat ion potential of the organism. The screening 
ppogram will  continue t o  search f o r  other organisms 
or  s t r a ins  of culture AU-1-d3'which are  bet ter  
suited f o r  growth and fermentation of acid wood 
hydrolyzate and which a lso  to l e ra t e  high levels of 
products in the  substrate.  Organisms which are  
to lerant  of products result ing from acid hydrolysis 
of wood and a lso  to l e ra t e  high levels of fermen- 
tat ion products will be selected f o r  fur ther  study. 
Modification of the acid hydrolyzate process o r  
supplementation of the hydrolyzate will be evaluated 
t o  fur ther  optimize the  yield of fermentation 
products. 
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K. Ziolkowski,  and G. Biederman 
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Unive r s i ty  of Connecticut 
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STRACT 

e o b j e c t i v e  of t h i s  program is  t o  show t h a t  t h e  
nvers ion o f  c e l l u l o s e  t o  g lucose  can b e  inc reased  
g n i f i c a n t l y  by enzymat ical ly  removing t h e  i n h i b i -  
ry c e l l o b i o s e  from t h e  r e a c t i o n  system us ing  i m -  
J i l i z e d  6-glucosidase (6-G). The.enzyme 6-C was 
~ d u c e d  and i s o l a t e d  from A s p e r g i l l i s  phoen ic i s  
d was immobilized on Corning con t ro l l ed -pore  a lu-  
na by adsorp t ion .  A c t i v i t y  r e t e n t i o n s  upon i m -  
~ i l i z a t i o n  have been above 40%. When t h i s  en- 
n a t i c  c a t a l y s t  was used i n  a f l u i d i z e d  bed wi th  
l l o b i o s e  a s  t h e  only s u b s t r a t e ,  a 10% l o s s  of 
t i v i t y  was observed dur ing  a 500 h o u r  per iod.  
o t h e r  experiments c e l l u l o s e  was hydrolyzed i n  

J b a t c h  r e a c t o r s  ope ra ted  side-by-side, w i t h  one 
s c t o r  con ta in ing  c e l l u l a s e ,  immobilized 6-G a d  
Llulose  and t h e  o t h e r  r e a c t o r  con ta in ing  no  i m -  
> i l i z e d ,  6-G b u t  o the rwise  i d e n t i c a l .  A f t e r  30 
1rs t h e  r e a c t o r  con ta in ing  t h e  immobilized 6-G 
i 100% more g lucose ,  i n d i c a t i n g  t h a t  t h e  ca ta ly -  
2 removal of t h e  c e l l o b i o s e  had a s i g n i f i c a n t  
Eect upon t h e  p roduc t ion  o f  g lucose .  

jCRIPTION OF TASK 

mass  is produced cont inuously  by p h o t o s y n t h e t i c  
> rage  o f  s o l a r  energy i n  green p l a n t s  and repre-  
~ t s  a s i g n i f i c a n t  p o t e n t i a l  source  o f  renewable 
?rgy f o r  t h e  p roduc t ion  of l i q u i d  and gaseous 
!Is. About 50% of t h i s  s o l a r  produced biomass is  
t h e  form of c e l l u l o s e ,  which must b e  broken down 

:o s m a l l e r  molecules b e f o r e  it is convenient ly  
~ b l a  as a 1iqll-i.d f u e l .  Moot r o u t e s  f o r   he con- 
- s ion  of t h e  c e l l u l o s e  invo lve  t h e  h y d r o l y t i c  de- 
.ymerization of t h e  c e l l u l o s e  t o  glucose  and 
. lobiose  w i t h  minor amounts of o t h e r  sugar s  be ing  
>duced. Enzymatic h y d r o l y s i s  us ing  a mix tu re  of 
.ymes has  r ece ived  much a t t e n t i o n  over  t h e  o l d e r  
d h y d r o l y s i s  because of t h e  fewer s i d e  p roduc t s  
~ e r a t e d .  The enzyme mix tu re  i s  c o l l e c t i v e l y  
. led c e l l u l a s e  and con ta ins  t h r e e  major enzymes: 
loglucanase and celJ.obiohydrolase,  which c l eave  

6-1,4 l inkages  and produce c e l l o b i o s e ,  and 6- 
~ c o s i d a s e  which hydrolyzes  t h e  c e l l o b i o s e  mole- 
e t o  form two glucose ruulecules. However, t h e  
ymat ic  r e a c t i o n  s lows down apprec iab ly  when t h e  
c e n t r a t i o n s  of c e l l o b i o s e  and glucose b u i l d s  up. 
enzymatic convers ion of t h e  c e l l u l o s e  is  a 

t i - s t e p  process ,  i n  which a most important  reac- 
ta lyzed by 6-glucosidase  (6-G) , i s  t h e  con- 
~f t h e  i n h i b i t o r y  c e l l o b i o s e  t o  glucose .  

hough many microorganisms produce 6-G a s  a com- 

ponent o f  t h e  c e l l u l a s e ,  genera l ly  i t  is  i n  insu f -  
f i c i e n t  amounts t o  p reven t  t h e  accumulation o f  in-  
h i b i t o r y  l e v e l s  of c e l l o b i o s e  i n  t h e  r e a c t o r .  The 
c e l l o b i o s e  is  considered t o  be  an  uneconomical and 
unwanted byproduct which, i f  i t  were hydrolyzed,  
could s i g n i f i c a n t l y  i n c r e a s e  t h e  y i e l d  of g lucose .  

OBJECTIVES 

S ince  t h e  l e v e l s  of 6-G i n  t h e  c e l l u l a s e  enzyme 
mixtures  a r e  usua l ly  i n s u f f i c i e n t  t o  p reven t  t h e  
accumulation o f  c e l l o b i o s e ,  ou r  r e sea rch  program 
is i n v e s t i g a t i n g  t h e  use  of a d d i t i o n a l  6-G immo- 
b i l i z e d  on a s u i t a b l e  suppor t  t o  conver t  t h e  'un- 
wanted c e l l o b i o s e  t o  d e s i r a b l e  glucose .  By immo- 
b i l i z i n g  t h e  0-G and the reby  a l lowing i t s  r e u s e ,  
t h e  cost .  of glucose'  produced by t h e  enzymat ic  hy- 
d r o l y s i s  p rocess  s h o u l d - b e  reduced. 

The immobilized 6-G can b e  used i n  a v a r i e t y  of 
r e a c t o r  Configurat ions ,  It may b e  p laced  i n t o  t h e  
same r e a c t o r  as t h a t  c o n t a i n i n g  t h e  crude c e l l u l a s e  
mix tu re  of enzymes, o r  it can b e  opera ted  s e p a r a t e -  
l y  i n  i ts cwn r e a c t o r  and connected t o  t h e  c e l l u -  
l a s e  system by a r e c y c l e  loop. This  r e s e a r c h  pro- 
gram i s  d i r e c t e d  towards immobil izat ion of 0-G and 
i ts e v a l u a t i o n  i n  c e l l u l o s e  r e a c t o r  systems. Its 
g o a l  a r e  to :  

1. Immobilize t h e  6-G on suppor t s  s u i t a b l e  f o r  
commercial r e a c t o r s ,  

2. Study t h e  dependence of immobil izat ion y i e l d s  
on t h e  p u r i t y  of t h e  6-G and t h e  method of 
iwinobi l izat ion 

3. Operate  a c e l l u l a s e  r e a c t o r  con ta in ing  immo- 
b i l i z e d  6-G t o  show t h a t  y i e l d s  of g lucose  a r e  
i n c r e a s e d  by t h e  6-G c a t a l y z e d  removal of t h e  
i n h i b i t o r y  c e l l o b i o s e .  

4. Develop a t  UConn t h e  c a p a b i l i t y  of producing 
t h e  6-G enzyme r e q u i r e d  f o r  t h e  r e s e a r c h  from 
t h e  organism A. phoen ic i s .  

EXPERIMENTAL APPROACH 

1. Prepara t ion ,  of t h e  mic rob ia l  6-G from A. phoe- 
n i c i s .  Samples of A. phoen ic i s  from t h e  QM co l l ec -  
t i o n  a t  t h e  Unive r s i ty  of Massachuset ts  were ob- 
t a i n e d  and grown i n  a 1 4  l i ter fermentor  i n  a 
s t a r c h  medium recommended by D r .  Mandels and D r .  
S t e rnberg  of t h e  U.S. Army Nat ick  Lab0ratorl.e.s. 



The c u l t u r e  was grown a t  28-30°C f o r  1 4  days  dur ing  
which time t h e  pH was a d j u s t e d  t o  p reven t  i t  from 
dropping below 4.0. I f  t h e  pH dropped below 4.0 
t h e  y i e l d  of 6-G decreased.  

A f t e r  10-14 days t h e  b r o t h  was concen t ra t ed  by 
u l t r a f i l t r a t i o n  t o  1 /10  of t h e  o r i g i n a l  volume us- 
i n g  a  30,000 MW membrane. At t h i s  p o i n t  t h e  solu-  
t i o n  was e i t h e r  f r e e z e  d r i e d  o r  f u r t h e r  p u r i f i e d  by 
ace tone  p r e c i p i t a t i o n  t o  g i v e  a  dry  powder. 

2. E f f e c t  o f  p u r i f i c a t i o n  on immobil izat ion y i e l d s .  
The ace tone-p rec ip i t a t ed  m a t e r i a l  was compared w i t h  
t h e  crude,  f r eeze -d r i ed  m a t e r i a l  t o  s e e  whether t h e  
anzyme l n a d i n g  (EU/gp! of suppor t )  and t h e  immobili- 
z a t i o n  y i e l d  (EU a c t i v e l y  adsorbed/EU removed fPbm 
con tac t ing  s o l u t i o n )  a r e  s i g n i f i c a n t l y  inc reased  by 
t h e  p u r i t i c a t f o n .  n~t! y u a l  ~ d a  t o  *a PC i F p i i r ~  
m a t e r i a l  as p r a c t i c a l  t o  s a v e  on p u r i f i c a t i o n  cos t s .  

3. Immobilize t h e  0-G on s u i t a b l e  suppor t s .  The 
i n i t i a l  s c r e e n i n g  inc luded  s e l e c t i n g  a  s u i t a b l e  
s u p p o r t  and i n v e s t i g a t i n g  b o t h  t h e  e x t e n t  of load ing  
p o s s i b l e  on t h e  s u p p o r t s  and t h e  e f f e c t  on t h e  ac- 
t i v i t y  of c r o s s l i n k i n g  w i t h  a  0.25% g lu ta ra ldehy  de 
s o l u t i o n .  

One important  performance c r i t e r i o n  is t h e  l i f e  of 
t h e  immobilized enzyme under r e a c t i o n  cond i t ions .  
A f t e r  a  s u i t a b l e  suppor t  had been chosen based upon 
load ing  and a c t i v i t y  r e t e n t i o n  t e s t s ,  t h e  corres-  
ponding immobilized 8-G was t e s t e d  i n  a  f l u i d i z e d -  
bed r e a c t o r  f o r  s e v e r a l  days a t  50°C using t h e  
apparatus  shown i n  F igure  1. A s u b s t r a t e  s o l u t i o n  
o f  c e l l o b i o s e  was pumped through t h e  f lu id ized-bed  
r e a c t o r  a t  a  flow r a t e . s u f f i c i e n t l y  h igh  f o r  f l u -  
i d i z a t i o n ,  b u t  s u f f i c i e n t l y  low f o r  a  r e s idence  
time t o  pe rmi t  a  h i g h  conversion. Fresh c e l l o b i o s e  
s o l u t i o n  was con t inuous ly  f e d  t o  each recyc le  reac- 
t o r  sys tem a t  t h e  same r a t e  a s  t h e  product  so , lu t ion  
was withdrawn, ttrerby a l lowing t h e  system t o  a t t a i n  
continuous s t e a d y - s t a t e  ope ra t ion .  The glucose con- 
c e n t r a t i o n  i n  each product  s t r eam was p e r i o d i c a l l y  
measured t o  determine t h e  l o s s  of enzyme a c t i v i t y  
wi th  t i m e .  

4 .  Operat ion bf a  c e l l u l a v e  T e a c t i r  w i th  i m o b i l i -  
zed 6-G. The main o b j e c t i v e  o f  t h i s  program is t o  
c e s t  t h e  immobilized 6-G i n  a  r e a c t i o n  system con- 
t a i n i n g  c e l l u l a s e  and us ing  c e l l u l o s e  as a  f eed  
m a t e r i a l .  .Two b a t c h  r e a c t o r s  of 1 . 0  l i t e r s  were 
run i n  p a r a l l e l ,  one wi thou t  t h e  immobilized B-G 
and t h e  o t h e r  con ta in ing  it. The i n i t i a l  c e l l u l o s e  
concen t ra t ion  was 55 DIP.. The c e l l u l a s e  enzyme 
concen t ra t ion  was a t  225 EU/L  and L l l r  temperature  
was h e l d  a t  50°C dur ing  t h e  r e a c t i o n .  One r e a c t o r  
a l s o  contained 3.0 gms of i m o b i l i z e d  enzyme con- 
t a i n i n g  40 EU of 0-G p e r  gm of  alumina suppor t .  
Samples were  p e r i o d i c a l l y  withdrawn from t h e  reac-  
t o r  and assayed f o r  c e l l o b i o s e  and glucose concen- 
t r a t i o n s  us ing a  l i q u i d  chromatograph and a  glucose  
ana lyze r .  

So ika - f loc  was a  convenient  pure  c e l l u l o s i c  mater i -  
a l  f o r  use  i n  t h e s e ' f i r s t  experiments.  More r e a l i -  
s t i c  m a t e r i a l s  w i l l  b e  employed i n  f u t u r e  exper i -  
ments. 

RESULTS 

6-G product ion and p u r i f i c a t i o n .  Broth concentra- 
t i o n s  o f  0-G a f t e r  about 10 days o f  f e rmen ta t ion  
were found t o  b e  > 3.0 EU/mll, provided t h e  pH dur- 
i n g  t h e  f e rmen ta t ion  d i d  n o t  drop below 4.0 A f t e r  
f i l t r a t i o h  t o  remove t h e  c e l l s  and u l t r a f i l t r a t i o n  
t o  concen t ra t e  t h e  enzyme, t h e  s o l u t i o n  was f reeze-  
d r i e d  t o  y i e l d  a  crude powder wi th  an a c t i v i t y  of 
0 .9  EU/mg. Th i s  m a t e r i a l  was f u r t h e r  p u r i f i e d  us- 
i n g  ace tone  p r e c i p i t a t i o n  t o  y i e l d  a  powder having 
an  a c t i v i t y  of 16 EU/mg. Both enzyme p r e p a r a t i o n s  
were immobilized and eva lua ted .  

ImmobillzaLlua. The oupports  whirh  were t e s t e d  to -  
g e t h e r  wi th  t h e  r e s p e c t i v e  f r a c t i o n s  of a c t i v i t y  
r ~ L e n t i o n  arc given i n  Table  I. A c t i v i t y  r e t e n t i o n  
is de f incd  as t h e  measl.lred a c t i v i t y  o t  cne solid/ 
( o r i g i n a l  a c t i v i t y  of t h e  c o n t a c t i n g  s o l u t i o n  l e s s  
t h e  r e s i d u a l  a c t i v i t y  of  c o n t a c t i n g  s o l u t i o n ) .  
Thus, f o r  example, 42% of t h e  a c t i v i t y  l o s t  du r ing  
adsorp t ion  from t h e  c o n t a c t i n g  s o l u t i o n  was found 
on t h e  suppor t  No. 1. The Ti02 suppor t  (1j4 and /17) 
was found t o  b reak  up e a s i l y  under a g i t a t i o n  and 
t h e r e f o r e  was n o t  used f u r t h e r .  The S i02  and t h e  
DP-1 ion  exchange r e s i n  showed no immobilized a c r i -  
v i t y  as a  r e s u l t  o f  our  s imple  p re l imina ry  proce- 
dure .  One p o s s i b l e  r eason  f o r  t h i s  r e s u l t  may re-  
s i d e  i n  t h e  r e l a t i o n s h i p  o f  immobil izat ion pH t o  
t h e  i s o e l e c t r i c  p o i n t  of t h e  enzyme. The b e s t  sup- 
p o r t  t e s t e d  was t h e  alumina (Type 7881-A) from . 
Corning. This  m a t e r i a l  d i d  n o t  b reak  up under 
f l u i d i z a t i o n  and s t i l l  gave a  h igh  a c t i v i t y  recov- 
e r y  on immobil izat ion.  

Table  I 

Support Screening 

Supports  Tes ted  A c t i v i t y  Retent ion 

1. Alumina Type 7881-A 
715A0 

2 ,  Alumina Ty e  7851-A g 2458 

3. S i02  Type 7391-SX 
660A0 

+ Glutaraldehyde 

4. Ti02 - from Corning 4  3% 

5. Alumina Type 7881-A 
coated w/Ti02 3  7% 

6.  Alumina Type 7881-A 
+ Glutaraldehyde (.25% s o l n . )  30% 

7. Ti02 - from Corning 
+ Glutaraldehyde (.25% s o l n . )  , 44% 

8. Ion exchange r e s i n  DP-1 0  

9 .  Alumina Type 7881-A 
coated w/Ti02 
+ Clutaraldehyde 



nc e alumina ( suppor t  1 )  showed good i n i t i a l  
BULLS, i t  .was t e s t e d  f u r t h e r  t o  exp lo re  i n c r e a s e d  
zyme load ing  and a s s o c i a t e d  r e t e n t i o n .  I n  t h e  
mobi l i za t ion  procedure ,  5 gms of alumi3a were a l -  
y s  con tac ted  w i t h  50 m.t of enzyme s o l u t i o n  con- 
i n i n g  d i f f e r e n t  amounts of powdered enzyme. The 
j u l t s  f o r  t h e  crude f reeze-dr ied powder a r e  given 
F igure  2 ,  and f o r  t h e  p u r i f i e d  powder a r e  given 
F igc re  3. The e f f e c t  of g lu ta ra ldehyde  c r o s s  

lk ing  was a l s o  examined i n  bo th  cases .  For t h e  
~ e z e - d r i e d  powder, t h e  EU adsorbed upon t h e  alumi- 
was maximum a: a  s o l u t i o n  concen t ra t ion  of about 

5 EU/50 d. Cross l i n k i n g  wi th  g lu ta ra ldehyde  
>eared t o  have l i t t l e  e f f e c t  on e i t h e r  t h e  amount 
EU adsorbed f o r  t h e  e x t e n t  of a c t i v i t y  r e t e n t i o n  

r ing immobil izat ion.  The a c t i v i t y  r e t e n t i o n  re- 
ined r e l a t i v e l y  cons tan t  ' a t  about 50%. 

:n p u r i f i e d  enzyme powder was used, t h e  EU ad- 
[bed upon t h e  suppor t  cont inuously  inc reased  as 
B s o l u t i o n  concen t ra t ion  inc reased .  F i n a l  immo- 
Lized enzyme l e v e l s  were' about 375 EU/5 gm of  
lmina, tw ice  t h e  maximum"leve1 reached using t h e  
lde f r eeze -d r i ed  powder. As t h e  amount of en- 
ne adsorbed upon t h e  alumina i n c r e a s e d ,  t h e  a c t i -  
ry r e t e n t i o n  decreased,  a l though t h e  range s t i l l  
nained between 40 and 50%.. Glutara ldehyde c ross  
lk ing reduced bo th  t h e  mass load ing  and t h e  a c t i -  
:y r e t e n t i o n  of t h e  p u r i f i e d  enzyme. The p u r i f i e d  
ryme o f f e r s  s u f f i c i e n t l y  h i g h e r  suppor t  load ings  
make i t  worth cons ide r ing  f o r  t h e  f i n a l  r e a c t o r  

; ign.  

1 decrease  wi th  t ime of t h e  enzyme a c t i v i t y  dur- 
J h y d r o l y s i s  of c e l l o b i o s e  t o  glucose  is  shown i n  
gures 4 f o r  non-cross l inked enzyme and i n  F igure  
Eor immobilized enzyme t h a t  had been c ross l inked  
ing g l u t a r a l d e h y  de. Glut ara ldehyde does n o t  ap- 
nr t o  change t h e  a c t i v e  l i f e  'of t h e  supported en- 
ne. I n  both  cases  about  10% of t n e  enzyme a c t i -  
:y had disappeared a f t e r  500 hours  of cont inuous 
? r a t i o n ;  i n  bo th  t h e s e  cases  t h e  crude f r eeze -  
led enzyme was t h e  source  m a t e r i a l .  Th i s  immo- 
Lized enzyme i s  q u i t e  s t a b l e  and o f f e r s  a  p r a c t i -  
L c a t a l y s t  f o r  f u r t h e r  s t u d i e s .  The a c t i v e  l i f e  
t h e  p u r i f i e d  m a t e r i a l  w i l l  a l s o  b e  i n v e s t i g a t e d  
f u t u r e  work. 

~ o b i l i z e d  6-G and c e l l u l a s e  r e a c t o r .  The r e s u l t s  
~m o p e r a t i n g  t h e  ba tch  c e l l u l a s e  r e a c t o r  bo th  
:h and without  t h e  a d d i t i o n  of immobilized 0-G 
i i t i o n  a r e  shown i n  F igure  6 .  For t h e  case  of no 
: a d d i t i o n  t h e  c e l l o b i o s e  and glucose concentra- 
Ins con t inuous ly  i n c r e a s e d ,  such t h a t  at 30 h o u r s ,  
!ir concen t ra t ions  were approximately  equal .  
!n immobilized 0-G was p r e s e n t ,  however, t h e  glu- 
ie concen t ra t ion  observed was approximately  100%: 
t a t e r  t h a n  i n  t h e  former case; moreover t h e  r e s i -  
11 c e l l o b i o s e  concen t ra t ion  was s i g n i f i c a n t l y  
rer and remained cons tan t  a t  about 0.3 gm/L. It 
apparen t  from t h e s e  experiments t h a t  t h e  immo- 

. ized 0-G caused t h e  h y d r o l y s i s  o f  cons ide rab le  
-1obiose t o  glucose .  Owing t o  c r y s . t a l l i n i t y  n o t  
. t h e  c e l l u l o s e  content  of So lka - f loe  i s  access i -  

h e  c e l l u l a s e  enzymes. Never the les s ,  t h e  
of immobilized f?-G t o  t h e  c e l l u l a s e  mix- 

.-= usamat ica l ly  i n c r e a s e s  t h e  y i e l d  of g lucose  a t  

t h e  expense of t h e  u n d e s i r a b l e  c e l l o b i o s e .  Other 
p r a c t i c a l  c e l l u l o s i c  m a t e r i a l s  wi th  h igher  access i -  
b i l i t y ,  such as p r e t r e a t e d  corn s t o v e r  and pop la r  
wood, w i l l  b e  t r i e d  i n  t h e  f u t u r e .  

FUTURE PLANS 

The fol lowing is  a  d e s c r i p t i o n  o f  t h e  exper imental  
work we p l a n  t o  under take dur ing  t h e  second y e a r  of 
t h i s  r e sea rch  p r o j e c t .  

Feedstocks ( S u b s t r a t e s ) .  I n i t i a l  exper iments  have 
been aimed a t  l e a r n i n g  t e c h n i c a l  f e a s i b i l i t y ,  and 
a t  developing new methods and t echn iques  t o  i m o -  
b i l i z e  t h e  enzyme f o r  s e v e r a l  r e a c t o r  conf igura-  
t i o n s .  Most of t h i s  i n i t i a l  work was done w i t h  
r a t h e r  pure  and r e f i n e d  fo rns  of c e l l u l o s e  f o r  t h e  
s a k e  of r e p r o d u c i b i l i t y  and i n  o r d e r  t o  have a  b a s i s  
f o r  comparing t h e  r e s u l t s  wi th  r e l a t e d  work of 
o t h e r s .  P lans  a r e  underway t o  o b t a i n  samples of 
o t h e r  less r e f i n e d  c e l l u l o s i c  f eeds tocks  and i t  is  
expected t h a t  i t  w i l l  b e  p o s s i b l e  t o  use  some o f  
t h e s e  m a t e r i a l s  i n  some i n i t i a l  t r i a l  exper iments  
towards t h e  end of t h e  f i r s t  y e a r  o f  t h i s  p r o j e c t .  
During t h e  proposed second y e a r  we p l a n  t o  concen- 
t r a t e  on t h e  use  of such feeds tocks  as: 

A. Pop la r  wood, m i l l e d  and a c i d - t r e a t e d  by t h e  
Dartmouth group. 

B. P i n e  prepared and p r e t r e a t e d  as i n  A. when i t  
becomes a v a i l a b l e .  

C. Corn s t o v e r  m i l l e d ,  w i t h  and wi thou t  a c i d  pre- 
t r e a t m e n t ,  depending on a v a i l a b i l i t y  from t h e  
Dartmouth group. 

D. Wood p r e t r e a t e d  by exploding i t  through a  d i e  
by a  new Canadian p rocess .  

E. Various c e l l u l o s e  samples p r e t r e a t e d  by t h e  
Purdue p rocess  i n s o f a r  as they become a v a i l -  
a b l e  from Purdue. 

Immobil izat ion of 0-glucosidase  (0-G) . Our work 
dur ing  t h e  f i r s t  months of t h i s  p r o j e c t  h a s  r e s u l -  
t e d  i n  a  h i g h l y  a c t i v e  immobilized form of t h e  0-G 
enzyme ob ta ined  from A s p e r g i l l i s  phoen ic i s  ; more- 
ove r  t h i s  immobilized p r e p a r a t i o n  h a s  shown a  re,- 
markable ha l f - ln f  e  dur ing  on-s t ream t e s t s  w h i l e  
p rocess ing  a  cont inuous flow of c e l l o b i o s e  so lu -  
t i o n .  This immobilized enzyme was prepared by 
adsorp t ion  on porous alumina p a r t i c l e s .  Although 
t h i s  accomplishment. r e p r e s e n t s  a  s i g n i f i c a n t  s t e p  
forward,  we do n o t  have reason  t o  b e l i e v e  we have 
achieved t h e  optimum a c t i v i t y  o r  h a l f  l i f e .  We 
p l a n  t o  con t inue  t o  s t u d y  v a r i a t i o n s  i n  suppor t  and 
method of immobil izat ion i n  an e f f o r t  t o  improve 
f u r t h e r  t h e  a c t i v i t y , a n d  h a l f  l i f e  of immobilized 
0-G as w e l l  a s  p o s s i b l y  lower  t h e  c o s t  of i t s  
p r e p a r a t i o n .  We propose t o  pursue t h i s  g o a l  d u r i n g  
t h e  nex t  y e a r  as t ime  and resources  pe rmi t .  

We a l s o  i n t e n d  t o  s t u d y  v a r i o u s  r e a c t o r  conf igura-  
t i o n s  dur ing  t h e  nex t  y e a r  t h a t  w i l l  r e q u i r e  immo- 
b i l i z e d  6-G enzyme i n  t h e  form of membranes r a t h e r  
than i n  t h e  form of p a r t i c l e s .  Th i s  w i l l  e n t a i l  
developing methods f o r  entrapment and immobiliza- 
t i o n  of 0-G w i t h i n  v a r i o u s  membranes. Such meni- 



branes  k t  b e  c a r e f u l l y  chosen and designed t o  pro- 
v i d e  a f avorab le  environment f o r  t h e  enzyme ( there-  
by providing s t a b i l i t y  and long  l i f e t i m e )  as w e l l  
as t o  possess  s u i t a b l e  p o r o s i t y  t o  i n s u r e  rap id  
t r a n s p o r t  of t h e  c e l l o b i o s e  s u b s t r a t e  and t h e  glu- 
cose product.  
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Figure  4 .  Immobilized A c t i v i t y  ve r sus  Reaction 
Time w i t h  Cel lobiose f o r  No Crossl inking.  

Figure  5. Immobilized A c t i v i t y  versus  Reaction 
Time wi th  Ce l lob iose  f o r  Cross l ink ing  
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Figure  6. Glucose and Cel lobiose Concentrat ion i n  
Batch Reactors  with/without  Addition of 
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BIOCONVERSION OF PLANT BIOMASS TO ETHANOL 

Ronald Brooks, Tah-Mun Su, Michael Brennan, and Joanne Frick 

General Electric Corporate Research and Development, Schenectady, NY 12301 

ABSTRACT 

le General Electric Corporate Research and De- 
?lopment (GEICRD) process employs low pressure 
lemical.ly augmented hardwood oteaming and r a p i d  
?compression to produce a readily digestible sub- 
;rate. A mixed culture of Clostridum thermocellum 
~d Clostridum thermosaccharolyticum ferments the 
.etreated wood at 60°C directly to ethanol. C. 
lermocellum is used primarily to solubilize cell:- 
)se and to convert cellobiose to ethanol. Co- 
~lture with C. thermosaccharolpticum enhances the 
ite of cellulose degradation and permits the xylose 
*educed during pretreatment to also be fermented to 
;hanol. Product recovery is accomplished via con- 
.nuous withdrawal of the fermentation broth to a 
?parate vacuum distillation chamber (modified vacu- 
?rm) and subsequent distillation to produce 95% 
;hanol. After ethanol separation, the cell mass is 
sturned to the fermentor to maintain cell density 
lile lignin is discharged, partially dried, and 
ied to fuel the pretreatment boiler. If practical, 
lent silage is recovered and used as fertilizer. 

!e preliminary ethanol cost analysis is encourag- 
~ g ;  however, pretreatment optimization and improve- 
?nts in the overall mixed culture ethanol tolerance 
~d yield is required before larger scale process 
raluation is justified. 

INTRODUCTION 

1st competitive ethanol from biomass requires 1. 
I efficient means of pretreating plant biomass to 
lhance its susceptibility to microbial attack, 2. 
apid and efficient fermentation of cellulose and 
smicellulose at high substrate concentrations and 
. ethanol concentration high enough to minimize the 
scovery cost (in Btus and dollars). 

le research effort described in this report is 
irected toward solving the technical barriers to 
le production of ethanol from wood. The objective 
F the research is to demonstrate the technical and 
:onomic feasibility of fermenting S02/steamed hard- 
,od directly to ethanol using a mixed thermophilic 
~lture of C. thermocellum and C. thermo- 
~ccharolyticum. Experimental results are summa- 

.nd discussed in terms of two major research 
culture physiology and development, and wood 
tment and evaluation. The former studies 

were undertaken to gain additional insight into 
nutritional requirements, pathway and limitations on 
the thermophilic fermentation of cellulose to 
ethanol. The studies of wood pretreatment were 
undertaken to determine the primary constraint(s) to 
microbial utilization of wood carbohydrates and to 
develop a process which renders the latter suscep- 
tible to enzymic or microbial attack. 

RESULTS 

A. Culture Physiology and Development. 

1. Organisms. 2. thermocellum LQ8 was provided by. 
J.G. Zeikus, Department of Bacteriology, University 
of Wisconsin, Madison, Wisconsin. C. thermo- 
cellum Q was provided by L.Y. Quinn, ~;~artment of 
Bacteriology, Iowa State University, Ames, Iowa. C. 
thermosaccharolyticum ZC was isolated as a contami- 
nant of LQ8. 

2. Growth substrates and products. C. thermo- 
cellum Q grows on cellulose, cellobiose and glucose. 
Growth on cellobiose results in the production of 
glucose, lactic acid, ethanol, acetic acid, hydrogen 
and carbon dioxide. Glucose represents about half 
of the soluble sugar procustion arising from growth 
on cellulose and the remainder was assumed to be 
cellobiose. C. thermosaccharolyticum is non- 
cellulolytic bur forms a very stable mixed culture 
with C. thermocellum and grows on cellobiose, 
glucose and xylcse. The fermentation products of&- 
thermosaccharolyticum from growth on cellobiose are 
similar to that of 2. thermocellum except for 
variable amounts of butryic acid. Both cultures 
require relatively high levels (0.2-0.5%) of yeast 
extract for growth. A quantitative fermentation 
balance was, deferred until a defined medium was 
developed. 

The comparative growth of Q on cellulose, cello- 
biose, and glucose is shown in Fig. 1. Growth on 
cellobiose was faster than that observed on 
cellulose. This suggests that saccharification is 
limiting during growth on cellulose. Growth on 
glucose was preceded by a long lag period which was 
shortened but not eliminated by sequential transfer 
on glucose'. 



Cellulose = o 
Celloblose = 
Glucose = A  

Hours 

Fig. 1. Growth of g. Thermocellum Q on 
Cellulose, Cellobiose and Glucose 

Product formation by C. thermocellum Q was found to 
depend on substrate (Fig. 2). The increased ethanol 
concentration from growth on cellobiose was due to 
greater substrate utilization. During growth on 
cellulose and cellobiose, glucose initially accumu- 
lated in the medium and was subsequently utilized. 

Fig. 2. Product Formation by C. thermocellum 
Q Grown on Cellulose, Cellobiose 
and Glucose 

Cellulase production on cellulose, cellobiose, and 
glucose varied somewhat but was generally comparable 
and paralleled growth. These findings suggest thac 
C. thermocellum cellulase is constitutive. - 

3. Cellulose From C. Thermocellum Q. During C. 
thermocellum Q growth on cellulose, the cellulase 
activity was primarily located in the supernatant 
and on cellulose. When cells were separated from 
the cellulose particles by settling, very little 
cell-associated Avicelase activity was detected even 
after an eight fold concentration of the cells. 
Glucose production during incubation of cell-free 
filtrate or the cell mass pellet with Avicel was not 
detected. Neither the whole culture nor the cell- 
free filtrate showed detectable -glucosidase activ- 
ity as measured by the liberation of p-nitrophenol 
from p-nitrophenylglucoside. 

The thermal stability of 5. thermocellum Q cellulgse 
(pH ogtimum 6.0) was examined between 40'~ and 60 C. 
At 60 C, some loss of activity was observed, but the 
decline was gradual after 24 hours. 

Glucose or cellobiose, in concentrations from 0.1 to 
0.5% was not found to affect the cellulase activity 
Of 5. Lt~et~~~~occllum. - 

4. Growth of C. Thermosaccharolyticum ZC. C. 
_thermosaccharolyticum ZC grew equally well on cello- 
biose, glucose, and xylose. A lag period of about 
20 hours was observed during growth on cellobiose 
(Fig. 3 ) .  Ethanol and acetic acid were produced in 
comparable amounts, and the ratio was generally 
between 1 and 1.5. The yield of ethanol was higher 
on glucose than on cellobiose. Product formation 
was growth associated but continued to increase 
after cell growth leveled off. As with C. 
thermocellum Q, C. thermosaccharolyticum ZC also 
accumulated glucose during growth on cellobiose. 

Fig. 3. Cell~~lose Degradation by Mixed 
Culture and Mono-Culture 

5. Mixed Culture Cellulose Degradation. Co-culture 
of' C. thermosaccharolvticum ZC with C. thermocellun 
Q on. cellulose resulted in an enhanced rate of 
cellulose degradation and negligible soluble sugar 
accumulation (Fig. 3). The yield.of ethanol anc 
acetic acid, generally about 25% of the cellulose 
consumed, was comparable with that observed in thc 
pure culture formentation. Soluble sugars dj 
accumulate because of utilization by ZC. Hot 
sincs exogenous sugar %as not observed to stir3.,,,,. 



12 ?reduction or to inhibit enzyme activity, the 
lhanccd c n l l ~ l l n s ~  degradation rate oould not bc 
:tributed to the reduced soluble sugar 
?cumulation. 

, Culture Develooment. The necessity of improving 
le ethanoi yield and tolerance of both C .  thermo- != and s. thermosacchoarlyticum was recognized 
: the beginning of this research program. To 
lhance the ethanol tolerance, cultures were either 
aquentially transferred into media containing in- 
"ementally (0.5%) higher amounts of ethanol or 
eparated (via centrifugation) and incubated in 
'esh medium containing exogenous ethanol. A strain 
C. thermocellum Q-5 which was able to grow in 

? d E  containing 5% ethanol was isolated by the 
ltter procedure. In media containing no added 
;hanol, the ratio o?ethanol to acetic acid pro- 
lced by Q-5 increased to more than twice that 
)served with the parent strain Q. 

.milar efforts with 2. thermosaccharolyticum were 
 successful. More extensive subculturing and 
naller incremental increases in exogenous ethanol 
~ncentrations are apparently required to overcome 
le greater sensitivity of C. thermosaccharolyticum 
1 ethanol. 

. Wood. pretreatment and Evaluation 
1. Pretreatment Reactor. The principle com- 

ments of the experimental apparatus for wood pre- 
"eatment are schematically presented in Fig. 4. 
le steam generator is a high pressure vessel that 
an withstand 1800 psi. The capacity of the vessel 
P one gallon, which is large enough to supply steam 
the pretreatment chamber. Both sides of the 

;earn pretreatment chamber are connected to 
rdraulically operated ball valves capable of with- 
Landing 500 psi at 2 5 0 ~ ~ .  The ball valves have a 
lpid response time to ensure uniform fiber dis- 
large. The use of ball valves allows for rapid 
'ont-end loading and discharge of wood chips and 
.ber, respectively. Under these experimental con- 
tions, the minimum residence time is limited 
'imarily by the time required to load the 
letreatment chamber. The addition of chemicals 
tfore st.~amin~ is aocompliohcd via a high p~.assur.e 
s port on the input side of the pretreatment 
amber. The pretreatment chamber is a one inch ID 
ainless steel threaded pipe that is insulated and 
ated to preset temperatures. The discharge port 
connected to a sample collector. 

2. Pretreatment. The . effect of steam 
essure and reaction time on fiber composition, 
rmentable sugar recovery, and susceptibility of 
eated poplar to enzymic hydrolysis were initially 
amined to determine a suitable pretreatment 
erating range. The yield of soluble sugars from 
zymatic.hydrolysis of poplar fibers, steamed at 
D psi ( . 205'~) was about four times greater than 
uld be obtained from fibers treated at 200 psi 
36'~). A t  these pressures, reaction time beyond 
minutes, generally resulted in decreased yields 

- .  
)le sugarn; however, reaction time was less 
.ial than temperature. Subsequently,. the 
~f gegarate add.it.lons of sulfur dioxide and 

Donia were also examined and compared 'with the 

Fig. 4 Pretreatment Reactor Schematic 

effects of steam alone. Chemically augmented 
steaming was performed by initially contacting the 
poplar in the preheated (200~~) reactor with gaseous 
sulfur dioxide (30 spi) for about two minutes. The 
wood was decompressively discharged from the reactor 
and analyzed. 

Steam and SO /steam treatment caused a decrease 
in the xylan and ash content of the fibers. However, 
operating on the basic side with ammonia signifi- 
cantly retarded xylose degradation. About 30% of. 
the original Klason lignin was altered during each 
pretreatment to the point where it became soluble in 
72% H2S04. The yield of fermentable sugars (xylose 
and glucose) after steam or sulfur dioxide 
pretreatment at 240 psi was reduced unless the pH in 
the reactor was controlled. 

The susceptibilities of treated and untreated 
poplar fibers to acid hydrolysis and enzymatic 
saccharification are summarized in Table I. 
Hydrolysis in 6N HC1 provides a rough measure of the 
amorphous carbohydrate content of the fiber. The 
results indicated that little or no decrystalliza- 
tion ol cellulose occurred as a result of the pre- 
treatment. The relatively higher soluble suggr 
production from untreated fibers was because of 
their higher xylan content. 

Enzymic hydrolysis of cellulose with T. reesei 
cellulase leads to the formation of both glucose and 
cellobiose. Since the soluble sugar yields reported 
in Table I were determined by glucostat assay, the 
yields of soluble sugars should be higher once 
cellobiose is accounted for. Extending the in- 
cubation time from 24 to 48 hours results in addi- 
tional soluble sugar production, it is therefore 
likely that for SO2-treated fibers, all of the 
carbohydrate can be saccharified in a reasonable 
period of time. Steam pretreatment alone resulted------ -- ------ 
in a less dramatic improvement in fiber 
accessibility and ammonia-treated fibers were as 
resistant to saccharification as untreated fibers. 

The ability of C, thermocellum V to utilize 
sulfur dioxide pretreated poplar fibers for ethanol 



TABLE I 

SACCHARIFICATION OF PRETREATED POPLAR 

Soluble %par Roduc(ion (mgl 

steam 

steam +SO, 

Steam + N H , 

'50 mg ol fiber h Sml EN HCI. imbated at 98-C for 1 hr: soluble 
sup12 were delemined by d'ilWO~bylic acid memad. 

'50 mQ of fiber In 2 ml e n m e  solum whrh had Avlcetase astiv~(y ot 
15 mo/mI(lO% Avkell~ubatea lor 24 hrsl: s u m  were determihad by 
ptucosmt memod. 

production was evaluated at GO'C in a pH (7.2) 
controlled fermentor (Fig. 5). Approximately 70% of' 
the fiber was. utilized in 48 hrs., indicating sus- 
ceptibility comparable to that observed after 
incubation with R. reesei cellulase enzymes. The 
low ethanol concentration in fermentation was at- 
tributed to its removal by the nitrogen purge gas. 

Treated and untreated fibers were examined by 
transmission electron microscopy to ascertain the 
nature of the structural alterations in fiber 
morphology which occurred as a result of' 
pretreatment. Steam treatment resulted in extensive 
swelling in the S layer and partial separation of 
the S /S layers? Lignin diffusion (altered or 
native? A d  c.oagulation at the S /S and, in some 
cases, at the PISl interfaces we?e also observed. 
The loss of some intercellular substance (lignin) 
was apparent in some electron micrographs, but more 
extensive analysis is required to quantify the 
amount of cell wall material removed. Swelling of 
the primary wall and the S1 and S layers were 
limited relative to the extensive &elling which 
occurred in the S layer. 

3 
The SO,/steam treatment resulted in more ex- 

tensive alterations in fiber El6PptlOlogy, and 
frequently, complete loss of cell wall structure was 
observed. The S layer was generally absent, and a 
considerable porsion of the intercellular substance, 
the primary wall, and the S, layer was removed. The 
S layer was still discernible, but the loss of 
sgructure was apparent. 

Ammonia treated poplar fibers retained c6n- 
siderable structural integrity and displayed ex- 
tensive swelling of the S layer. However, 
separation at the S /S inteJface xas infrequent, 
and completely detscdd lumen walls were not 
observed. Loss of middle lamella lignin appeared to 
be comparabfe or somewhat less than with samples 
treated with steam alone. Lignin coagulation and/or 
diffusion into the S /S interface was not readily 
observed. The pH o+ ammonia treated fibers was 
about eight, which indicated that pH or a specific 
chemical interaction with sulfur dioxide or both 
were required to make most of the wood carbohydrate 
susceptible to microbial utilization. 

Fig. 5 Growth of C. Thermocellum Q on 
SO2 - Treated Fiber 

DISCUSSION 

- 1. Microbiology and Biochemistry of C. 
thermocellum Cellulose Fermentation. The 
experimental results permit the advancement of E 

tentative picture of the microbiology of pure anc 
mixed culture utilization of cellulose by C. 
thermocellum Q and C, thermbsaccharolyticum ZT 
During growth of C, thermocellum Q on cellulose, the 
culture elaborates extracellular cellulase which 
hydrolizes the latter primarily cellobiose, that i: 
metabolized by C, thermocellum Q to produce glucose 
lactic acid, ethanol, acetic acid, hydrogen, ant 
carbon dioxide. Similar end-products are produced b: 
C. thermosaccharolyticum ZC grown on cellobiose. Thc - 
failure to detect B glucosidose activity or glucos~ 
as an end-product of C, thermocellum cell-fref 
cellulase attack on Avicel suggests that the glucosl 
in the broth arises from the metabolism 0 
cellobiose. However, additional studies are require 
to substantiate this conclusion. Since glucose i 
expected as one end-product of endo-glucanase attac 
on cellulose, the luck of glucose in the hydrolizat 
suggests that endo-gluconase activity may be low 
The latter may explain the relatively low observe 
cellulose depletion rates. 

Glucose accumulation in the broth also depend 
on the growth substrate. During the growth of Q o 
cellulose saccharification of the latter is rat 
limiting, the concentration of the actual growt 
substrate (cellobiose) remains low, which limits cel 
growth, and influences the amount of glucose that i 
utilized. However, during growth on cellobiose, th 
carbon substrate 18 plentiful and  glucoae oooumu 
lation is controlled primarily by substrat 
preference. 

The enhanced rate of cellulose depletion durir 
growth of C, thermocellum Q in the presence of C 
thermosaccharolyticum ZC appears not to be the resul 
of soluble growth factor provided by the latter. 1 
demonstrable cellulose depletion rate enhancement 
were observed when C, thermocellum Q was grown c 
cellulose in the presence of added C, ! 
saccharolyticum ZC cell free supernatant. 
potential for achieving further increases ill 
strate depletion rates by coculturing is apparel 



>m zomparison of the mixed culture cellulose 
1 rate of C, thermocellum O and C, 
?rmosaccharolyticum ZC with that of the 
ltaminated thermocellum LQ8. The latter ex- 
?ded the former by almost a factor of three, even 
?n basal medium yeast extract level was only 0.2%. 

2. Wood Pretreatment. The experimental 
jults on wood pretreatment clearly confirm our 
.ginal hypothesis that low pressure sulfur dioxide 
pented hardwood steaming should produce a readily 
:essible substrate. Since the treated wood 
;ains 75% or more of the original Klason lignin, 
t latter does not appear to be the primary barrier 
enzymatic hydrolysis. 

While the prelimimary experimental findings do 
; permit identification of the primary 
rsiochemical barrier to enzyme accessibility, they 
provide considerable new insight and a basis for 
mulating a working hypothesis to guide future 
 dies and the design of an optimum pretreatment 
xess. The electron micrographs are particularly 
.pful in this regard. However, the results of the 
!ctron microscopy analysis are very preliminary, 
1 several representative samples must.be examined 
'ore a genepal picture of the effects of steam and 
,/steam treatment can be established. The 
ierved changes in fiber morphology arise primarily 
>m the combined effects of steam temperature, pH, 
1 rapid decompression; and these factors can be 
lependently evaluated in the reactor. 

PRELIMINARY ECONOMIC CONSIDERATIONS 

In the GE/CRD process (Fig. 61, relatively 
Lrse hardwood (and/or softwood, if amenable) chips 
! steamed at low pressure in the presence of 
~plemental amounts of sulfur dioxide (or 
~ivalent reagent) for a brief time and are rapidly 
!ompressed. The partially defibrated wood is 
~tralized with ammonia gas and fed directly into a 
mentor which operates at a temperature of 
Iroximately 60'~. A mixed culture of Clostridium 
irmocellum and thermosaccharolyticum is employed 
ferment the readily digestible substrate to 

~anol. C. thermocellum is used to solubilize 
.lulose azd to convert cellobiose to ethanol. C. 
!rmosaccharolyticum .is employed to ferment tEe 
~toses produced during pretreatment but not 
.lized by C. thermocellum, to ethanol. Product 
rovery and cell recycle are accomplished by 
ltinuous withdrawal of the broth to a vacuum 
 tilla at ion chamber (modified vacuferm) and 
rsequent distillation to produce 95% ethanol. 
.er ethanol separation, cell mass is returned to 
I fermentor to maintain cell density while lignin 
discharged, partially dried, and used to fuel the 
!treatment steam bioler. If practical, spent 
.age is recovered and used as fertilizer. 

A preliminary costs analysis of the GE/CRD 
lcess was performed to estimate the costs of 
lano1 production and to determine areas where 
:hnical improvement would lead to significant cost 
1 , r n t  4 rr n. 
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. Fig. 6 GE/CRD Direct Ethanol Fermentation Process 

(300 ton/day) plant producing 95 volume percent 
ethanol from poplar. The size of the plant was 
dictated by available data and does not indicate an 
optimum or even desirable size. The material 
balance used to develop the cost estimate are shown 
in Fig. 6. 

The following assumptions were made to arrive 
at a calculated manufacturing cost of ethanol. 

1 Poplar wood available at $30/ton on a dry 
weight basis is fed into the reactor as 
chips containing 40 welght'.p6FBeiif-rja-fei;" " - -  
as received. 

2. Moist wood chips are contacted with gas- 
eous sulfur dioxide (wood/S02weight ratio 
= 100/1) under steam pressure of about 300 
psi for 10 to 15 minutes. 

3. Fiber recovery after pretreatment is 908 
of the charge. 

cost of producing ethanol v p  the GE/CRD 
~cess was evaluated for a 30 x 10 gallon/year 
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TABLE I1 

4. One-half o f  t h e  p r e t r e a t e d  f i b e r  is f e r -  
mentable  ca rbohydra te  and 90s  o f  t h i s  
ca rbonydra te  is u t i l i z e d  d u r i n g  fermen- 
t a t i o n . '  The e t h a n o l  y i e l d  is 4O$, based 
on t h e  amount o f  suga r  u t i l i z e d .  

CAPITAL INVESTMENT 

5. The e t h a n o l  c o n c s n t r a t i o n  i n  t h e  f e rmen to r  
b r o t h  is 2.5%. 
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7. Lang m u l t i p l i c a t i o n  f a c t o r  o f  4.6 may be 
used t o  estimate t h e  p r a c t i c a l  inves tment  
on d e l i v e r e d  equipment c o s t s  ( 1 ) .  When 
1978 equipment was n o t  a v a i l a b l e ,  c o s t a  
were updated u s i n g  t h e  December 1978 
Chemical Engineer ing P l a n t  Cons t ruc t ion  
Cost  Index o f  245.2 ( 2 ) .  

8 .  T o t a l  c a p i t a l  inves tment  i n c l u d e s  con- 
t i ngency  ( 15% o f  f i x e d  inves tmen t )  and 
working c a p i t a l  (20% o f  t o t a l  c a p i t a l  i n -  
ves tment) .  

9.  Fixed cha rges  f o r  manufactur ing Cos t s  i n -  
c l u d e  8% d e p r e c i a t i o n ,  8% i n t e r e s t ,  1% 
p r o p e r t y  t a x ,  1% insu rance ,  and 3% main- . 
t enance  c o s t s .  

Nolan ( 3 )  h a ~ ~ e s t i m a t e d  t h e  capit.l inves tment  
c o s t  f o r  a 30 x 10 g a l l o n / y e a r  e t h a n o l  p l a n t  u s i n g  
combined s a c c h a r i f i c a t i o n  and vacuum fe rmen ta t ion .  
S i n c e  s i m i l a r  equipment was used,  t h e  f e rmen ta t ion  
and vacuum d i s t i l a t i o n  equipment c o s t s  were based on 
t h e  e s t i m a t e s  o f  Nolan and a d j u s t e d  t o  1978 c o s t s  
u s i n g  Chemical Engineer ing Cost Indexes  o f  245.5 and 
226.2 f o r  1978 and 1979, r e s p e c t i v e l y .  

Based on t h e s e  assumpt ions  and t h e  c a p i t a &  
investment  c o s t  p re sen ted  in Table I1 f o r  a 30 x 10 
g a l l o n / y e a r  95% e t h a n o l  p l a n t ,  t h e  manufactur ing 
c o s t  f o r  a g a l l o n  o f  e t h a n o l  is c a l c u l a t e d  t o  be 
abou t  $1.06 (Table  111). Ethanol  c o s t s  o f  about  
$1.25 g a l l o n  ( p u r e  e t h a n o l )  a r e  cons ide red  

TABLE I11 

PRELIMINARY COST ESTIMATES' 
Raw 

mweament kmtW&S 
r o d  C ~ B I  lnresment $2.24 x 10. 135.08 x 10' 

Fixed Charge ('I@) 1.73 24.5 

Mrect Cost ( ' I @ )  

Fiber 57.8 

C n m m  2.79 7.58 

Steam + LeD + Utilih 3.37 7.20 

Manulacnuing Cost 

('lpall 57.9 7.70 38.30 

 COO^ dm6 not include OWMI axpens. dan~ ovamead cost. W~IW cmge.  
land purckming. building. servke iacililv. ysra impmvmenr and startup. 

a c h i e v a b l e  even wi th  vacuum fe rmen ta t ion  and e t h a n o l  
yields which a r e  on ly  50% o f  t h e o r e t i c a l  ( 3 ) .  The 
proposed modified vacuum fe rmen ta t ion  p rocess  would 
u s e  a much s m a l l e r  sys tem coupled t o  a conven t iona l  
fermentor  which shou ld  f u r t h e r  reduce t h e  c a p i t a l  
i~vestment. 

The f a v o r a b l e  e t h a n o l  c o s t  e s t i m a t e  is a 
r e f l e c t i o n  o f  eng inee r ing  s i m p l i c i t y ,  low c o s t  pre- 
t r e a t m e n t ,  h igh  ca rbohydra te  recovery,  and t h e  in-  
t e g r a t i o n  o f  t h e  f e rmen ta t ion  and e t h a n o l  recovery 
o p e r a t i o n s .  Biomass c o s t s  r e p r e s e n t  abou t  58% o f  
t h e  e t h a n o l  manufactur ing c o s t s .  With sma l l - sca l e  
d e c e n t r a l i z e d  p l a n t s ,  t h e  biomass c o s t s  may be lower 
than  t h e  $3O/ton assumed i n  t h e  fo rego ing  c a l -  
c u l a t i o n s .  I f  t h e  grower is a l s o  t h e  e t h a n o l  manu- 
f a c t u r e r ,  t h e  need and p r e s s u r e  t o  s e l l  biomass f o r  
p r o f i t  would be reduced because o f  t h e  oppor tun i ty  
t o  r ecove r  a s a t i s f a c t o r y  p r o f i t  on t h e  s a l e  of 
e thano l .  

Based on t h e s e  s t u d i e s ,  t h e  d i r e c t ,  mixed cu l -  
t u r e  the rmoph i l i c  f e rmen ta t ion  o f  SO /steam pre- 
t r e a t e d  hardwood t o  e t h a n o l  is t e c h n i c a l l y  f e a s i b l e  
and o f f e r s  t h e  p o t e n t i a l  o r  becoming ecoqomically 
a t t r a c t i v e .  The e t h a n o l  y i e l d  and t o l e r a n c e  o f  the  
microorganisms must be i n c r e a s e d  t o  j u s t i f y  the  
assumpt ions  used i n  t h e  c o s t  e s t ima te .  
A d d i t i o n a l l y ,  s e v e r a l  avenues f o r  improving the 
p re t r ea tmen t  o p e r a t i o n  and t h e  o v e r a l l  p r o d u c t i v i t y  
o f  t h e  p r o c e s s  have been Suggested f o r  f u t u r e  study 
and t h e  p r o s p e c t s  f o r  p rogres s  a r e  promising. 
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WSTRACT 

h e  Natick contract with the Department of Energy 
(Interagency Agreement No. E49-28-1007, dated 
23 February 1976) has the objective to develop a 
~ractical process for the conversion of cellulose 
Ln biomass to ethanol, a liquid fuel, via enzymatic 
:onversion of the cellulose and yeast fermentation ENZYMATIC SACCHARIFICATIOM OF WASTE CELLULOSE 
~f the glucose. The process can-be divided into 
five steps: 1. Selection of a suitable substrate; 
. Pretreatment of the substrate to enhance its 
mzyme susceptibility; 3. Production of active 
lellulase; 4. Utilization of the cellulase to 
;accharify cellulose; and, 5. Fermentation of the 
;accharification syrups to ethanol. The principal 
:ontributions of Natick have been in defining the 
)asic microbiology and biochemistry of the process, 
)articularly the identification of Trichoderma 
-eesei as the best source of active cellulase, the 
realization that "cellulase" is a complex of 
znzymes that act synergistically with each other, 
md the demonstration of rapid extensive sacchari- 
'ication of many cellulosic materials with 
:richoderma cellulase. Cellulase production has 
)een increased by mutation of the strain and 
)ptimization of the fermentation. The efficiency 
)f the cellulase has been increased by addition of 
iupplemental 0 glucosidase from Aspergillus 
)hoenicis. Various pretreatments including chemi- 
:al, high pressure steam, and various types of 
lilling increase substrate susceptibility. Enzyme 
las been produced at pilot plant scale (400 liters) 
~t high titre (15g soluble protein per liter of 
lrath) and productivity (85 filter paper ecllulase 
inits per liter per hour). Sacchari/fication by 
'richoderma cellulase plus Aspergillus 0 glucosid- 
tse has been advantageously coupled with yeast 
ermentation to ethanol, resulting in greater 
onversion than in the uncoupled system and pre- 
.enting contamination of the saccharification 
eactor without addition of toxic or inhibitory 
hemicals. 

'or this process to be economically viable we must 
e able to produce glucose for 15 cents per kg in 
rude 101 ayrup. To ai l i irvr L l i l s  w e  uusL solve 
he following problems (Fig. 1). Fig. 1. 
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.. CITSSTRATE SELECTION. The i d e a l  s u b s t r a t e ,  

.f zxis ted,  would b e  cheap, a v a i l a b l e  i n  

.a - l u a n t i t y  t h e  yea r  round, easy t o  c o l l e c t ,  

. igh i n  c e l l u l o s e  and would r e q u i r e  l i t t l e ,  o r  

.o p re t r ea tmen t .  At p r e s e n t  municipal  was te ,  
,aper  m i l l  waste ,  and biomass from energy 
l a n t a t i o n s  a r e  most promising (Fig. 2 ) .  At 
a t i c k  most of our e f f o r t  i s  devoted t o  munici- 
a 1  waste .  

. PRETREATMZNT. The i d e a l  p re t r ea tmen t  would 
e cheap and have a low energy requirement ,  
r e a t e  no p o l l u t i o n  problems and r e s u l t  i n  an 
ncreased c e l l u l o s e  con ten t  ( i . e . ,  removal of 
on hydro lyzab le  m a t e r i a l s ) ,  i nc reased  
e a c t i v i t y ,  and inc reased  bulk  dens i ty .  At 
r e s e n t  t h e  most promising p re t r ea tmen t s  a r e  B 
a l l  m i l l i n g ,  two r o l l  m i l l i n g  and steam t 
xp los ion  (Fig .  3 ) .  The p re t r ea tmen t  of cho ice  
111 depend on t h e  s u b s t r a t e  s e l e c t i o n  (F ig .  4 ) .  3 
v a l u a t i o n  of p re t r ea tmen t s  must b e  based on M 

U 

lie i n c r e a s e  i n  pe rcen t  convkrsion over  t h e  5 

n t r e a t e d  c o n t r o l  c a l c u l a t e d  f o r  t h e  t o t a l  
Y 

r i g i n a l  s u b s t r a t e .  Cost e f f e c t i v e n e s s  should I' 
e based on a l l  c o s t s  of pretreacmenr ( p r e - ,  
i n i n a r y  g r ind ing ,  steam, e l e c t r i c i t y ,  chemi- 
a l s ,  e t c . )  and be r e l a t e d  t o  t h e  inc reased  
i e l d  of sugar .  This  c a l c u l a t i o n  w i l l  n o t  only  - 
i e l d  a means of comparing p re t r ea tmen t s ,  i t  
ill a l s o  ( s i n c e  we know t h e  va lue  of t h e  
ugar)  te l l  whether a p re t r ea tmen t  is  worth 
a r r y i n g  out  a t  a l l .  

r e t r ea tmen t  is a high p r i o r i t y  problem which 
erits i n c r e a s e d  r e s e a r c h  suppor t .  I f  p u b l i c  
r e s s u r e  f o r c e s  t h e  d i v e r s i o n  of g r a i n s  t o  
l c o h o l  p roduc t ion ,  p r e t r e a t e d  c e l l u l o s i c  
a s t e s  could supplement animal  f eeds .  The 
ypes of p re t r ea tmen t  t h a t  enhance enzyme 
u s c e p t i b i l i t y  a l s o  enhance d i g e s t i b i l i t y  of 
e l l u l o s i c  r e s i d u e s  by animals .  Experience 
a ined i n  t h i s  use  would be  v a l u a b l e  when 
e l l u l o s e  convers ion p l a n t s  a r e  set up. 

. PRODUCTION OF ACTIVE CELLULASE. At Nat ick 
nd s e v e r a l  o t h e r  l a b o r a t o r i e s  Trichoderma 
4 has  been s e l e c t e d  a s  a source  of c e l l u -  
ase  because t h i s  organism p r o d u c . ~ . ~  h igh  
eve l s  of a complete c e l l u l a s e  complex capab le  
E hydrolyzing c r y s t a l l i n e  c e l l u l o s e .  Economic 
~ a l y s e s  i n d i c a t e  t h a t  enzyme i s  t h e  major c o s t  
a c t o r  i n  producing a l c o h o l  from c e l l u l o s e  (14) .  
l e r e f o r e  much o f  our  r e s e a r c h  e f f o r t  h a s  been 
?voted t o  i n c r e a s i n g  c e l l u l a s e  p r o d u c t i v i t y  
? mutat ion and by op t imiza t ion  of f e rmen ta t ion .  
l e  problems revo lve  around t h e  low s p e c i f i c  
: t i v i t y  of c e l l u l a s e ,  t h e  f a c t  t h a t  c e l l u l a s e  
3 an  induced enzyme, and t h e  i n v e r s e  r e l a t i o n  
atween growth and enzyme product ion.  

-@ ATTRllMl 30 YIN 
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Fig.  4. P re t r ea tmen t  of Hardwood (Poplar)  
Compared t o  Softwood (Newspaper). 
Hydrolysis  a t  500, pH 4 .8  wi th  
T. r e e s e i  C e l l u l a s e  a t  1 F i l t e r  - -  
Paper unit1m.l. 

TRM - 2 R o l l  Ml l l rd  
So lven t  = Dissolved i n  Cuprammonium - R e p r e c i p i t a t e d  
Data of Thomas T a s s i n a r i  and Char le s  Macy. 



Fig. 5. Fermenta t ion P r o f i l e  of  Trichoderma r e e s e i  Rutgers  S t r a i n  C30 Growing on 6X 2  R o l l  Mi l l ed  Cottor 

FB = F a r r e l  Birmingham N i l 1  
C e l l u l a s e  = I n t e r n a t i o n a l  F i l t e r  Paper  C e l l u l a s e  u n i t s l m l  (2) 
Data of Raymond Andreo t t i . ,  

Rutgers  mutant C30 (9) is t h e  b e s t  s t r a i n  f o r  pro- 
d u c t i o n  o f  c e l l u l a s e  on c e l l u l o s e .  High c e l l u l o s e  
c o n c e n t r a t i o n s  a r e  r e q u i r e d  t o  a c h i e v e  high enzyme 
t i t r e s  s i n c e  t h e  s p e c i f i c  a c t i v i t y  of  t h e  enzyme 
is  on ly  ahnn t  0.6 f i l t e r  paper  c e l l u l a s e  u n i t s  p e r  
mg of e x t r a c e l l u l a r  ( s o l u b l e )  p r o t e i n .  S i g n i t i -  
c a n t  q u a n t i t i e s  of c e l l u l a s e  a r e  never  found i n  
t h e  mycelium (16) .  On 6% two r o l l  m i l l e d  c o t t o n  

I growth dominates  f o r  t h e  f i r s t  50 hours  (Fig .  5 ) .  
During t h i s  p e r i o d  h a l f  of t h e  c e l l u l o s e  i s  con- 
suutr~l and pll f a l l s  r a p i d l y  t o  3.0 where i t  is  
c o n t r o l l e d  by a d d i t i o n  of  2N NHkOH which a l s o  
s u p p l i e s  n i t r o g e n  a s  r equ i red .  > i y c e l i a l  p r o t e i n  
is  s y n t h e s i z e d  r a p i d l y  r each ing  a  peak of 5 mg/ml. 
Assuming 40% p r o c e i n ,  t h i s  r e p r e s e n t s  12.5 g l l i t e r  
of  young c e l l s ,  a  40% y i e l d  from t h e  c e l l u l o s e  
consumed. Very l i t t l e  e x t r a c e l l u l a r  p r o t e i n  o r  
c e l l u l a s e  has  been syn thes i zed .  The r e s i d u a l  
c e l l u l o s e  is more reslst .a~lc  i s  eonoumed ve ry  
s lowly ove r  t h e  n e x t  200 hour p e r i o d  of  a c t i v e  
enzyme p roduc t ion .  The pH h o l d s  a t  3.0 a s  c e l l u -  
l o s e  f a l l s  t o  5g p e r  l i t e r ,  and m y c e l i a l  p r o t e i n  
f a l l s  t o  2g p e r  l i t e r  r e p r e s e n t i n g  about  7g p e r  
l i t e r  of  o l d e r  c e l l s  c o n t a i n i n g  about  30% p r o t e i n .  
C e l l u l a s e  rises t o  14 u n i t s  p e r  m l  and e x t r a -  
c e l l u l a r  p r o t e i n  t o  18g p e r  l i t e r ,  9  t imes  t h e  
l e v e l  of  m y c e l i a l  p r o t e i n .  Even tua l ly  when c e l l u -  
l o s e  i s  d e p l e t e d  pH w i l l  r i s e  a s  c e l l s  a u t o l y z e .  

I d e a l l y  we would l i k e  h igh  enzyme c o n c e n t r a t i o n  
and a  more r a p i d  f e rmen ta t ion .  With a  more susce '  
t i b l e  s u b s t r a t e ,  b a l l  m i l l e d  c e l l u l o s e ,  and pH 
c o n t r o l  a t  4 .0 ,  growth and enzyme s y n t h e s i s  a r e  
more r a p i d ,  b u t  c e l l u l o s e  i s  consumed and t h e  
f e r m e n t a t i o n  i s  complete by 100 hours  y i e l d i n g  
on ly  7 f i l t e r  paper  c e l l u l a s e  u n i t s  p e r  m l  (Fig .  
6 ) .  On t h e  same s u b s t r a t e ,  b u t  w i t h  pH c o n t r o l  a  
3.0,  growth and enzyme s y n t h e s i s  a r e  s lower ,  b u t  
t h e  f e r m e n t a t i o n  l a s t s  l o n g e r  and c e l l u l a s e  r each  
12 u n i t s  p e r  m l  a t  150 hours .  Th i s  f e rmen ta t ion  
gave c h r  11lghest r o d i l c t i v i t p ,  73 fi . ltcr paper  
c e l l u l a s e  u n i t s  p e r  l i t e r  p e r  hour.  When t h e  mor 
r e s i s t a n t  s u b s t r a t e ,  two r o l l  m i l l e d  c o t t o n ,  was 
used and pH c o n t r o l l e d  a t  3 .0  a  longe r  fermenta- 
t i n n ,  250 hours ,  and h i g h e r  t i t r e ,  14  uni ts / rn l ,  
was ach ieved  b u t  o v e r a l l  p r o d u c t i v i t y  54 u n i t s  pe  
l i t e r  p e r  hour was iower  than f o r  t h e  i n t e r m e d i a t  
f e rmen ta t ion .  

Anumber of e x c e l l e n t  mutant s t r a i n s  of Tr ichoder  
r e e s e i  a r e  now a v a i l a b l e  (Fig.  7 ) .  The o l d  N a t i c  
s t r a i n ,  QM9414, has  been supp lan ted  by newer 
s t r a i n s ,  Rutgers  NG14 ( 9 ) ,  h i g h e s t  t i t r e  on c e l l u  
l o s e ;  Rutgers  C30 (91,  h igh  t i t r e  and r a p i d  growt 
on c e l l u l a o e &  and Matick KG77 151, r a p i d  growth 
and h igh  p r o d u c t i v i t y  on l a c t o s e .  S t r a i n s  C30 an 
MCG77 show l e s s  s e v e r e  p o s t  g lucose  r e p r e s s i o n  of 



cellulase production although none of these 
strains are truly derepressed and all still 

A 
require a cellulase inducer such as cellulose 

1' or lactose. \hen the strains are compared under 

'1 1' nr identical conditions the differences appear to 
be related to rapidity of growth, secretion of 

/ 
I enzyme, and sensitivity to catabolite repression :I%---. rather than to any fundamental changes in the 

/AA I- cellulase genetics. Specific activities and 
a ratios of activities on CMC, filter paper, and 

cotton are not markedly different. All strains 
14 - 0 produce only low levels of cellobiase under 

conditions favoring high cellulase productivity. 
The ideal ratio for saccharification is 1.5-2.0 
units of cellobiase per filter paper cellulase 
unit. Dr. Frank Bissett at Natick has developed 
a procedure for separation of the proteins in 
crude cellulase preparations by an HPLC proce- 

10 - dure using a D E B  coated glass beads column (4). 
The profiles produced show marked changes 
dependant on growth substrate and handling of 
enzyme preparations,.but when grown and handled 
alike the different mutants give very similar 

ROmm( protein profiles with 64-802 of the total pro- 
P - # W l M  tein represented by exo-6 glucanase peaks, 20- 

36% of the total protein by endo-8 glucanase 
peaks. 

The Natick prepilot plant produces fairly large 
quantities (400 liter scale) of cellulase and 

C l glucosidase for use in saccharification 
nbm,l.na experiments. A typical fermentation run is 100 

hours. Strain C30 grown on 6% BW40 (unbleached 
pulp) yields 8.5 filter paper cellulase unitslml, 
productivity 85 units per liter per hour, in 

0 a n lb II) such a run. Yields are higher for 6 glucosidase 
1 P - H o I S l  which has a much higher specific activity (150 

units/mg protein) than cellulase. Aspergillus 
phoenicis grown on 3.5% hydrolysis sugars yields 
18.5 cellobiase unitslml, productivity 185 units 
per liter per hour. 

Fig. 6. Effect of Substrate Type and pH Control 
on Cellulase Productivity of Trichoderma 
reesei Rutgers Strain C30 Growing on 6% 
Cellulose. 

FB = Farrel Birmingham 2 Roll Mill 
BW200 = Ball Milled Pulp 
P = Productivity - Filter Paper Cellulase units/liter/hr 
Data of Raymond Andreotti. 

4. UTILIZATION OF THE CELLULASE TO SACCHARIN 
CELLULOSE. Some of. the problems involved in 
saccharification are shown in Fig. 8. We have 
already discussed strain selection and produc- 
tion of the enzyme. The rate and extent of 
saccharification depend on the nature and pre- 
treatment of the substrate, enzyme and substrate 
concentration (i.e., ratio of enzyme to sub- . 
strate), product inhibition,,and enzyme 
stability. All of these iriteract to cause the 
rate of hydrolysis to fall off rapidly with 
time (7). The most important factor affecting 
rate and extent of hydrolysis is substrate 
multiplicity (Fig. 9). Even when syrups are 
removed and replaced with fresh enzyme to elimin- 
ate product inhibition and enzyme inactivation 
as factors, the time required for total hydrol- 
ysis varies from less than 4 days for roll milled 
pulp to 35 days for untreated cotton. The most 
important function of pretreatment is to reduce 
crystallinity and so increase enzyme suscepti- 
bility. As the more susceptible portions of the 
cellulose are hydrolyzed, the residue is 
increasingly crystalline and resistant, products 
accumulate, and thcy competitivcly inhibit thc 
enzymes. Since cellulose is simultaneously 



CELLULASE PRODUCTION BY MUTANT 
STRAINS OF TRICHODERMA REESEI 

CULNRS 14 bPB IN 10 LITER f-tHMHiTORS ON 6% 2 ROLL MllLEO COTmN 
pH COHTROL > 3.0 USING 2 N NILOH 

M E  UNITS = p MOLES GLUCOSE PRODUCE0 PER MINUTE IN STANDARD ASSAY 

Fig.  7 .  Data of Raymond Andreotti and Charles Roche. 
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dr ---- sing the inhibitor to substrate ratio rises. 
FI more cellobiose inhibition is much more 
st .. for crystalline substrates. Supplenental 
6 glucosidase can be added'co remove cellobiose, 
but high levels are required because 6 glucosidase 
is competitively inhibited by its product, glucose, 
and as saccharification proceeds the glucose to 
cellobiose ratio becomes very high. Finally 
enzymes are inactivated under reaction conditions, 
and those enzymes, or complexes of enzymes acting 
on crystalline cellulose are mosc rapidly 
inactivated (12). 

As a result of these factors the cellulase unit is 
only 10-152 efficient in a 24 hour saccharifica- 
tion; i.e., a unit produces not 259 but 26-39 mg 
of glucose in 24 hours depending on enzyme and 
substrate concentration and nature of the sub- 
strate, or it will require 26,000 to 38,000 cellu- 
lase units to produce one kg of glucose in 24 hours. 
Up to about 2/3 of the total enzyme, one 6 gluco- 
sidase unit con replacc one ccllulasc unit (Fig. 
10). With high concentrations of a susceptible 
substrate 10% glucose solutions can be produced in 
14 hours in pilot scale (200 liter) runs. 

5. FERMENTATION OF THE SACCHARIFICATION SYRUPS TO 
ETHANOL. The fermentation of syrups to ethanol in 
the saccharification reactor has been carried out 
with moderate success (6). Boch Saccharomy= and 
Candida yeasts are compatible with the celiulase 
enzymes and the saccharification syrups. Ethanol 
is less inhibitory to the cellulase enzymes than 
equivalent quantities of glucose or cellobiose so 
that under equal conditions saccharification is 
greater in the coupled system. This also solves 
the difficult problcm of preventing contamination 
of the saccharification reactor without addition 
of toxic or inhibitory chemicals. The coupling of 
the two systems also reduces capital costs. 
Disadvantages exist. The coupled system must be 
optimized for the yeast fermentation which re- 
quires temperatures to be reduced well below the 
optimum for enzyme hydrolysis. Although Candida 
yeasts can grow aerobically on xylose, Saccharo- 
myces will not. and neither yeast can ferment - 
xylose to ethanol. 

0 ROLL MILLED SWUl 10% SUBSTRATE 
/I' 
, I  BW2W 2 FPUlml 

/ / A SWUl (PULP) pH 4.8 

CENTRIFUGE DOWN SOLIDS 1 RESUSPEND IN FRESH ENZYME 

DAYS AT.50.C 

Fig. 9. Total Hydrolysis of Pure Cellulose Substrates of Varying Resistance. 

FB = Farrel Birmingham 2 Roll Mill 
SW40 = SF, Solka Floc - Pulp 
BW200 = Ball Milled Pulp 
Data of John Medeiros. 



F. ~issett and D. Sternberg., Immobil-_ 
tion of 6 Glucosidase on Chitosan. Appl. 
Env. Microbial. 2. 750 (1978). 

1 W r BALL MILLED NEWSPAPUl 

A 3.3 FP- 

2.0 FP- 
0 

HYDROLYSIS, HOURS 

9. 

Fig. 10. Stimulation of Pilot Plant Saccharification 
of Newspaper by Added 6 Glucosidase. 

A, A 25% Ball Milled Newspaper 
a ,  o 15% Ball Milled Newspaper 
E'P = Filter Pauer Cellulase units/d - -  - - -  

6 = Added 8 ~iucosidase (Aspergillus phoenicis) units/ml 
500. pH 4.8 200 liter STR 
~ a t a  if Curtis Blodgett. 
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EXF'EFUMEWTAL m B I C  =ATION FACILITY 

k n i e l  J. Lizdas, Program Manager 
iamiltan Standard 
I ivision of United Technologies C o w r a t i o n  

!he U.S. Depar-nt of Energy awarded Hamilton 
itanclard a cont rac t  (M;-77-C-01-4015) on September 
80, 1977, f o r  the design, construction and 
!xperimental operat ion of an anaerobic fer-  
lentation f a c i l i t y  to evaluate the technical  ard 
!conanic f e a s i b i l i t y  of producing a fue l  gas f m  
.he residue of an environmental cattle feedlot. 

e s i g n  began i n  October 1977. Construction was 
n i t i a t e d  i n  Bartow, Florida a t  the  Kaplan 
rdus t r i e s  feedlo t  i n  February 1978 and was 
cmpleted i n  December 1978. Hamilton Standard 
!ill conduct an experimental evaluation through 
'ebruary 1980 t o  determine the  commercial feas- 
b i l i t y  of the process. 

n order to met the  program objective of 
dentifying the technical  and economic f e a s i b i l i t y  
f producing fue l  gas £run environmental beef 
a t t l e  feedlo t  residues, the following design 
equirements were established f o r  the  system: 

. Capacity to process 50,000 pounds of 
organic rrraterial (dry weight bas is )  
per day. 

. ~ t i l i z a t i o n o f  theproduced f u e l g a s  i n  
a ccrltrercial cnvironmcnt. 

. Recovery of s o l i d s  frcm the  fermentor 
contents  f o r  use as c a t t l e  feed 
ingredient. 

. Flex ib i l i t y  to explore a wide range of 
fennentor operating conditions. 

ne system design p i n t  was established a t  55OC, 
i t h  a s o l i d s  re tent ion  time of 10 days, u t i l i z i n g  
ne "as-received" mnure  s lu r ry  a t  a vo l a t i l e  
> l i d s  concentration of approximately 10%. The 
?sign f l e x i b i l i t y  gives the system the  capabi l i ty  
E : 

. operat ing a t  re tent ion  times as low as 
three  days and fermentation temperatures 
up b 6S°C s iwl taneous ly .  

Warren B. Coe, Projec t  Engineer 
Hamilton Standard 
.Division of United Technologies C o w r a t i o n  

. Mcdifying the residue s lu r ry  by the 
addit ion of chemicals to control  
qua l i t y  o r  to supplement the bio- 
logica l  nut r ien ts  required, and by 
the addit ion of water to control  
so l id s  wncentrat ion.  

. Evaluating the  thenrodynamic, hyaraulic 
and mechanical performance of a s lurry-  
t e s l u r r y  waste heat  exchanger f o r  t he  
recovery of h e a t f m  the f e ' m n t o r  
discharge. 

. Evaluating a l t e rna t ive  e f f luen t  . ' 

dewatering o r  product harvesting 
equipnent and f loccula t ion  materials .  

. Operating with a var ie ty  of loading 
schedules including continuous feed 
and withdrawal. 

I n  t he  anaerobic fermentation process, organic 
mater ia l s  a r e  acted umn by microorganism t o  
prcduce organic acids.  A second group of 
m i m r g a n i s n s  u t i l i z e s  the organic ac ids  to 
produce a mixture of methane and carbon dioxide 
which is su i t ab l e  as a fue l  gas. 

This  biological  process is car r ied  out  i n  tanks 
-lipped with &al turb ine- tyy  mixers. The 
mixing insures t h a t  the operating condit ions & 
uniform throughout the  tank and provides contact  
between the ~ c r o o r g a n i s m  and the organic 
materials .  Residue f m  feedlo t  cattle is contin- 
ously scraped and col lec ted  as a s lu r ry  i n  a 
holding tank. This r a w  material  is then plrmped 
i n t o  t he  fermentation tanks. A heat  exchanger is 
used to . transfer  system waste heat  i n b  the  
incoming residue s lu r ry ,  and steam is used to 
bring the  s lu r ry  up to the  process operating 
temperature p r io r  to entering the tanks. Each 
tank is a l s o  equipped with steam in jec t ion  which 
can be used f o r  maintaining the process tempera- 
ture .  The system is capable of operating a t  
temperatures of up to 65OC. 

A port ion of the tanks' contents  a r e  r a v e d  each 
day by a second pup to make rucan f o r  the  



inccming raw materials .  A centrifuge is used to 
harvest  s o l i d s  £ran the discharge f l m ,  and the  
remainirrg l iquid  is s e n t  to the lagoon. 

Fuel gas produced by the process f l w s  f m  the 
fennentor tanks to the system bo i l e r  and through 
a n  800 f o o t  p ipe l ine  to a bo i l e r  a t  the  Kaplan 
I r d u s t r i e s  m a t  packing plant .  The pressure, 
temperature and rroisture content of the gas a r e  
control led and sa fe ty  functions a r e  provided to 
prevent damage to the  system. I f  the  system and 
packing p lant  !.milee do not require f u e l  gas, a 
f l a r e  is p rwided  to burn the gas produced. 

Conventional systems such as municipal sewage 
treatment p l an t s  using anaerobic fermentation 
processes produce fue l  gas  a t  cos t s  grea ter  than 
$10 per mil l ion  Btu. This  experimental f a c i l i t y ,  
because of its advanced design wncepts ,  is 
expected b i n i t i a l l y  produce fuel. cfas a t  less 
than $5 p e r  mil l ion Btu. I n  addit ion,  the faci- 
l i t y  w i l l  be used to explore two unique a p  
preaches, each of which has the ptentia.1. tn 
fu r the r  decrease the c o s t  of fue l  gas prcduction. 

The f i r s t  approach involves increasing the amount 
of fuel  gas  produced by the f a c i l i t y .  This can 
be achiwed by both increasing the quant i ty  of 
organic material  processed and increasing the 
f r ac t ion  of t h i s  material  which is converted i n t o  
f u e l  gas. The use of increased operating tempera- 
tures ,  which increase the r a t e  of biological  
conversion and increase the  biological  s t a b i l i t y  
a t  high thrcughputs, is expected to achieve t h i s  
improvement. 

The f a c i l i t y ,  as designed and wnstruc ted ,  can 
process up to 25 tons of organic material  each 
day, and produce a gross y i e ld  of fue l  energy 
equivalent  to 35 ba r r e l s  of o i l .  23% of t h i s  
energy, i n  the form of delivered steam and 
e l e c t r i c  mwer, w i l l  be required to operate the 
system. The f l e x i b i l i t y  b u i l t  in to  thc system 
ard  the planned experimental program w i l l  allow 
the  explorat ion of improved process operating 
condit ions and the evaluation of un i t  operat ions 
with the w t e n t i a l  t o  increase the gross y ie ld  
£ran a systen of t h i s  s i z e  to 78 ba r r e l s  per day, 
an3 to reduce the required energy for  system 
operat ion t o  7% of the gross  production. I f  t h i s  
potent ia l  is rea l ized ,  the process practiced cn 
t h i s  scale can be expected to produce a fue l  gas 
f o r  "close coupled" use (such as f i r i n g  i n  the  
meat packing p lant  bo i l e r )  f o r  a s  l i t t l e  a s  $2.50 
p e r  mil l ion Btu without any c r e d i t  from byprcd- 
u c t s  o r  mprcducts .  This pr ice  is econqnicaily 
c u n p t i t i v e  with c m m r c i a l l y  available fuel .  

The second approach to reduce the cost of fue l  
gas  w i l l  be to deinonstrate an economically 
valuable coprcduct generated by the process. The 
microbial p p u l a t i o n s  which qrw in  the fer- 
mentors and produce the f u e l  gas a r e  r i c h  in 
pro te in  and hold promise f o r  use a s  a d i e t a ry  
ingredient  in  cattle feed. The systav includes 
equipment f o r  harvesting t h i s  material ,  and the  
experimental program w i l l  u t i l i z e  t h i s  pro te in  i n  

feeding t r i a l s  with up to 6,000 head of c a t t l e .  
Experiments to date  indica te  t h a t  feeding c a t t l e  
with t h i s  product is only successful when the 
material  is obtained frcm fermentors operated a t  
elevated temperatures. The value of t h i s  mater- 
i a l  has previously been shown on a small sca le  to 
be a b u t  60% of  that  of cottonseed meal. I f  
substantiated on a la rger  sca le  by this program, 
coproduct c r e d i t  a u l d  reduce the f u e l  gas wst 
to belcw $2.50, even without the improved process 
operat ing conditions discussed above. 

System design was completed i n  February 1978, and 
construction w a s  i n i t i a t e d  i n  March. Cons t rue  
tion was mmpletcrl i n  December 1978, and after 
system checkout, s t a r t u p  was i n i t i a t e d  in 
February. 1979. 

Design 

The Gystcm i a  cunprisd ooT f i v e  u ~ r a t i n g  sub- 
systems (loading, fermentation, thermal control ,  
gas  management and so l id s  recovery) and an  instru-  
mentation and operat ional  control  subsystem. A 
grea t ly  simplif ied system schematic is shown i n  
Figure 1. The major equipnent contained i n  the 
loading subsystem includes a cent r i fugal  pump 
f o r  maintaining c i r cu l a t i on  i n  the holding tank, 
a ccmaninutor fo r  p a r t i c l e  s i z e  reduction, a p m p  
f o r  metering residue to the fermentation system, 
nu t r i en t  addit ion equipnent, and the automatic 
valving required f o r  fermentor loading. 

I n  the  fermentation subsystem the residue is held 
a t  an elevated temperature i n  two continuously 
mixed 320,000 ga l lon  f e m n t o r s  operating i n  
p a r a l l e l  where the m j o r  Fort ion of the v o l a t i l e  
content of the residue is converted t o  a fue l  
gas. Each fermentor is equipped with a mixer 
consist ing of three,  four-bladed ax i a l  turbines 
which can k u p r a t e d  a t  speeds up t o  h u t  9 
RPM. This range of speeds w i l l  allcw evaluation 
of the e f f e c t s  of mixing r a t e s  as high a s  one 
tank turnover every 2.5 minutes. 

The gas management subsystem measures, regulates,  
and d i s t r i bu t e s  gas t o  the system boi le r ,  the 
meat packing p lant  boi le r ,  a d  the engine/ 
generator. This subsystem cons is t s  of pressure 
regulators,  flame t raps ,  sediment t raps ,  d r i p  
t raps ,  a b l w e r ,  gas meters, a pipe l i n e  t o  the 
Kaplan biiers,  safe ty  r e l i e f  valves, and f l a r e s  
f o r  burning excess gas. 

The l iquid  e f f luen t  from the fermentation sub- 
system is dewatered fo r  use a s  a high protein 
c a t t l e  feed supplement by a centr ifuge in  the 
s o l i d s  recovery subsystem. Centrate is sen t  t o  
t he  Kaplan lagcons. This subsystem includes the 
withdrawal metering p m p  which a l t e rna t e ly  w i t h -  
draws s lu r ry  from each fennentor, automatic 
valving associated with the pmp, t~a lv ing  which 
cont ro ls  f l w  to and from the regenerative he 
exchanger, a centr ifuge metering pump, a cen- 
t r i fuge  and f locculent  preparation equipnent. 



CONTROL 

TO MSAT PACKING 
PLANT BOILER 

1 THERMAL CONTROL 

TO ALTERNATE 
DEWATERINO 

TO FSEDLOT 

Fig. 1. Simplified System Schemtic 

he t h e m  control subsystem mis ts  of a 
oiler,  a heat exchanger, steam injectors and 
ssociated equipnent. A regenerative heat 
=hanger transfers heat fran the femzntor 
ffluent to the incxaning residue thereby mn- 
erving systen heat. Any additional heat 
equired br  residue heating is provided by the 
tean injector darnstrem of the heat exchanger. 
he fezmentors are maintained a t  the proper 
enperature by autaMtic teqemture controllers 
nd stem injection directly into the tanks. The 
team boiler can operate cn ei ther  fermentor gas 
r prcpne. A feedwater heater and feed water 
reatment equipnent are provided for boiler 
peration. 

he instrumentation and operational control 
ubsystem distributes m r  to electr ical  aan- 
merits and -ides the process operational 
~ a ~ d n g  for loading and discharging the 
lrmentors t h m g h  the use of time clocks, mtor- 
zed valves and the tank level gages. In addi- 
ion, the system m i t o r s  16 different opera- 
ional parmeters, aanpares their values with 
reset l i m i t s ,  sounds an alarm, and takes 

corrective action for s i x  of these parameters 
when their linits are violated. An exanple of 
these corrective control actions is blcmer shut- 
down to prevent negative pressure in the tanks in 
the event of low gas production. Although pri- 
mary tank structural protection against negative 
pressure is provided by dual vacuum breaker/flame 
arrestors, the blcmer shutdown feature avoids the 
entrance of a i r  that might establish a arn- 
bustible mixture i n  the tank. 

Construction 

Dw to the stringent time constraints impased by 
the amtract ,  a "fast trackn construction manage- 
ment approach w a s  utilized. This approach had 
two distinguishing characteristics that made it 
quite different f m  conventional construction ' 

techniques. First,  phased wnstruction was 
conducted. A t  the camletion of the f o m l  
design period, the d e s k  was separated into 
separate packages, each with different levels of 
design detai l  capletion. The design of tanks, 
foundations, and associated s i t e  work was corn 
pletely detailed a t  th i s  time, so that  s i t e  work 



cauld begin inmediately and tanks could be placed 
on order. O t h e r  mxhanical hardware was less 
ccmpletely defined, and electrical hamhare m 
only a t  the ccmceptual design stage. Hawever, 
a l l  long lead time items -re identified early in 
the &sign phase, and p ~ - ~ ~ ~ r e m n t  activity on 
these itens was initiated early in the um- 
struction F b s e .  A s  worlc an the site, tank 
foundation and tanks was being uaqleted, design 
detai ls  of nrechanical hardwam and then el- 
trical hardware were carp?leted. Delivery lead 
times of critical hardware e r e  closely m i t o r e d  
so that hardware warld be available *site when 
needed for assembly. 

The seoond distinguishing factor was ax direct 
relationship with special1 trade arntractors, 
r a m  than the -vent i ‘ X 3 - d a - d  
contractor. Using a Iiamilton Standard arsite 
ronstruotion Rlgnager wbn was part of the i n i t i a l  
design tean, wa subamtracted directly w i t h  
suppliers of services such as excavation, an- 
crete, plmbinj, and electrical wiring an a khe 
anb material bask. This approach &laved the 
f lexibi l i ty required to be umpatible with the 
phased owlstructian technique. In addition, the 
construction mnager's pmvicus involvement i n  
the design effort allowed us to quickly identify . 
hardware that did not met design specifications Fig. 3. System Piping 
and thereby take imnediate anrective action. 
Utilizing this  approach, site work began i n  March 
1978, tanks were erected by June, 1978, (Sea 
Figure 2 ) , mechanical hardware and piping was in 
place by October, 1978 (See Figure 3 1 , and el- 
t r ica l  hardware and wiring were in  place with the 
systen, ready fnr dedication by Decanber 1978 (See 
Figure 4). 

B i s W  of activitieo such as calibration oL 
variable speed Load and withdrawal pmps, flow 

. . .  , ,.:: -. . . , . ,  8 ,  . ,  ,,!'..." > :  .!. - . 
. .- .. . ., . - . . .  '. , ,. ..,: ..:'I;. ' :' 7+,,:-,.: ,; . . "  ' 

check and adjustment of pressure regulators and 
.. . . , 

. . .. . . A I ' . z ,  , .- ' ,; 
. :  

, , ) i  -. .. . , ' ' . . relief valves in the gas management subsysten 
. , s t a r t  up and adjustment of the system boiler, 



rp  .on of the m i n  and auxil iary steam de- 
..I system. In  addition, a l l  of the e l e c  
. r i ca l  Fower delivery systems were operated and 
.erifiedl and the e n t i r e  i n s t m n t a t i o n  and 
ont ro l  system was subjected to trouble shooting 
.nd wrrec t ion .  

*roblems were encountered with the boi ler  e l e c  
.ronic safety p r o g r m r  and with the main steam 
r ive  p r q r t i o n i n g  mtor due to m i s t u r e  pene- 
.ration. These items a re  rated for  service i n  
he  open e n v i r o m n t ,  but the occurence of very 
t r o q  winds and driving r a ins  resulted i n  
orrasion. Modifications w e r e  m d e  to eliminate 
h i s  deficiency. Additionally, the temperature 
on t ro l  and recording equiprent f o r  the f e m n t o r  
anks was found to be excessively influenced by 
a r i a t ions  in ambient temperatures and was rrodi- 
ied to correc t  the problem. 

he systgn start up was in i t i a t ed  i n  February 
979. In s t a l l a t ion  of the fermentation tank 
nsulation was intentionally delayed in  order to 
llw m x i m  capabi l i ty  to correct  leakage in  
he bolted p l a t e  mnst ruct ion  of the tanks under 
perational  conditions. Laer than normal 
mbient tenperatures and extremely high fue l  
onsumption caused a reassessment of t h i s  act ion,  
nd i n  March the system was shut dawn i n  order to 
llw the addit ion of insulat ion to both tanks. 
t a r tup  was re in i t i a t ed  and progressed slckler 
han had been anticipated.  Residual pharma- 
e u t i c a l s  i n  the m u r e  appeared to be the 
rimary cause. 

nce steady state operating condit ionshave been 
chiwed,  a c t i v i t i e s  w i l l  begin in two m j o r  
re&; u t i l i z a t i o n  of the fue l  gas and refeeding 
f dewatered fermentor mntents .  

uel  Gas Ut i l i za t ion  

dual  fue l  500 bo i l e r  h o r s e w e r  Indus t r i a l  
anbustion boi ler ,  presently exis t ing  in the  
aplan Indust r ies  meat packing p lant  is being 
odified to turn the fue l  gas produced by the 
naerobic fennentation system. 

he performance of the boi ler  while being operated 
i t h  fermentor gas w i l l  be mni tored .  The 
x p e r h n t a l  anaerobic fermentation system 
a s  meters and gas analysis  equipnent w i l l  be 
sed to determine the da i ly  quanti ty of methane 
uel gas consumed by the boiler ,  artd the  feed 
a t e r  meter w i l l  m n i t o r  the steam production. 
h i s  data w i l l  provide the dai ly  boi ler  e f f i -  
iency while cperating on f e m n t o r  gas. The 
o n t i m a t k n  of the bo i l e r  operational log w i l l  
w i d e  data r e l a t ing  to maintenance. 

ewncpnic m r t h  of the fermentor gas. The cow 
parison of the operational history of the boi ler  
while operating with b t h  fue l s  w i l l  provide 
infon~ut iur l  reydrc i i~~y  ~~eilrlriw~se ujsts .  

After the boi ler  tests a re  completed, the fuel  
gas w i l l  be u t i l i zed  i n  a 450KW internal  am- 
bustion engine/generator set in  moperation with 
Florida P w e r  Cormration. The e l e c t r i c i t v  
generated w i l l  be-fed to an exis t ing  e l e c t r i c a l  
gr id  system, and a technical  and economic evalua- 
t ion  of producing grid-connected e l e c t r i c a l  pckJer 
from a sinall bicanass source w i l l  be evaluated. 

Fermentor Residue 

Large scale feeding trials w i l l  be conducted to 
evaluate the d ie tary  value and econamic worth of 
dewatered fermentor contents (ca l led  Protein 
Femntat ion Produced, o r  PEP) as a subs t i t u t e  
f o r  conventional supplemental protein sources. 
The amount of PFP produced by the experimental 
system w i l l  be ver i f ied  by periodic weighing over 
a measured period of time while the  qua l i t y  of 
the  PF'P w i l l  be determined frcm ccanposite sam- 
ples.  These samples w i l l  be used to determine 
the proximate analysis  of the PF'P fo r  an eva- 
lua t ion  of the material  as a feed ingredient. 

Kaplan Indust r ies  plans to use the PFP to conduct 
f u l l  scale experimental cattle feeding trials 
with up to 6,000 head of feedlot  ca t t l e .  During 
these trials, the PFP w i l l  be evaluated a t  two 
d i f f e ren t  levels  i n  the c a t t l e  d i e t .  One group 
of the  cattle w i l l  have a l l  of t h e i r  supplemental 
pro te in  supplied by PF'P while another w i l l  have 
only 50% supplied by PFP. A t h i rd  group of 
c a t t l e  w i l l  have a control  fa t tening rat ion.  
Based upon the data  from the  feeding t r i a l s  and 
the  marketplace value of supplemental protein,  an 
e f f ec t ive  value can be established f o r  the PFP a s  
a source of protein i n  feedlot  cattle die ts .  

&parison of the bo i l e r  eff iciency while 
p r a t i n g  cm fue l  o i l  and fermentor gas, and the 
x is t ing  cost of fue l  o i l  w i l l  e s t ab l i sh  the 
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BSTRACT 

ng inee r ing  economic ana lyses  were performed on va- 
i o u s  d i g e s t e r  des ign concepts  t o  determine t h e  r e -  
a t i v e  performance f o r  d i f f e r e n t  biomass f e e d s t o c k s  
he d i g e s t e r  des igns  included i n  t h e  ana lyses  a r e  
STR, plug flow, and b a t c h ,  and CSTR i n  s e r i e s ,  
u l t i - s t a g e  d i g e s t i o n ,  and biomethanat ion were r e -  
iewed. Other p rocess  o p t i o n s  i n v e s t i g a t e d  inc lu -  
ed p re t r ea tmen t  p rocesses  such a s  shredding,  de- 
r i t t i n g ,  and chemical  and thermal  p re t r ea tmen t ,  
nd p o s t d i g e s t i o n  p rocesses  such a s  dewater inn,  and 
a s  p u r i f i c a t i o n .  The biomass sources  cons ide red  
nclude f e e d l o t  manure, r i c e  s t r aw,  and bagasse ,  
i t h  f eed  r a t e s  ranging from 50 t o  1000 t o n s  so- 
ids /day  (4.5 x 104 t o  9. l x 105 kg s o l i d s / d a y ) .  

he r e s u l t s  of t h e  ana lyses  i n d i c a t e  t h a t  t h e  most 
conomical (on a u n i t  gas  c o s t  b a s i s )  d i g e s t e r  de- 
i g n  concept is t h e  plug f low r e a c t o r .  Th i s  
onc lus ion  r e s u l t s  from t h i s  system prov id ing  a 
i g h  g a s  product ion r a t e  combined wi th  a low capi- 
a 1  "hole-in-the-ground" d i g e s t e r  des ign  concept.  
he c o s t s  determined i n  t h i s  a n a l y s i s  do n o t  in-  
l u d e  any c r e d i t s  o r  p e n a l t i e s  f o r  f eeds tock  o r  
y-products,  bu t  p r e s e n t  t h e  c o s t s  on ly  f o r  con- 
e r s i o n  of biomass t o  methane. The ba tch  l a n d - f i l l  
ype d i g e s t e r  des ign  was shown t o  have a u n i t  gas  
o s t  comparable t o  t h a t  f o r  a conven t iona l  s t i r r e d  
ank d i g e s t e r ,  w i th  t h e  p o t e n t i a l  of reducing t h e  
o s t  i f  a l a n d - f i l l  s i t e  were a v a i l a b l e  f o r  a 
ower c o s t  p e r  u n i t  volume. 

he use  of chemical p re t r ea tmen t  r e s u l t e d  i n  a 
i g h e r  u n i t  gas  c o s t ,  p r i m a r i l y  due t o  t h e  c o s t  of 
r e t r ea tmen t  chemical.  A s e n s i t i v i t y  a n a l y s i s  
ndioatad t h a t  t h e  use  o f  chemical p re t r ea tmen t  
ould improve t h e  economics provided a p rocess  
ould be  developed which u t i l i z e d  e i t h e r  less 
re t r ea tmen t  chemical o r  a l e s s  c o s t l y  chemical.  

NTRODUCTION 

s a r e s u l t  of t h e  energy c r i s i s ,  a cons ide rab le  
f f o r t  has  been expended over  t h e  l a s t  few yea r s  
o de~rcl.np a1 t e r n a t e  renewable source's of energy. 
ne such source  i s  biomass,  which can be  considered 
s s o l a r  energy being c o l l e c t e d  and s t o r e d  by 
l a n t s .  Biomass can be  grown s p e c i f i c a l l y  f o r  
nimals. S t u d i e s  have been under taken by v a r i o u s  
r g a n i z a t i o n s  under c o n t r a c t  wi th  t h e  U.S.. Depart- 
en t  of Energy (and i t s  p redecessor ,  ERDA) t o  
n v e s t i g a t e  t h e  f e a s i b i l i t y  of v a r i o u s  biomass 

; a s  p o t e n t i a l  a l t e r n a t e  renewable energy 
:s. These i n c l u d e  g r a i n s  and g r a s s e s ,  s i l v i -  

c u l t u r e ,  a q u a t i c  p l a n t s ,  animal r e s i d u e s ,  and o t h e r  
c rops  such a s  corn and sugar  cane. 

Once t h e r e  i s  an a v a i l a b l e  source  of biomass,  t h e  
n e x t  s t e p  i s  t o  conver t  t h e  biomass t o  a more e a s i -  
l y  u t i l i z e d  form of energy. Both thermochemical 
and b i o l o g i c a l  p rocesses  a r e  being considered a s  
convers ion p rocesses  f o r  product ion of l i q u i d  
and /o r  gaseous f u e l s .  One such p rocess  i s  t h e  
b i o l o g i c a l  anae rob ic  d i g e s t i o n  of biomass which i s  
used f o r  p roduc t ion  o f  methane gas .  

There have been many approaches suggested f o r  
o p e r a t i o n  o f  an  anae rob ic  d i g e s t e r ,  some of which 
a r e  s t i l l  i n  t h e  l 'aboratory o r  sma l l  p i l o t - s c a l e  
s t a g e .  It i s  t h e  purpose of t h i s  w o r k . t o  p r e s e n t  
an eng inee r ing  and economic a n a l y s i s  'of some of t h e  
concep tua l  d e s i g n s  f o r  t h e  anae rob ic  d i g e s t i o n  of 
biomass, i n c l u d i n g  t h e  advanced a s  w e l l  a s  t h e  
new technology. Table 1 p r e s e n t s  some of t h e s e  
p rocesses ,  w i t h  an i n d i c a t i o n  of some of t h e  ad- 
van tages  of each. A schemat ic  f low s h e e t ,  shown i n  
Fig. 1 ,  d e s c r i b e s  t h e  p rocess  f o r  convers ion of 
biomass t o  methane. 

SYSTEM ANALYSIS 

The v a r i o u s  d i g e s t i o n  p rocesses  were analyzed by 
combining m a t e r i a l  ba lances ,  energy ba lances ,  and 
r e a c t i o n  k i n e t i c s  i n  o r d e r  t o  s i z e  t h e  equipment. 
Costs  f o r  equipment were determined from r e l a t i o n -  
s h i p s  found i n  t h e  l i t e r a t u r e ,  s c a l e d  and updated 
u s i n g  a p p r o p r i a t e  f a c t o r s  and indexes .  The calcu-  
l a t i o n  of u n i t  gas  c o s t  was based on t h e  p u b l i c  
u t i l i t y  f i n a n c i n g  method developed i n  1961 by t h e  
American Gas Assoc ia t ion  Ll] and modified i n  1971 
by t h e  Panhandle Eas te rn  P i p e l i n e  Company. The 
procedure  was desc r ibed  i n  a r e p o r t  f r o m  Essn 
Research and Engineer ing Co. t o  t h e  Federa l  Power 
Commission [2] . It c o n s i s t e d  of g e n e r a l  bases  
f o r  c a l c u l a t i n g  t o t a l  c a p i t a l  requirement ,  opera- 
t i n g  c o s t ,  and average u n i t  gas  c o s t .  A computer 
program was developed t o  ana lyze  t h e  many p o s s i b l e  
combinations.  The v a r i o u s  d i g e s t e r  concepts  and 
o t h e r  p rocess  o p t i o n s  which were analyzed us ing  t h e  
t h e  computer program a r e  p r e e n t e d  i n  Table  2. The 
o t h e r  d i g e s t e r  concepts  i n d i c a t e d  i n  Table  1 a r e  
analyzed by e x t r a p o l a t i o n  and /o r  comparison wi th  
t h e  computer analyzed r e s u l t s .  Comparisons a r e  
made of t h e  v a r i o u s  d i g e s t e r  concepts  by ind ica -  
t i n g  d i f f e r e n c e s - i n  u n i t  gas  c o s t s  and t h e  re2- 
sons  f o r  such d i f f e r e n c e s .  The e f . f e c t s  of o t h e r  
p rocess  n p t i o n s  on u n i t  gas  c o s t  a r e  p resen ted .  



Table 1 ECONOMIC ANALYSIS AND ASSESSMENT OF ANAEROBIC DIGESTER L)ESI.CN 
CONCEPTS FOR BIOMASS CONVERSION 

Fig. 1 .A Flow.Diaram Illustrating the 
System for Anaerobic Digeetlon 

A sensitivity analysis of the effects of changing 
important system variables is also performed. 

Digester  Concept 

L a n d f i l l  

Con t ro l l ed  L a n d f i l l  

Multi-Stage Diges t ion  

"Channel Digester"  
(addressed by Biogas 
o f  Colorado, Ludingtoq 
M I  group and Corne l l  
Universi ty)  

Packed Bed Diges te r  

Conventional  CSTR 
Digest ion 
( T r a d i t i o n a l  t o  
Sewaae Treatment)  

"HcCarty Process" 

"Porteous Saeman 
Process" 

"Kukharenko Process" 

G a s i f i c a t i o n  p l u s  
B iomcc lkm~ue l~~ i  

The systems analyses are presented in Figs. 2 and 
3 as unit gas cost ($/GJ) vs feed rate (kgldsy) 
for feedlot manure and rice straw, respectively. 
These a~ialysus u~ilire rl~e assul~ptiurl ~ l l a ~  Cllr 
processes are operating without any interruptions. 
Costs presented do not include any feedstock cost 
or credits or penalties for digester effluent. 
Costs are for the processing operation only. 

P r ~ t r r a c m ~ n f  
( i f  i n t e g r a l  t o  t h e  d i g e s t i o n  concept)  

None 

Admixture o f  inoculum, n u t r i e n t .  and b u f f e r  
e s s e n t i a l  t o  p rocess  func t ion ing .  P re t r ea tmen t  
a l t e r n a t i v e s :  

a )  None 
b) Shredding 
C) Shredding p l u s  mild a l k a l i  

S h r e d d i n ~ / c o d n u t i o n  t o  some degree appear s  
e s s e n t i a l .  Chemical p re t r ea tmen t  is  n o t  r equ i red  
i n  t h a t  t h e  f i r s t  digestion "stage" is  a micro- 
b i a l l y  induced ( a c e t i c  a c i d )  t r ea tmen t .  

D i lu t ion  o f  the biomass and a s u b s t a n t i a l  degree of 
c o d n u t i o n  ap e a r s  t o  be r equ i red .  , Mild a l k a l i  
t r c a t u e n t  may..ge inc luded .  

Minimal d i l u t i o n  mild a l k a l i  p re t r ea tmen t  may be an 
advantage.  

P re t r ea tmen t  a l t e r n a t i v e s :  
a )  Comminution r e q u i r e d  
b) Comminution and mild a l k a l i  t r ea tmen t  

High t empera tu re lh igh  p ressu re  a l k a l i  p re t r ea tmen t  
developed r e c e n t l y  by McCartylCosset t ,  e t  a l .  

Acid hydro lys i s  of l a r g e l y  c e l l u l o s i c  m a t e r i a l  t o  
wood sugars  c a r r i e d  o u t . '  Subsequent conversion 
t o  c t h y l  a l coho l  p r a c t i c e d ,  but  h igher  conversion 
e f f i c i e n c y  t o  CHl, may be expected.  

Pretreatment  s i m i l a r  t o  McCarty bu t  ocher  chemicals  
s e l e c t e d  (K CO ) .  Conversion t o  benzene-carboxylic  
a c i d s  is ta2rge2 goa l  f o r  l ignaceous  f r a c t i o n .  

G a s i f i c a t i o n  of t o t a l  carbon i n  biomass converted 
t o  COi GO and H . 'Phu3, clle c o t a l  l i ~ n i r t  m d  rc- 
f r a c t o r y  z rgan ic2mat te r  is u t i l i z e d .  

Remarks 

As p r a c t i c e d  a t  Pa los  Verdes, C i ty  o f  Mountain Viev. 
and o t h e r  s i t e s ,  methane is  w i t h d r a m  from an  e x i s t i n g  
l a n d f i l l  o f  s o l i d  waste .  T h i s  makes t h i s  d i g e s t i o n  
concept t h e  "most s imple" f o r  biomass. Note t h a t  no 
p r e t r e a t u e n t  o r  admixtures  of inoculumlbufferlnutrients 

. a r e  implied.  

T h i s  concept  impl i e s  admixing of t h e  biomass source  
wi th  n u t r i e n t s ,  inoculum and b u f f e r .  Note t h a t  shred- 
d ing  and a l k a l i  p re t r ea tmen t  a r e  a d d i t i o n s  t o  ttie 
d i g e s t i o n  concept .  i . e . ,  they a r e  n o t  r equ i red .  
a l though they  may enhance t h e  r a t e .  

T h i s  system, t h e  s e p a r a t i o n  o f  a c i d  formers and methane 
formers,  h a s  r ece ived  t h e  a t t e n t i o n  o f  a number o f  
workers. CNC, f o r  oxamplo, funded a mult i -s tage pLug 
flow f r o n t  end d i g e s t i o n  system fol lowed by a CSTR 
back end. ICT and L h i v e r s i t y  of Pennsylvania have a l s o  
invesc iga tod  t h i s  d i g e s t i o n  ooncopc. - 
This  appea r s  t o  be a s t andard  type  o f  innova t ion  f o r  
Rroups seek ing  low c a p i t a l  cos t  biomass d i ~ e a t i o n  
systems. 

Packed bed concept i m n l i e s  t h a t  t h e  d i g e s t e r  l i q u i d  
is  r e g u l a r l y  d ra ined  and recyc led  f o r  t h e  conversion 
t o  occur ,  r a t h e r  than mix t h e  s o l i d s .  Thus h igher  
s o l i d s  conversion is  poss ib le .  Note: Development 
work t o  make the  p rocess  cont inuous w i l l  be r equ i red .  

Base-l ine f o r  comparison. P ro f .  P f e f f e r ,  f o r  example. 
is  accumulat ing a d a t a  base f o r  biomass conversion.  

Organic compounds from pre t rea tmen t  t o  be d i g e s t e d  
i n  a McCarty type anae rob ic  f i l t e r  ( ex tens ions  o f  pro- 
c e s s  by J e r i s ,  Converse, and Jewe l l ) .  

P r o c e s s u s e d d u r i n g  W W I I  t o  produce e t h y l  a l coho l .  
I n i t i a t e d  again by P o r t e o u s a t  Dartmouth f o r  use wi th  
s o l i d  waste .  Conversion o f  a l l  p roduc t s  of acid 
h y d r o l y s i s  t o  CH i s  t h e  o b j e c t i v e  ( f o r  e t h y l  a l coho l  
p roduc t ion ,  onlybfho c o l l u l o o e  f m o t i o n  i s  u t i l i r a d ) .  

CSTR d i g e s t e r  o r  anae rob ic  f i l t e r  fol lows t h e  pre- 
t r ea tmen t  s t e p .  S u i t a b l e  f o r  o t h e r  than annua l ly  
ha rves ted  biomass sources .  

Anaerobic fermentat ion a t  high p r e s s u r e s  of t h e  gases  
CO. CU arid R t o  Crt cakes place.  Perhaps t h r  li.l!giiruc 
convergion razes  pos$ ib le  with t h i s  system. 

Fn? each type of feedstock, tho plug flow concept 
results in the lowest unit gas cost. A comparison 
with the CSTR system indicates several reasons for 
the difference in unit gas cost. The retentio 
time for a given fractional conversion is high 
for the CSTR design concept. (Relationships or 

I 



y ---*reatment equipment will be utilized only 
, t-time basis during the loading step. For 

CI ,aw feedstock, with utilization of chemical 
etreatment, the batch system is about equivalent 
the CSTR system on a unit gas cost basis. In 
is case, the increased digester cost is bal- 
ced by the increased production to result in 
proximately the same unit gas cost. 

e unit gas cost for the batch digester concept 
s shown to be about the same as for the CSTR con- 
pt with rice straw feedstock. It was assumed 
at the "landfill" type digester cost was $41yd3 
5.2311113). If it were possible to develop a land- 
11 digester system for a lower per volume cost, 
e unit gas cost would be correspondingly reduced. 
e sensitivity of unit gas cost to batch digester 
r volume cost is shown in Fig. 4. The limit of 
./ft3 yields a $2.95/Mhl Btu unit gas cost. This 
miting case can be considered as the expected 
it gas cost resulting when no site excavation 
preparation is necessary. 

Fig. 4 Effect of Batch Digester on Unit 
Gas Cost 

.emical pretreatment is utilized to improve the 

.gestibilityofthe feedstock. The cost of chemi- 

.1 pretreatment must be compared to the additional 
oductivity to determine economic feasibility. As 
.n be seen from Fig. 3, the use of chemical pre- 
.eatment results in over a 50% increase in unit 
s cost. This increase is due to changes in both 
.eraring and capital costs. 

r rice straw as feedstock, the contribution to 
it gas cost due to capital costs decreases 
th use of chemical pretreatment. This can be 
:plained by the significant increase in gas pro- 
ction, so that even though the total capital 
sts .increase, the capital contribution to unit 
.s cost decreases from about $1.13/MM Btu to 
.9l/MM Btu or about 20%. On the other hand, 
nce such a large fraction of the feedstock is 
nverted to biodegradable solids, a large quantity 
pretreatment chemical will be required. This 
sults in significantly greater contributions of 
erating costs to the unit gas cost, $3.28/Mk1 Btu 
th chemical pretreatment compared to $1.51/MM Btu 
thout pretreatment, over an 100% increase. The 
t result is a 55% increase in unit gas cost. 

Since the major contribution to increased unit gas 
cost associated with chemical pretreatment is due 
to the cost of pretreatment chemical, the sensi- 
tivity of unit cost to chemical cost was analyzed. 
The results of this sensitivity analysis is pre- 
sented in Fig. 5 for rice straw. The baseline 
conditions for use of chemical pretreatment are 
$300/ton ($0.33/kg) for the chemical cost and 0.2 
lb chemical/lb biomass converted to biodegradable 
material. The unit gas cost for the base-line 
case is $4.20/MM Btu. As the chemical requirement 
is decreased, the unit gas cost shows a corres- 
ponding decrease, as indicated in Fig. 5. The 
effect of decreased unit chemical cost is similar. 
It should be noted that if either the chemical 
requirement is decreased below 0.07 lb per lb 
converted or the cost is decreased to approxi- 
mately $:lO/ton, the unit gas cost will be lower 
than the unit gas cost for no chemical pretreat- 
ment. This is a consequence of the increased 
gas production resulting from chemical pretreat- 
ment of rice straw which leads to a decrease in 
the capital contribution to the unit gas cost, as 
indicated above. These limits correspond to a 65% 
decrease in total chemical cost for pretreatment. 

Fig. 5 Effect of Pretreatment Chemical Require- 
ment and Cost on Unit Gas Cost . 

The use of other system componencs also will 
influence the unit gas cost, but not as signi- 
ficantly as chemical pretreatment. These other 
options should be considered only when it is ne- 
cessary to ensure proper operation of the diges- 
tion process. For example, a degritter should be 
used for high ash containing feedstocks to elimi- 
nate any problem arising from ash build-up in the 
digester, Also, dewatering should be used only 
when necessary for handling of the effluent. 

The use of a shredder was included for the syst,ems 
with rice straw. It contributes approximately 
$0.17/MM Btu ($0.16/GJ) to the unit gas cost for 
a 100 ton/day (90,800 kg/day) feed rate. This 
increase in cost is due primarily to the capital 
cost of the shredder unit. 



Feedstock 

Environmental  Feed lo t  Manure 

Di r t  Feed lo t  Manure 

D i r t  Feed lo t  Manure 

Di r t  Feed lo t  m u r e  

Rice S t raw 

Rice S t raw 

Rice Scraw 

Rice S t raw 

Shredder  

N 

N 

8 

N .  
Y 

Y 

Y 
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Table  2  

D e s r i c t e r  

N 

Y 

Y 

N 

N 

Y 

N 

N .  

PROCESS OPTIONS ANALYZED 

cnenuca l  
Pretzeacment  S t o r a g e  D i g e s t e r  

N Y CSTR 

' N  Y CSTR 

N Y P lug  

N N Batch 

N Y CSTR 

Y Y CSTR 

Y Y P lug  

Y N Batch 
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P ~ U '  r l o r  11.c 

Plug Q l o v  60.C V 

: 
10' 10' 10' 

F a d  Pare (kg aolM./d.,) 

Fig.  2 Uni t  Gas Cost f o r  D iges t ion  
of  Feed lo t  Manure 

r e t e n t i o n  t ime and f r a c t i o n a l  cove r s ion  a r e  shown 
i n  Table  3 ) .  Thus, f o r  t h e  same f r a c t i o n a l  conver- 
s i o n  t h e  CSTR system w i l l  r e q u i r e  a l a r g e r  d i g e s t e r  
volume t h a n  t h e  p lug  f low system. Another major 
f a c t o r  a f f e c t i n g  u n i t  gas  c o s t  is  d i g e s t e r  c o s t .  
For the  100 ton/day (90,800 kg/day) f e e d  r a t e ,  t h e  
c o s t  f o r  t h e  CSTR d i g e s t e r  was approximately  $130/ 
yd3 ($170/m3 s h e r e a s  f o r  t h e  p lug  f low system, t h e  
c o s t  was $10/yd3 ($13/m3). The CSTR system i s  
a  s t anda rd  h igh  c o s t  r e a c t o r  wh i l e  t h e  p lug f low 
system is a  low c o s t  "hole-in-the-ground" r e a c t o r .  
The r e s u l t a n t  u n i t  gas  c o s t s  a r e  $3.21/MM Btu 
($3.Oh/GJ) and $1.49/Y.M Btu ($1.41/GJ) f o r  t h e  
CSTR and p lug  f low systems,  r e s p e c t i v e l y .  The 
d i f f e r e n c e  i n  u n i t  gas  c o s t s  is due p r i m a r i l y  
t o  the  d i f f e r e n c e  i n  d i g e s t e r  c o s t s .  Th i s  
emphasizes t h e  economic advantage of t h e  low 
c a p c i t a l s y s t e m o v e r  t h e  s t anda rd  t ank  d i g e s t e r  

For d i r t  f e e d l o t  manure f eeds tock  t h e  u n i t  gas  c o s t  
f o r  a  b a t c h  l a n d - f i l l  t ype  d i g e s t e r  ($4.49/MM Btu) 
is h ighe r  than  t h e  u n i t  gas  c o s t  r e s u l t i n g  from a  
CSTR d i g e s t e r  ($3.21/PM Btu) .  T h i s  c o s t  is due 
p r i m a r i l y  t o  t h e  i n c r e a s e d  d i g e s t e r  c o s t  f o r  a  
b a t c h  system. Even though t h e  p e r  volume d i g e s t e r  
c o s t  f o r  a  b a t c h  sys tem i s  s i g n i f i c a n t l y  lower than  
f o r  t h e  CSTR system, $4fyd3 ($5.22/m3) vs  $130/yd3 
($170/m3), t h e  r e t e n t i o n  t ime i s  l o n g e r  and hence 
t h e  d i g e s t e r  volume r e q u i r e d  is  much g r e a t e r  
5.8 x lo6 (165,000 m3) v s  46,000 i t 3  (1600 in). 

Dewacerinq 
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Tab le  3  RELATIONSHIP BETWEEN RETENTION TIME 
AND FRACTIONAL CONVEREION OF BIOEIASE 

CSTR = [+* -11 /k  
1 - 

CSTR i n  s e r i e s  T = [ [ I N  - 1  

P lug  Flow 
and Batch 

T = r e t e n t i o n  t ime 

k  = f i r s t  o r d e r  k i n e t i c  r a t e  c o n s t a n t  

x  = f r a c t i o n a l  convers ion of biomass 

N = number of CSTR d i g e s t e r s  i n  s e r i e s  

Fig .  3  Un i t  Gas Cost f o r  D iges t ion  of  
Rice  St raw 

T h i s  r e s u l t s  i n  a ' g r e a t e r  d i g e s t e r  c o s t  f o r  t h e  
b a t c h  sys tem compared t o  t h e  CSTR, $865,000 v s  
$274,000. The g r e a t e r  volume f o r  t h e  ba tch  sy- 
stem is requ i red  t o  c o n t a i n  a  one y e a r  load ing  
of f e e d s t o c k  (assuming a  one y e a r  c y c l e  is  rc -  
q u i r e d  f o r  f i l l i n g ,  d i g e s t i n g ,  and emptying) 

I t  should  a l s o  be  noted t h a t  f o r  t he  ba tch  



should only be used when necessary for effici- dl ter was included in the treatment of dirt 
el manure since this feedstock has a high ash ent system operation or when necessary to pro- 

vide purified gas for a pipeline or digester ntent which could lead to digester inefficiency. 
. . effluent solids as feed or fertilizer. e use of a dearltrer rosulLs 111 oillv about 0.5% 

crease of thewsystem capital cost, Hnd hence has 
ttle effect on the unit gas cost. 6. The results of this analysis do not incorpo- 

rate any credits or ~enalties for the feed- 

e use of a gas scrubbing step will increase the stock or byproducts, but present 'the costs 

it gas cost about $1.33/MM Btu (S1.26lG.J). This only for the conversion of hiomass to methane. 

similar to the results presented by Ashare et An analysis of credits and penalties should 

. [3] Since cost of gas scrubbing is so high be performed on a case-by-case basis. 

is option should only be used when necessary for 
livery to a pipeline. 
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The most economical (based on unit gas cost) 
of the systems analyzed is the plug flow 
concept. This is a result of the high produc- 
tivity (VVD) and low capital "hole-in-the- 
ground'' design used for this concept. 

The analysis for the batch "land-f ill" type 
digester results in a unit gas cost which is 
comparable to the conventional, stirred tank 
digester design. However, the cost for the 
batch system could be lower if the area for 
the landfill requires little or no preparation 
prior to loading the biomass. 

The use of chemical pretreatment will result 
in a higher unit gas cost, primarily due to 
the cost of pretreatment chemical. 

Chemical or thermal pretreatment could be po- 
tentially more gconomical, providing the 
increased gas production more than compensates 
for the cost of pretreatment equipment and 
operation. 

Other system options such as shredding, de- 
tting, dewatering, and gas purification 
result in increased unit gas cost, and 





METHANE FROM AGRICULTURE RESIDUES 
PROCESS CONVEF.SI0N ?NF'FTCTl?NCTT.S 
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Department of C i v i l  Engineer ing 

U n i v e r s i t y  of I l l i n o i s  
Urbana, I l l i n o i s  61801 

A l a r g e  s c a l e  l a b o r a t o r y  anae rob ic  f e rmen ta t ion  
system h a s  been cons t ruc ted  t o  e v a l u a t e  t h e  e f  f i -  
c iency of conver t ing  v a r i o u s  a g r i c u l t u r e  r e s i d u e s  
K O  f u e l  gas .  The system c o n s i s t s  of f o u r  com- 
p l e t e l y  mixed and heeted r e a c t o r s  wi th  a  working 
volume of 775 l i t e r s  (203 g a l ) .  The system oper- 
a t e s  i n  a  semicontinuous mode, r ece iv ing  feed  
s l u r r y  every hour.  Var ious  f eed  s t o c k s ,  inc lud ing  
beef feed l o t  manure, corn s t o v e r  and wheat s t r a w  
have been t e s t e d  a t  v a r i o u s  r e t e n t i o n  t imes ,  f e r -  
mentat ion t empera tu res  and pret reatment  t echn iques .  
Only t h e  r e s u l t s  of t h e  corn s t o v e r  and wheat 
s t r a w  s t u d i e s  a r e  p resen ted  in t h i s  paper.  The 
r e s u l t s  show t h a t  t h e  b i o d e g r a d a b i l i t y  of t h e  sub- 
s t r a t e s  can v a r y  s u b s t a n t i a l l y .  The v o l a t i l e  
s o l i d s  i n  co rn  s t o v e r  were found t o  b e  on ly  36 
pe rcen t  b iodegradable  a t  a  f e rmen ta t ion  tempera- 
t u r e  of 58 t o  60°c. However, a  mild thermochemi- 
c a l  p re t r ea tmen t  inc reased  t h e  biodegradable  
v o l a t i l e  s o l i d s  t o  77 pe rcen t .  Wheat s t r a w  t h a t  
had been steam t r e a t e d  a t  l lS°C t o  enhance water  
a b s o r p t i o n  was found t o  have v o l a t i l e  s o l i d s  t h a t  
were 49  pe rcen t  b iodegradable .  

INTRODUCTION 

The s t u d i e s  d i scussed  i n  t h i s  paper have been con- 
duc ted  in con junc t ion  wi th  a  r e s e a r c h  c o n t r a c t  
w i t h  t h e  Biomass Energy Systems Branch of t h e  
Department of Energy (Contract  No. EY-76-S-02- 
2917). The purpose of t h i s  s t u d y  i s  t o  develop 
IaaLoredt lu~ on t h e  convcr3ion e f f i o i o n ~ y  and 
k i n e t i c s  of methane p roduc t ion  from c rop  r e s i d u e s  
v i a  anae rob ic  d i g e s t i o n .  Crop r e s i d u e s  a s  co l -  
l e c t e d  from t h e  f i e l d s  were used i n  t h e s e  s t u d i e s .  
Both corn s t o v e r  and wheat s t r a w  have been pro- 
cessed i n  t h i s  system. 

Corn s t o v e r  i s  t h e  r e s i d u e  remaining i n  t h e  f i e l d s  
a f t e r  t h e  g r a i n  h a s  been ha rves ted .  Because t h e  
gtnin i o  ohe l l ad  from t h e  cob, stnrrpr rnnfii ins the 
cob, s t a l k  and l e a v e s  of t h e  mature corn p lan t .  
S tover  was mechanical ly  c o l l e c t e d  from t h e  corn 
f i e l d s  a d j a c e n t  t o  t h e  l a b o r a t o r y ,  and c o n s i s t e d  
of t h e  above ground p l a n t  m a t e r i a l .  The d r y  
s t o v e r  was s t o c k  p i l e d  under  cover p r i o r  t o  b e .  
Baled wheat s t r a w  was ob ta ined  from a  commercial 
s u p p l i e r .  T h i s  was s t o r e d  i n s i d e  t h e  c r a i n  bay 
- ->. ._ . t o  use .  

The p rocess ing  system i s  desc r ibed  i n  d e t a i l  e l s e -  
where ( P f e f f e r  and Quindry, [ z ] ) .  A l l  s u b s t r a t e s  
processed through t h i s  system were sub jec ted  t o  
t h e  fol lowing p rocess ing :  

- P a r r i c l e  s i z e  reduct ion 
- Feed s l u r r y  s t o r a g e  
- Anaerobic f e rmen ta t ion  
- E f f l u e n t  s t o r a g e  
- C e n t r i f u g a t i o n  

Because of t h e  c o n s t r a i n t s  of t h e  p rocess ing  sys- 
tem, i t  was necessa ry  t o  reduce t h e  p a r t i c l e  s i z e  
t o  prevent  blockage of t h e  f eed  and e f f l u e n t  
p ip ing .  The d r y  m i l l e d  r e s i d u e  was mixed wi th  
f r e s h  wa te r  o r  r e c y c l e  wa te r  from t h e  c e n t r i f u g e  
and s t o r e d  i n  t h e  f eed  s l u r r y  s t o r a g e  t ank .  Th i s  
s l u r r y  was then  pumped on an  hour ly  c y c l e  t o  
hea ted  and mixed anae rob ic  fermenters .  The oper- 
a t i n g  c a p a c i t y  o f  t h e  f e rmen te r s  was 775 l i ters 
(205 g a l ) .  The system could b e  opera ted  a t  tem- 
p e r a t u r e s  between ambient and 6 5 ' ~  and r e t e n t i o n  
t imes  r ang ing  from 2 t o  20 days. A l e v e l  c o n t r o l  
i n  t h e  fermenter  a c t i v a t e d  e f f l u e n t  pumps t h a t  
pumped t h e  fermented s l u r r y  t o  e f f l u e n t  ho ld ing  
t anks .  The s l u r r y  i n  t h e s e  t a n k s  was dewatered 
d a i l y  wi th  a  c e n t r i f u g e .  Under c e r t a i n  test con- 
d i t i o n s ,  t h e  l i q u i d  was r ecyc led  f o r  s l u r r y  water  
f o r  t h e  incoming r e s i d u e .  When t h i s  was n o t  
p r a c t i c e d ,  t h e  wa te r  was d i scha rged .  The cake  
from t h e  c e n t r i f u g e  was c o l l e c t e d  and sub jec ted  t o  
v a r i o u s  e v a l u a t i o n s .  

Residue P a r t i c l e  S i z e  

It was necessa ry  t o  pass  t h e  r e s i d u e s  through a  
feed m i l l  p r i o r  t o  p repa r ing  t h e  f eed  s l u r r y .  
Phys ica l  l i m i t a t i o n s  of t h e  f e rmen ta t ion  system 
r e q u i r e d  r e l a t i v e l y  small p a r t i c l e  s i z e .  Conse- 
quen t ly ,  t h e  r e s i d u e s  were m i l l e d  t o  p a s s  through 
either 6.4 mm (0.25 in.) o r  3.2 mm (0.125 in . )  
s c reens .  The r e s u l t a n t  p a r t i c l e  s i z e  d i s t r i b u t i o n  
(d ry  s i e v e  a n a l y s i s )  i s  g iven  i n  Table  1. The 
s i z e  of sc reen  employed i n  t h e  m i l l  a s  w e l l  a s  t h e  
type  of r e s i d u e  d e f i n i t e l y  i n f l u e n c e  t h e  p a r t i c l e  
s i z e  d i s t r i b u t i o n .  For t h e  co rn  s t o v e r  m i l l e d  
through t h e  3.2 mm s c r e e n ,  50 pe rcen t  by weight o f  
t h e  p a r t i c l e s  were equa l  t o  o r  g r e a t e r  t h a n  0.62 
mm. Stover  m i l l e d  through t h e  6.4 mm sc reen  had 



50 pe rcen t  by weight of t h e  p a r t i c l e s  equal  t o  o r  
g r e a t e r  t h a n  1.1 mm. Wheat s t r a w  m i l l e d  through 
t h e  3.2 mm sc reen  a l s o  had a medium p a r t i c l e  s i z e  
o f  1.1 mm even though it  was mi l l ed  through a 
s m a l l e r  sc reen .  

Tab le  1. P a r t i c l e  S i z e  D i s t r i b u t i o n  o f  Mi l l ed  
Residue 

Pe rcen t  by Weight Pass ing  Screen 

Corn S tover  Wheat Straw 
Screen 

S i z e  - m m  6.4 mm* 3.2 mm* 3.2 mm* 

1 .98 8 5 99 96 

0.84 3 7 8 1  37 

0.30 11 2 6 4 

0.15 5 1 2  1.5 

0.07 1 . 5  4 0.5 
- -  - -. 

*Refers  t o  sc reen  s i z e  i n  t h e  m i l l .  

These p a r t i c l e  s i z e  a n a l y s e s  c l e a r l y  show t h a t  
t h e r e  i s  a s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  response 
of t h e  m a t e r i a l s  t o  s i z e  r educ t ion .  Corn s t o v e r  
y ie lded  a more uniform s i z e  d i s t r i b u t i o n  than  
wheat s t raw.  With t h e  s t r aw,  95 p e r c e n t  by weight  
of t h e  p a r t i c l e s  were between 0.3 and 2.0 mm i n  
s i z e .  With t h i s  r e l a t i v e l y  uniform s i z e ,  s t r a w  
e x h i b i t e d  some unique handl ing c h a r a c t e r i s t i c s  when 
s l u r r i e d  w i t h  water .  

Gas Product ion Rates  - Corn S tover  

One primary o b j e c t i v e  of t h i s  c o n t r a c t  was t o  de- 
termine t h e  e f f i c i e n c y  of t h e  methane fe rmen ta t ion  
system i n  conver t ing  co rn  s t o v e r  i n t o  methane gas .  
The f o u r  f e rmen ta t ion  t anks  were opera ted  a t  d i f -  
f e r e n t  r e t e n t i o n  t imes  Z t 3 9  5 1°c on corn s t o v e r  
m i l l e d  through t h e  3.2 mm sc reen .  P rev ious  s t u d i e s  
[I] have shown t h a t  i n  t h i s  range o f  p a r t i c l e  s i z e ,  
g a s  p roduc t ion  was no t  a f u n c t i o n  o f  p a r t i c l e  s i z e .  
S ince  t h e  s l u r r y  was e a s i e r  t o  p rocess  w i t h  t h e  
s m a l l e r  p a r t i c l e  s i z e ,  a l l  o f  t h e  r e s u l t s  r e p o r t e d  
h e r e i n  were ob ta ined  by m i l l i n g  t h e  r e s i d u e  through 
a 3.2 mm sc reen .  

The e f f e c t  o f  r e t e n t i o n  t i m e  on convers ion e f f i -  
c i e n c y  is shown i n  Table  2. The co rn  s t o v e r  s l u r r y  
was f e d  t o  t h e  r e a c t o r  a t  a con t inuous  r a t e  ove r  a 
pe r iod  of 12  t o  1 6  hould d a i l y  (4 t o  16  l i t e r s  pe r  
hour ) .  Reactor 3 ,  t h e  c o n t r o l  r e a c t o r ,  had been 
o p e r a t i n g  f o r  approximately  15 weeks a t  t h i s  r e t e n -  
t i o n  time p r i o r '  t o  c o l l e c t i n g  t h e  d a t e  shown i n  
Tab le  2. 

Reactor  1 was opera ted  a t  approximately  7.8 day 
r e t e n t i o n  t ime f o r  5 weeks. The d a t a  i n  Table  2 
were taken on ly  d u r i n g  t h e  l a s t  3 weeks of t h i s  
run. Th i s  would r e p r e s e n t  a p e r i o r  when t h e  reac-  
t o r  could b e  expected t o  have reached equ i l ib r ium.  
The r e t e n t i o n  time f o r  Reactor  2 was s e t  a t  5 days  
and opera ted  f o r  4 weeks. Reactor 4 was operated 
a t  200 l i t e r s  per day feed  r a t e ,  r e s u l t i n g  i n  3.8 
day r e t e n t i o n  time. Th i s  f eed  r a t e  was u t i l i z e d  
f o r  a 3 week per iod.  

Tab le  2. E f f e c t  o f  Re ten t ion  Time on Gas 
Product ion  

Reactor  O Eieasured CHq Adj CH4 
No. Days m 3 / ~ g  V.S. Fed r n 3 / ~ ~  V.S. Fed 

*( ) Data expressed a s  CF/lb V.S. fed. 

During t h i s  p e r i o d ,  t h e  r e a c t o r  e f f l u e n t s  were 
screened t o  remove t h e  c o a r s e  s o l i d s .  F ine  sus-  
pended s o l i d s  passed through t h e  sc reen  and were 
incorpora rcd  111 '  Llie r e c y c l e  l i q u u r  usod co s l u r r y  
t h e  fresh corn s t o v e r  being fed  t o  t h e  fermenters .  
The o rgan ic  s o l i d s  contained i n  t h i s  l i q u o r  had 
been fermented and wcrc e s s e n t i a l l y  b i o l o g i c a l l y  
i n e r t .  They added t o  t h e  q u a l i t y  of v o l a t i l e  , 

s o l i d s  f ed  t o  t h e  f e rmen ta t ion  t a n k s ,  r e s u l t i n g  i n  
lower methane product ion r a t e s  a s  shown by t h e  
column l a b e l e d  Measured CH4. Th i s  methane produc- 
t i o n  was c a l c u l a t e d  from t h e  t o t a l  v o l a t i l e  s o l i d s  
f ed  t o  t h e  fermenters .  

I n  o r d e r  t o  determine t h e  impact of t h e  r e c y c l e  of 
t h e s e  s o l i d s  on g a s  product ion,  sampling of t h e  
r e c y c l e  l i q u o r  was i n i t i a t e d .  The t o t a l  v o l a t i l e .  
s o l i d s  of t h e r e c y c l e d l i q u o r  v a r i e d  s i g n i f i c a n t l y ,  
ranging from low va lues  of 5 g / l  t o  h igh  v a l u e s  of 
1 5  gf.1. Th i s  'varLat ion was due t o  a number of 
f a c t o r s ,  i nc lud ing  how wel l  t h e  r e c y c l e  s t o r a g e  
t ank  was mixed p r i o r  t o  us ing  t h e  r e c y c l e  l i q u o r  t o  
s l u r r y  more co rn  s t o v e r .  By measuring t h e  r e c y c l e  
s o l i d s  c o n c e n t r a t i o n  and t h e  volume of r e c y c l e  
added, t h e  mass of t h e  r e c y c l e  s o l i d s  added t o  t h e  
feed was c a l c u l a t e d .  T h i s  allowed f o r  t h e  calcu-  
l a t i o n  of t h e  c o r r e c t i o n  f a c t o r .  When t h i s  f a c t o r  
is  app l i ed  t o  t h e  measured methane product ion,  a n  
a d j u e t c d  mcthane product ion r a t e  is  c a l c u l a t e d .  
T h i s  is  t h e  gas product ion r a t e  based on t h e  vola- 
t i l e  s o l i d s  added a s  new corn s t o v e r .  

The a d j u s t e d  g a s  d a t a  can  be used t o  determine t h e  
k i n e t i c s  of t h e  f e rmen ta t ion .  The f i r s t  s t e p  i s  
t o  determing t h e  b i o d e g r a d a b i l i t y  of t h e  s u b s t r a t e .  
T h i s  must be  done i n  o r d e r  t o  e s t a b l i s h  So, t h e  
i n i t i a l  s u b s t r a t e  l e v e l .  So can be  determin d 
g r a p h i c a l l y  by l i n e a r i z i n g  a p l o t  of So-S (mS CHu/ 
kg V.S. f ed )  a g a i n s t  t h e  r e c i p r o c a l  of t h e  r e t en -  
t l o n  t ime ,  0. When 0 approaches i n f i n i t y ,  V1 
approaches  zero.  Also, t h e  s u b s t r a t e  remaining, 
S ,  w i l l  a l s o  approach zero.  Consequeatly.  So-S 
*u i 1.1 ~ ~ I ~ I ! : I . I ~ U ~ I  S :. 

A p l o t  o f  t h e  l o g  of So-S, expressed a s  methane 
p roduc t ion ,  v s .  t h e  r e c i p r o c a l  of t h e  r e t e n t i o n  
time provide a reasonably good f i t  t o  a s t r a i g h t  
l i n e ,  wi th  a y - in te rcep t  of 0.16 m3 CH+/kg v o l .  
s o l i d s  fed.  I f  one assumes t h a t  corn s t o v e r  is a 
ca rbohydra te  composed p r i m a r i l y  of hexoses ,  t h e  
methane p roduc t ion  a t  100 pe rcen t  convers ion of 
s u b s t r a t e  would be 0.45 m3/kg (20°c gas  temper: 
t u r e ) .  Based on t h i s  maximum p o s s i b i e  methane 



r C ~ . . - C  i on  and t h e  observed So v a l u e  .of 0.16 m3/kg., 

hc n  s t o v e r  appea r s  t o  be on ly  36 pe rcen t  b io-  
eL.. b l e  f o r  t h e  test c o n d i t i o n s  employed (59 2 
O C  formentat inn r ~ m p e r a t u r e ) ,  

s i n g  t n e  above b i o d e g r a d a b i l i t y  f a c t o r  and t h e  
d j u s t e d  g a s  product ion i n  Table 2 ,  a  r a t e  cons tan t  
an be  determined on t h e  b a s i s  t h a t  t h e  g a s  produc- 
ion  r a t e  i s  f i r s t  o r a e r  wi th  r e s p e c t  t o  biodegrad- 
b l e  s u b s t r a t e .  The fo l lowing  equat ion a p p l i e s :  

h i s  equa t ion  can be l i n e a r i z e d  i n  t h e  fo l lowing  
o m :  

he  s l o p e  of t h e  l i n e  w i l l  be  K. A l e a s t  square  
omputation f o r  t h e  d a t a  i n  Table  2 ,  inc lud ing  a  
a l u e  of So/S = 1 when 0 = 0 ,  y i e l d  a  s l o p e  of 
.25 day-I. There fo re ,  K i s  equa l  t o  0.25 day-l.  
h i s  c o n s t a n t  can be used t o  p r e d i c t  g a s  product ion 
a t e s  and s o l i d s  d e s t r u c t i o n  a t  v a r i o u s  r e t e n t i o n  
imes. 

hermochemical P re t r ea tmen t  o f  Corn Stover  

he m i l l e d  dry corn s t o v e r  was mixed wi th  sodium 
ydroxide a t  t h e  r a t e  shown i n  Tab le  3. Water was 
dded a t  t h e  r a t e  of 4  kg pe r  kg of d r y  s t o v e r .  
i t h  a  c a u s t i c  a d d i t i o n  o f  5  g/100 g  of d ry  s t o v e r ,  
he c a u s t i c  c o n c e n t r a t i o n  i n  t h i s  mixture  was ap- 
roximately  0.3 molar.  A f t e r  thorough mixing of 
h i s  p a s t e  i n  t h e  p r e s s u r e  r e a c t o r ,  t h e  pH a t  t h e  
bove c a u s t i c  a d d i t i o n  was 1 2 . 1  t o  12.2. Th i s  mix- 
u r e  was heated f o r  4  hours  a t  1 1 5 ' ~ .  A f t e r  t h e  
e a t  t r e a t m e n t ,  t h e  pH decreased t o  approximately  
.5. T h i s  p a s t e  was then d i l u t e d  t o  about 6 per- 
e n t  s o l i d s  and pumped t o  t h e  mixing t ank  f o r  feed 
o  t h e  r e a c t o r s .  

he  r e s u l t s  of t h i s  p re t r ea tmen t  a r e  given i n  
a b l e  3. A c a u s t i c  dosage of 5  g/100 g  of d r y  
o l i d s  r e s u l t e d  i n  a  s i g n i f i c a n t  i n c r e a s e  i n  
.ethane product ion r a t e  of 0.25 m3 per  kg of vol- 
t i l e  s o l i d s  f ed  wi th  an  average r e t e n t i o n  time i n  
h e  f e rmen te r s  of 13.7 days. T h i s  p re t r ea tmen t  
,as r epea ted  a g a i n  i n  Reactor  1 d u r i n g  t h e  pe r iod  
rom week 8  through week 11. With an average r e -  
e n t i o n  t ime of 14.2 days ,  t h e  methane product ion 
,as 0.25 m3 pe r  kg of v o l a t i l e  s o l i d s  fed.  I f  t h e  
a t e  cons tan t  f o r  t r e a t e d  and u n t r e a t e d  s t o v e r  
emains t h e  same, t h e  i n c r e a s e  i n  b i o d e g r a d a b i l i t y  
an  be  e s t ima ted  from t h e s e  d a t a  and t h e  fo l lowing  
:quat ion : 

'he c a l c u l a t e d  v a l u e  f o r  So i s  0.32 m3 CH4 pe r  kg 
. o l a t i l e  s o l i d s  fed.  Based on an u l t i m a t e  g a s  
f roduc t ion  of 0.45 m3 CH4 pe r  kg v o l a t i l e  s o l i d s  
e s t r o y e d ,  t h e  b i o d e g r a d a b i l i t y  o f  t h e  corn s t o v e r  

l r sased  from 36 pe rcen t  t o  71 pe rcen t .  

Table  3. E f f e c t  of NaOH Pre t rea tmen t  of Corn 
S tover  

0 CH4 Prod." Loading*" NaOH 
Week Days m 3 / ~ g  V.S. -. Kg V.S. / m 3 - ~  X Dry S o l i d s  

. -- 
REACTOR 1 

REACTOR 2 

*Mult ip ly  m3/kg by 1 6  t o  o b t a i n  c f / l b .  
**Divide kg/m3 by 1 6  t o  o b t a i n  l b / c f .  

The above ca l . cu la t ion  a p p l i e d  t o  t h e  d a t a  c o l l e c t e d  
from Reactor 2  dur ing  t h e  pe r iod  from week 8  
through week 1 0  y i e l d  an So v a l u e  of 0.33 m3 CH4 
pe r  kg v o l a t i l e  s o l i d s  f ed .  Th i s  would r e s u l t  i n  
a  73 pe rcen t  b i o d e g r a d a b i l i t y .  There was some 
v a r i a t i o n  i n  t h e  t h r e e  weeks of g a s  product ion.  

Lower c a u s t i c  dosages  were i n v e s t i g a t e d .  The pre- 
t r ea tmen t  f o r  Reac to r s  1 and 2  dur ing  week 5  
through week 7  was 3  g  NaOH per  100  g  d r y  s o l i d s .  
The i n i t i a l  pH of t h e  mixed s t o v e r  p a s t e  was i n  
t h e  range of 11.8 t o  12.0. A f t e r  h e a t i n g ,  t h e  pH 
was approximately  9.0.  While t h e r e  d i d  n o t  appear  
t o  be  a  maior change i n  t h e  i n i t i a l  and f i n a l  pH, 
t h e r e  was a s u b s t a n t i a l  r educ t ion  i n  t h e  g a s  pro- 
duc t ion .  The methane product ion i n  Reactor  1 
opera t ing  a t  a  14.0 day r e t e n t i o n  time was 0.17 m3 
CHq per  kg v o l a t i l e  s o l i d s  fed.  Reactor 2 ,  opera: 
t i n g  a t  a  r e t e n t i o n  t ime  o f  8.4 days ,  had a  meth- 
ane  product ion r a t e  o f  0 .145 .1~3  per  kg v o l a t i l e  
s o l i d s  fed.  These d a t a  c l e a r l y  show t h a t  s i g n i f i -  
can t  c a u s t i c  dosages  a r e  r equ i red  t o  enhance t h e  
b i o d e g r a d a b i l i t y  of t h e  co rn  s t o v e r .  

Gas Product ion Rates  - Wheat Straw 

The d a t a  p resen ted  i n  Tab le  4  show t h e  g a s  produc- 
t i o n  ob ta ined  at v a r i o u s  r e t e n t i o n  times. Each e 

r e a c t o r  was opera ted  a t  t h e  s p e c i f i e d  c o n d i t i o n  
f o r  a t  l e a s t  3  r e t e n t i o n  t imes b e f o r e  t h e s e  d a t a  
were c o l l e c t e d .  These d a t a  a r e  f o r  a  f e rmen ta t ion  
temperature  of 59 2 1°c (138 2   OF). The s t r aw 
s l u r r y  had been steam t r e a t e d  ( 1 1 5 ' ~  f o r  4  hours)  
p r i o r  t o  a d d i t i o n  t o  t h e  s l u r r y  holding t anks .  
T h i s  t reatment  was necessa ry  t o  a l t e r  t h e  charac- 
t e r i s t i c s  of s l u r r y  s o  t h a t  i t  was p o s s i b l e  t o  
pump it .  



Problems i n  pumping o f  t h i s  s l u r r y  were encoun- 
t e r e d .  It was n o t  p o s s i b l e  t o  s t a r t  pumping with- 
o u t  f i r s t  f l u s h i n g  t h e  p i p e s  w i t h  water .  The t ime 
c y c l e  pump a c t i v a t i o n  system could n o t  be  used. 

. Approximately 50 l i t e r s  of s l u r r y  were a i d e d  each  
t ime  t h e  pumps were a c t i v a t e d .  At t h e  s h o r t  re- 
t e n t i o n  t i m e  (3 .8  days)  , f o u r  such  pump pe r iods  
were used d a i l y .  Unfor tuna te ly ,  t h i s  r e s u l t e d  i n  
adding a s u b s t a n t i a l  f eed  volume (200 l i t e r s  i n t o  
775 l i t e r s )  over  a pe r iod  of 6 t o  8 hours .  T h i s  
mode of f eed ing  r e s u l t e d  i n  a n  u s t a b l e  system a t  
low r e t e n t i o n  t imes.  

The gas  p roduc t ion  i n  Tab le  4 i s  expressed i n  
terms of t h e  g a s  (methane) generated pe r  u n i t  of 
v o l a t i l e  s o l i d s  added. When p rocess ing  s t r aw,  a 
l i q u i d  r e c y c l e  s t r eam was employed. The fermented 
s l u r r y  was passed over  a sc reen  t o  remove most of 
t h e  suspended s o l i d s .  The t o t a l  s o l i d s  of t h i s  
s t ream was reduced from approximately  20 g / l  t o  
6 g / l  by t h i s  s imple  sc reen ing  p rocess .  The l i q u i d  
f r a c t i o n  was used a s  make-up wa te r  f o r  t h e  new feed 
s l u r r y .  Consequently,  a measurable q u a n t i t y  of 
s o l i d s  was r ecyc led  wi th  t h i s  system. The g a s  
product ion i n  Tab le  4 is expressed i n  terms of t h e  
t o t a l  v o l a t i l e  s o l i d s  f ed  ( inc lud ing  r e c y c l e  s o l -  
i d s )  and i n  terms of t h e  v o l a t i l e  s o l i d s  added wi th  
t h e  s t r aw on ly ,  t h e  l a t t e r  being t h e  d a t a  i n  t h e  
ad jus ted  CH4 product ion column. 

Tab le  4. Gas Product ion Data f o r  Straw 

0 CH4 Product ion Adjusted CH4 Product ion 
Days m 3 / ~ ~  V.S. Fed m 3 / ~ g  V.S. Fed 

3.8 0.083 (1.31)* 0.100 (1.58) 

*( ) Data expressed a s  CF/lb V.S. f ed .  

The a d j u s t e d  methane p roduc t ion  was used t o  d e t e r -  
s i n e  t h e  percentage o f  v o l a t i l e  s o l i d s  t h a t  a r e  
degradable .  Th i s  is  accomplished by e x t r a p o l a t i n g  
t h e  gas  product ion d a t a  t o  an i n f i n i t e  r e t e n t i o n  
time. A semi-log p l o t  o f  methane product ion 
a g a i n s t  t h e  r e c i p r o c a l  of t h e  r e t e n t i o n  time y i e l d s  
a s t r a i g h t  l i n e .  The y - i n t e r c e p t  is  t h e  methane 
product ion a t  an i n f i n i t e  r e t e n t i o n  t ime ,  o r  t h e  
b i o d e g r a d a b i l i t y  of t h e  o r g a n i c  m a t e r i a l .  Based 
on these  d a t a ,  t h e  maximum p o s s i b l e  methane pro- 
duc t ion  would be 0.22 m3/kg v o l a t i l e  s o i i d s  added.  
(3.52 c f l l b ) .  I f  one assumes t h a t  t h e  o rgan ic  ma- 
t e r i a l  being fermented is  c e l l u l o s e ,  t h e  methane 
product ion pe r  kg of c e l l u l o s e  fermented would be 
0.45 m3 a t  a g a s  temperature  of 2 0 ' ~ .  Based on 
t h i s  maximum g a s  p roduc t ion ,  t h e  v o l a t i l e  s o l i d s  i n  
t h e  s t r aw would be 49 pe rcen t  b iodegradable .  

The r a t e  of convers ion is  determined from a s imple  
f i r s t  o r d e r  k i n e t i c  r e l a t i o n s h i p  i n  which t h e  sub- 
s t r a t e  removal r a t e  (dS /d t )  is  a f u n c t i o n  of rrhe 
biodegradable  s u b s t r a t e  remaining. 

Using a v a l u e  f o r  So of 0.22 m3/kg V.S. f e d ,  and 
t h e  va lues  of So-S (methane produced pe r  kg of 

v o l a t i l e  s o l i d s )  from Tab le  4 ,  a l e a s t  squarc .t 
inc lud ing  t h e  y - in te rcep t  v a l u e  (0 ,1 ) ,  y i e l d s  a 
l i n e  wi th  a s l o p e  of 0.23 day-I. T h i s  r a t e  con- 
s t a n t  ( temperature  of 59 + 1°c )  corresponds 
c l o s e l y  w i t h  t h e  v a l u e s  found f o r  manure (0.25 
day-I) [2] and co rn  s t o v e r  (0.25 day-I).  

Discuss ion 

During t h e  p a s t  1 0  y e a r s ,  s e v e r a l  s u b s t r a t e s  have 
been s t u d i e d  a s  p o s s i b l e  raw m a t e r i a l s  f o r  t h e  
product ion of methane v i a  t h e  anae rob ic  fermenta- 
t i o n  mechanism. These s u b s t r a t e s  a r e  i n  v a r i o u s  
s t a g e s  of development,  ranging from t h e  l a b o r a t o r y  
s t a g e  as wi th  t h e  c r o p  r e s i d u e s ,  t o  an o p e r a t i n g  
demonstra t ion p l a n t  a t  Pompano Beach, F l o r i d a ,  
t h a t  is p rocess ing  urban r e f u s e .  A comparison of 
t h e s e  v a r i o u s  s u b s t r a t e s  w i t h  p resen t  informat ion 
can be u s e f u l  t o  b e t t e r  understand some of t h e  
problems that must y e t  be  overcome. For t h i s  pur- 
pose, t h e  fol lowing mat r ix  h a s  been cons t ruc ted .  
The + symbol r e p r e s e n t s  a f a v o r a b l e  f a c t o r  t h a t  
improves e i t h e r  t h e  c o s t  o r  energy convers ion e f f j  
c iency.  Conversely,  t h e  - symbol r e p r e s e n t s  
unfavorable  f a c t o r s .  
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S u L s L ~ a t e  A v a l l a b i l l t y .  Ecuuumically, ~111s Eaccu 
can be h i g h l y  s i g n i f i c a n t .  Urban r e f u s e  i s  a was 
m a t e r i a l  and t h e  a s s o c i a t e d  dump f e e  adds  a sub-' 
s t a n t i a l  iacome t o  t h e  process .  Manure from t h e  
feed l o t s  must be removed from t h e  l o t s  f o r  prop€ 
l o t  management. There fo re ,  a s  wi th  an  open feed 
l o t ,  t h e r e  may be l i t t l e  o r  no econon~ic g a i n  o r  
l o s s  a s s o c i a t e d  w i t h  t h e  a q u i s i t i o n  of t h i s  mate- 
r i a l .  Prequenc manure removal from t h e  environ-  
mental l o t  g e n e r a l l y  r equ i red  a continuous manurc 
management program. There fo re ,  t h e r e  may b e  an  
income, i . e .  a reduced o p e r a t i n g  c o s t  f o r  t h e  f e f  
l o t  o p e r a t o r ,  a s s o c i a t e d  wi th  t h i s  s u b s t r a t e .  

Crop rcoiduco havc a s i g n i f i c a n t  a q u i s i t i o n  c o s t  
Th i s  c o s t  w i l l  be a f u n c t i o n  of many f a c t o r s  ran1 
ing from per  a c r e  product ion r a t e  t o  h a r v e s t i n g  
techniques  co cropping i n t e n s i t y  of t h e  t eg l - -  
Fac to r s  t h a t  may be e q u a l l y  important  i n  det 
ing t h e  a v a i l a b i l i t y  of t h i s  m a t e r i a l  r e l a t e  



f: g p r a c t i c e s '  and t h e  perceived o r  r e a l  va lue  
o j r e s i d u e  when l e f t  on t h e  land.  F a i l u r e  t o  
c o n s i a e r  t n e s e  q u e s t i o n s  i n  developing a crop r e s i -  ' 

due utilization system w i l l  lead t o  f a i l u ' r e ,  e i t h e r  
f o r  economic r e a s o n s  o r  because of accepted a g r i -  
c u l t u r a l  p r a c t i c e s .  

S u b s t r a t e  B iodegradab i l i ty .  Of a l l  f a c t o r s ,  t h i s  
i s  t h e  most important .  The degree  t o  which t h e  
s u b s t r a t e  can be  conver ted t o  g a s  has  a s i g n i f i -  
cant  impact on s e v e r a l  economic and energy e f f i -  
c i ency  f a c t o r s .  I n  a d d i t i o n  t o  g r e a t e r  q u a n t i t i e s  
of product  g a s ,  a more biodegradable  s u b s t r a t e  
a l l o w s  f o r  a more concentra ted feed s l u r r y .  T h i s  
reduces  t h e  r e a c t o r  s i z e  and a s s o c i a t e d  hea t  l o s s  
and i t  a l s o  r educes  t h e  q u a n t i t y  of water ,  and 
a s s o c i a t e d  hea t  requirements ,  t h a t  p a s s  through t h e  
p rocess .  Also, t h e  fermented s l u r r y  p rocess ing  
systems a r e  reduced i n  s i z e .  

Urban r e f u s e  i s  marginal  a s  a b iodegradable  sub- 
s t r a t e .  The v o l a t i l e  s o l i d s  a r e  on ly  about  55 
pe rcen t  b iodegradable .  I n  a d d i t i o n ,  t h e r e  is  a 
s u b s t a n t i a l  a s h  component. Manure from an open 
feed l o t  has been sub jec ted  t o  c o n s i d e r a b l e  n a t u r a l  
s t a b i l i z a t i o n  on t h e  l o t  and f r e q u e n t l y  c o n t a i n s  
c o n s i d e r a b l e  amounts of s o i l  t h a t  c o n t r i b u t e s  t o  
t h e  a s h  c o n t e n t .  Environmental l o t s  produce manure 
t h a t  i s  f r e s h ,  con ta in ing  v o l a t i l e  s o l i d s  t h a t  may 
be 65 pe rcen t  b iodegradable  [2]. Consequently,  
t h i s  manure is  t h e  p r e f e r r e d  s u b s t r a t e :  

Corn s t o v e r  and wheat s t r a w  a r e  r e l a t i v e l y  s t a b l e  
o r g a n i c  m a t e r i a l s .  Approximately 36 pe rcen t  o f  t h e  
v o l a t i l e  s o l i d s  i n  t h e  s t o v e r  were found t o  be b io -  
degradable .  Heat t r e a t e d  s t r a w  v o l a t i l e  s o l i d s  
were on ly  4? pe rcen t  b iodegradable .  Consequently,  
s e v e r e  economic and energy p e n a l t i e s  a r e  a p p l i e d  t o  
t h e s e  s u b s t r a t e s  as a r e s u l t  of t h e  requirement  f o r  
l a r g e r  r e a c t o r s  and r e a c t o r  s l u r r y  p rocess ing . sys -  
tems as w e l l  as t h e  hea t  l o s s  a s s o c i a t e d  w i t h  t h e  
l a r g e  q u a n t i t i e s  of water  pass ing  through t h e  
system. 

Thermochemical p re t r ea tmen t  o f  t h e  crop r e s i d u e  
s i g n i f i c a n t l y  a l t e r s  t h e  process .  Corn s t o v e r  
v o l a t i l e  s o l i d s  i n c r e a s e  t o  71  pe rcen t  w i t h  a mild 
thermochemical p re t r ea tmen t .  With gas  p r i c e d  a t  
$1.90/GJ ($2.001106 BTU) P f e f f e r  and Quindry [3] 
r epor t ed  t h a t  thermochemically p r e t r e a t e d  co rn  
s t o v e r  could n o t  be  economically processed.  De- 
pending upon methods of f i n a n c i n g ,  g a s  p r i ced  a t  
$3.80/G.J ($4 .00110~  BTU) , and exc lud ing  s u b s t r a t e  
a c q u i s i t i o n  c o s t s ,  would b e  economically a t t r a c -  
t i v e .  There fo re ,  i t  appear s  t h a t  t h e m c h e m i c a l  
p re t r ea tmen t  may o f f e r  s u f f i c i e n t  improvement i n  
t h e  c rop  r e s i d u e  fe rmen ta t ion  t o  war ran t  f u r t h e r  
development. 

Chemical Requirements. Chemical r equ i rement s  in 
a l l  c a s e s  except  f o r  thermochemical p re t r ea tmen t  
a r e  minor., I n  t h i s  system, t h e  c o s t  o f  sodium 
hydroxide is  s u b s t a n t i a l .  E f f e c t i v e  u s e . o f  t h i s  
system w i l l  r e q u i r e  c a r e f u l  op t imiza t ion  o f  t h e  
c a u s t i c  consumption i n  t h e  p re t r ea tmen t  s t ep .  

Heat Requirements. Except f o r  urban r e f u s e ,  a l l  ........- -IS r e q u i r e  an e x t e r n a l  h e a t  source .  An in- 
t t o r  i s  inc luded  a s  p a r t  of t h e  r e f u s e  pro- 
~g system and,  consequent ly ,  excess  h e a t  

energy is  a v a i l a b l e .  Because of t h e  poor biode- 
g r a d a b i l i t y  of bo th  s t o v e r  and s t r a w ,  excess  water  
is  processed through t h e  system. As a r e s u l t ,  
s i g n i f i c a n t  a d d i t i o n a l  q u a n t i t i e s  of hea t  a r e  r e -  
qu i red .  I n  f a c t ,  t h i s  excess  h e a t  i n  con junc t ion  
v f t h  t h e  low g a s  y i e l d ,  w i l l  r e s u l t  i n  n e t  energy 
product ion of ze ro  o r  even nega t ive .  k r e l a t i v e l y  
h igh  temperature  is  requ i red  f o r  thermochemical 
p re t r ea tmen t ,  but because of t h e  low water con ten t  
used i n  t h i s  cooking, o n l y  a l i m i t e d  q u a n t i t y  of 
h e a t  is requ i red .  Most of t h i s  hea t  energy is  
recovered a s  h e a t  f o r  t h e  f eed  s l u r r y .  

Mixing Power. The f i b r o u s  n a t u r e  of urban r e f u s e  
r equ i red  a somewhat h igher  power inpu t  f o r  mixing 
t h a n  requ i red  by t h e  manure o r  p r e t r e a t e d  c rop  
re s idue .  The poor convers ion e f f i c i e n c y  of s t o v e r  
r e q u i r e s  a l a r g e r  r e a c t o r  per  u n i t  of energy pro- 
duced. T h i s  l a r g e  volume i n c r e a s e s  t h e  mixer power 
s i g n i f i c a n t l y .  I n  a d d i t i o n  t o  poor b iodegradab i l -  
i t y ,  t h e  s t r a w  possess  unique p r o p e r t i e s  when 
mixed w i t h  water .  At low s o l i d s  concen t ra t ion  
( l e s s  than  10  pe rcen t )  t h e  s l u r r y  is  a semi-solid 
and ve ry  d i f f i c u l t  t o  mix o r  pump. Consequently,  
a d d i t i o n a l  power is r e q u i r e d .  

N e t  Energy Product ion.  Economics a r e  impor tan t ,  
bu t  t h e  economic f e a s i b i l i t y  w i l l  change a s  t h e  
p r i c e  o f  energy i n c r e a s e s .  However, n e t  energy 
product ion should always b e  p o s i t i v e  f o r  any long 
term a p p l i c a t i o n  o f  t h i s  system. C lea r ly ,  more 
u s e f u l  energy must be produced than  i s  i n p u t  t o  
t h e  system i n  t h e  form of h e a t  and e l e c t r i c a l  
power. For t h e  urban r e f u s e  system, approximately  
one- thi rd  of t h e  t o t a l  o u t p u t  energy i s  requ i red  
t o  o p e r a t e  t h e  system 143. For a n  environmental  
feed l o t  us ing  hea t  r ecovery  on t h e  fermenter  
e f f l u e n t ,  less t h a n  1 5  pe rcen t  o f  t h e  energy pro- 
duced by t h e  p rocess  is  requ i red  f o r  p rocess  
ope ra t ion .  However, f o r  a n  open l o t ,  a s  much a s  
two-thi rds  of t h e  energy p roduc t ion  i s  requ i red  t o  
o p e r a t e  t h e  system [z]. For p rocess ing  c o r n  
s t o v e r ,  e s s e n t i a l l y  a l l  of t h e  energy produced by 
t h e  f e rmen ta t ion  i s  r e q u i r e d  t o  o p e r a t e  t h e  system 
C31. , . 

Crop r e s i d u e  t h a t  has  been thermochemically pre- 
t r e a t e d  p r e s e n t s  a much b e t t e r  energy e f f i c i e n c y .  
The improved b i o d e g r a d a b i l i t y  s i g n i f i c a n t l y  in -  
c r e a s e s  t h e  g a s  product ion.  It a l s o  g r e a t l y  lowers  
t h e  fermenter  s i z e  and t h e  mass of water  processed 
through t h e  fermenter .  The reduced q u a n t i t y  of 
f e n n e n t e r  r e s i d u e  g r e a t l y  r educes  t h e  dewater ing 
c o s t s  and energy use .  Consequently,  l e s s  t h a n  30 
pe rcen t  o f  t h e  energy produced by s t o v e r  fennenta-  
t i o n  i s  requ i red  f o r  p rocess  energy,  bo th  hea t  and 
mechanical [3]. 

SUMMARY 

R e s u l t s  t o  d a t e  have shown t h a t  t h e  p roduc t ion  of 
methane from urban r e f u s e  and manure from environ-  
mental f eed  l o t s  a r e  economical ly  v i a b l e  sources  o f  
f u e l  gases .  Demonstration p l a n t s  c u r r e n t l y  i n  
o p e r a t i o n  w i l l  e s t a b l i s h  t h e  commercial f e a s i b i l i t y  
of t h e s e  processes .  S t u d i e s  on c rop  r e s i d u e s  have 
shown that bo th  co rn  s t o v e r  and wheat s t r a w , a r e  n o t  
v i a b l e  raw m a t e r i a l s  u n l e s s  t h e  b i o d e g r a d a b i l i t y  of 



t h e  m a t e r i a l  c a n  be  s u b s t a n t i a l l y  inc reased .  I n  
f a c t ,  wi thout  p re t r ea tmen t  of t h e s e  m a t e r i a l s ,  t h e  
p rocess  ene rgy ' r equ i rement s  exceed t h e  energy pro- 
duced i n  t h e  form of methane. 

A mild thermochemical p re t r ea tmen t  o f  co rn  s t o v e r  
completely r e v e r s e s  t h e  above s i t u a t i o n .  A sub- 
s t a n t i a l  q u a n t i t y  of energy in t h e  form o f  a f u e l  
g a s  i n  e x c e s s  of t h e  p rocess  energy requirement 
is  produced. A g a s  p r i c e  o f  $1.91/GJ ($2.00/'10 8 
BTU) does n o t  cover  p rocess ing  c a p i t a l ,  o p e r a t i n g  
and maintenance c o s t s .  Considerably  more work on 
t h e  op t imiza t ion  of t h e  thermochemical p re t r ea tmen t  
i s  needed. Also, an indep th  a n a l y s i s  of c rop  resi- 
due a v a i l a b i l i t y  is  necessa ry  t o  suppor t  t h i s  
a p p l i c a t i o n .  

T h i s  work was supported by Con t rac t  No. EY-76-S-02- 
2917 with  t h e  Department o f  Energy. 
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BIUMASb tNtKGY SYSTEMS PROGRAM 
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STRACT 

m i n i s h i n g  s u p p l i e s  o f  l ow  c o s t  o i l ,  n a t u r a l  gas, 
~d pet rochemica l  f eeds tocks  i n  t h e  U. S. has 
.ompted government and i n d u s t r y  t o  pursue t h e  
welopment o f  a l t e r n a t i v e  sources o f  c l e a n  energy .  
le rgy  sources t h a t  a r e  c o n s t a n t l y  renewed by t h e  
: t i o n  o f  s o l a r  r a d i a t i o n  o f f e r  a p rom is ing  a l t e r -  
~ t i v e  t o  conven t i ona l  f o s s i l  f u e l s .  The U.  S. 
!partment o f  Energy (DOE) i s  a c t i v e l y  i n v o l v e d  i n  
le development o f  renewable energy sources th rough  
!search and development programs sponsored by  t h e  
omass Energy Systems Program. The o b j e c t i v e  of  
 is program i s  t o  deve lop t h e  c a p a b i l i t y  f o r  con- 
l r t i n g  renewable biomass resou rces  such as wood, 
l r i c u l  t u r a l  r es idues ,  animal manure, and energy 
.ops i n t o  c l e a n  f u e l s ,  s u b s t i t u t e  pe t rochemica l  
!edstocks and o t h e r  energy  i n t e n s i v e  p roduc ts  t h a t  
.n d i s p l a c e  f o s s i l  f u e l s .  

. c i f i c  Nor thwest  L a b o r a t o r y  (PNL) has r e c e n t l y  
*en s e l e c t e d  t o  p r o v i d e  program management se rv -  
:es t o  DOE'S Biomass Energy Systems Program. PNL 

r e s p o n s i b l e  f o r  t h e  t e c h n i c a l  management o f  14 
omass conve rs ion  p r o j e c t s  funded b y  DOE'S D i v i -  
on o f  D i s t r i b u t e d  S o l a r  Technology. These p ro -  
. c t s  a r e  l o c a t e d  th roughou t  t h e  U n i t e d  S t a t e s  and 
ve an annual f u n d i n g  l e v e l  o f  about  8 m i l l  i o n  
l l a r s .  

i s  p r e s e n t a t i o n  w i l l  p r o v i d e  an ove rv iew  o f  t h e  
omass Energy Systems Program w i t h  p a r t i c u l a r  
,phas is  on t h e  thermochemical  conve rs ion  o f  b i o -  
ss t o  f u e l s  and feeds tocks  v i a  d i r e c t  combust ion,  
r e c t  and c a t a l y t i c  g a s i f i c a t i o n ,  and i n d i r e c t  
q u e f a c t i o n .  I t w i l l  i n c l u d e  a d e l i n e a t i o n  of t h e  
omass Energy Systems Program's o b j e c t i v e s  and 
a l s ,  o r g a n i z a t i o n a l  s t r u c t u r e ,  imp lemen ta t i on  
an and program budget .  

TRODUCTION 

i s  paper i s  i n t e n d e d  t o  p r o v i d e  an ove rv iew  o f  
e n o c h e m i c a l  conve rs ion  techno logy  development 
t i v i t i e s  w i t h i n  t h e  Biomass Energy Systems Pro- 
am. P a r t i c u l a r  emphasis w i l l  be p l a c e d  on con- 
r s i o n  techno logy  development a c t i v i t i e s  i n  t h e  
eas of d i r e c t  combust ion,  g a s i f i c a t i o n  and i n d i -  
c t  l i q u e f a c t i o n  v i a  s y n t h e s i s  gas. 

P a c i f i c  Nor thwest  Labo ra to ry  (PNL) has r e c e n t l y  
been s e l e c t e d  t o  p r o v i d e  program management se rv -  
i c e s  t o  t h e  U. S. Department o f  Ene rgy ' s  (DOE) 
Biomass Energy Systems program. The Biomass Energy 
Systems Branch o f f i c e  i s  a p a r t  o f  DOE'S D i v i s i o n  
o f  D i s t r i b u t e d  S o l a r  Technology. PNL i s  r e s p o n s i b l e  
f o r  t h e  t e c h n i c a l  management o f  t echno logy  develop- 
ment p r o j e c t s  d i r e c t e d  toward t h e  thermochemical  
conve rs ion  o f  biomass by  d i r e c t  combust ion,  g a s i f  i- 
c a t i o n  and i n d i r e c t  l i q u e f a c t i o n  v i a  s y n t h e s i s  gas. 
Papers on s p e c i f i c  p r o j e c t s  w i t h i n  these areas o f  
t echno logy  development w i l l  f o l l o w  t h i s  i n t r o d u c -  
t i o n .  Lawrence Be rke ley  L a b o r a t o r y  i s  r e s p o n s i b l e  
f o r  t h e  t e c h n i c a l  management o f  development a c t i v i -  
t i e s  on t h e  d i r e c t  l i q u e f a c t i o n  o f  biomass feed -  
s tocks .  D i r e c t  l i q u e f a c t i o n  a c t i v i t i e s  have been 
d i scussed  i n  a p r e v i o u s  sess ion  o f  t h i s  conference 
and w i l l  o n l y  b e  ment ioned i n c i d e n t a l l y  here .  

Biomass comprises a l l  organisms, b o t h  t e r r e s t r i a l  
and a q u a t i c  and i n c l u d e s  renewable  resou rces  such 
as f o r e s t s  and f o r e s t  r es idues ,  a g r i c u l t u r a l  c r o p  
res idues ,  animal manures, and c rops  grown on energy 
fa rms s p e c i f i c a l l y  f o r  t h e i r  energy con ten t .  B i o -  
mass p r o d u c t i o n  and conve rs ion  i s  cons ide red  a s o l a r  
t echno logy  because l i v i n g  p l a n t s  absorb  s o l a r  energy 
and c o n v e r t  i t  t o  biomass th rough  pho tosyn thes i s .  

PROGRAM OBJECTIVE 

The o b j e c t i v e  o f  t h e  thermochemical  conve rs ion  t e c h -  
no logy  development a c t i v i t i e s  o f  t h e  Biomass Energy 
Systems Pro,gram i s  t o  p r o v i d e  a t echno logy  base f o r  
t h e  u t i l i z a t i o n  o f  biomass feeds tocks  wh ich  w i l l  
r e s u l t  i n  t h e  d i sp lacemen t  o f  t r a d i t i o n a l  l i q u i d  and 
gaseous f u e l s  and chemical  f eeds tocks .  T h i s  ob jec -  
t i v e  can be accompl ished by  t h e  d i r e c t  combust ion o f  
biomass m a t e r i a l s  and t h e  s u b s t i t u t i o n  o f  biomass 
d e r i v e d  f u e l s  and chemical  f eeds tocks  f o r  t hose  
produced f r o m  conven t i ona l  sources. 

Tnermochemical conve rs ion  processess'  employ, e l e v a t e d  
temperatures  t o  c o n v e r t  biomass m a t e r i a l s  t o  more 
u s e f u l  energy  fo rms.  Examples i n c l u d e :  

Combustion t o  produce hea t ,  steam, e l e c -  
t r i c i t y ,  o r  combinat ions  of .these; 

.,. ,,?d f o r  t h e  U. S. Department of  Energy 
y D a t t e l l e  Memorial  I n s t i t u t e  
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FIGURE 1. D i r e c t  Combustion Systems (Near Term) 



. . f r o l y s i s  t o  produce gases ( low o r  
in termediate BTU), p y r o l y t i c  l i q u i d s  
and char; 

G a s i f i c a t i o n  t o  produce low o r  i n t e r -  
mediate BTU gas, s y n t h e t i c  na tu ra l  
gas (SNG) , ammonia, methanol , o r  Fischer: 
Tropsch l i q u i d s  and gaso l ine  v i a  cata-  
l y t i c  processes; and 

L ique fac t ion  t o  produce heavy o i l s ,  o r  
w i t h  upgrading, l i g h t e r  b o i l i n g  l i q u i d  
products such as d i s t i l l a t e s ,  l i g h t  f u e l  
o i l s  and gasol ine.  

ROGRAll ORGANIZATION AND IMPLEMENTATION 

hermochemical conversion technology development 
c t i v i t i e s  funded by the  Biomass Energy Systems 
rogram can be d iv ided  i n t o  t h e  f o l l o w i n g  f o u r  
a tegor i  es: 

D i r e c t  L ique fac t ion  

D i r e c t  Combustion 

G a s i f i c a t i o n  

I n d i r e c t  L ique fac t ion  Via Synthesis Gas 

n t h e  remainder o f  t h i s  paper we w i l l  address 
a i n l y  the  l a t t e r  th ree  categor ies as d i r e c t  l i q -  
e fac t ion  a c t i v i t i e s  have been discussed i n  a pre- 
ious  session. 

ear  Term Systems 

he d i r e c t  combustion o f  biomass feedstocks i s  a l -  
eady w ide ly  p r a c t i c e d  by severa l  i n d u s t r i e s ,  
s p e c i a l l y  the  f o r e s t  products indus t ry .  Many 
ypes o f  d i r e c t  combustion equipment a re  commer- 
i a l l y  a v a i l a b l e  f o r  t h i s  purpose. New develop- 
ents i n  d i r e c t  combustion technology a re  expected 
3 have a near term impact on energy suppl ies 
hrough t h e  u t i l i z a t i o n  f o r e s t  res idues and o ther  
e a d i l y  a v a i l a b l e  biomass feedstocks. Therefore, 
i r e c t  combustion techno1 ogy development p r o j e c t s  
e ing funded by the  Biomass Energy Systems Program 
r e  categor ized as near term systems development 
c t i v i t i e s .  

do p r o j e c t s  i n  the  area of d i r e c t  combustion tech-  
slogy a re  c u r r e n t l y  being funded by the  Biomass 
i e r g y  Systems Program. These p r o j e c t s  are shown 
1 the  o rgan iza t ion  c h a r t  i l l u s t r a t e d  i n  F igure 1. 
i e  Aerospace Research Corporat ion p r o j e c t  i s  
i r e c t e d  toward t h e  development of a wood fue led  
~ m b u s t o r  wh i th  can be d i r e c t l y  r e t r o f i t t e d  t o  
t i s t i n g  o i l - f i r e d  b o i l e r s .  The Wheelabrator 
leanfuel  Corporat ion p r o j e c t  i s  a demonstration o f  
srge scale co-generat ion based on wood feedstock. 
i e  scope o f  t h i s  p r o j e c t  i nc ludes  the  design o f  
i e  p l a n t  p lus  a d d i t i o n a l  tasks such as p repara t ion  

nvironmental impact statement, demonstrat ion 
e t r e e  harves t ing  equipment and determina- 

Ion o r  feedstock a v a i l a b i l i t y  f o r  a l a r g e  f a c i , l i t y .  

Mid Term Systems 

Development o f  biomass g a k i f  i c a t i o n  and i n d i r e c t  
l i q u e f a c t i o n  technologies are mid term development 
a c t i v i t i e s  because these technologies are n o t  ex- 
pected t o  have a subs tan t ia l  impact on U. S. energy 
suppl ies f o r  10 t o  20 years. Biomass g a s i f i c a t i o n  . 
technologies can be d iv ided  i n t o  processes which 
produce a low BTU gas and those which produce a 
medium BTU gas. 

Low BTU g a s i f i c a t i o n  technology i s  commercial ly 
a v a i l a b l e  f o r  most types o f  biomass feedstocks. 
Many o f  these commercial processes are based on low 
BTU coal g a s i f i c a t i o n  technologies and the  gas pro-  
duced can b e s t  be used as f u e l  fo r  supply ing process 
heat,  process steam o r  f o r  e l e c t r i c a l  power genera- 
t i o n .  A d iscuss ion o f  commercial ly a v a i l a b l e  low 
BTU g a s i f i c a t i o n  technology w i l l  be presented i n  a 
l a t e r  paper by M r .  Abu Tal i b o f  the M i t r e  Corpora- 
t i o n .  

The v e r s a t i l i t y  o f  low BTU gas i s  l i m i t e d  and i t s  
use i s  sub jec t  t o  t h e  f o l l o w i n g  l i m i t a t i o n s :  

The low hea t ing  va lue o f  the gas u s u a l l y  
requ i res  t h a t  i t  be consumed on o r  ne?r 
the product ion s i t e  i n  a c lose coupled 
process. 

S u b s t i t u t i o n  o f  low BTU gas f o r  n a t u r a l  
gas as a b o i l e r  f u e l  u s u a l l y  requ i res  
b o i l e r  de ra t ing  and/or extens ive r e t r o -  
f i t  mod i f i ca t ions .  

The h igh  n i t r o g e n  content  o f  low BTU, 
gas precludes i t s  use as a synthesis  
gas f o r  most chemical commodities which 
can be produced from synthesis  gas. 

Medium BTU gas (MBG) o f f e r s  t h e  f o l l o w i n g  advantages 
over low BTU gas: 

B o i l e r  d e r a t i n g  i s  u s u a l l y  l e s s  severe 
when s u b s t i t u t i n g  MBG f o r  n a t u r a l  gas 
than when s u b s t i t u t i n g  low BTU gas f o r  
n a t u r a l  gas. 

t4BG can be t ranspor ted moderate d i s -  
tances by p i p e l i n e  a t  a reasonable 
cost .  

MBG i s  requ i red  f o r  t h e  synthesis  o f  
de r i ved  f u e l s  and most chemical feed- 
stocks and commodities which can be 
produced from synthesis  gas. The 
v e r s a t i l i t y  o f  MBG i s  i l l u s t r a t e d  i n  
Fig11.re 2 .  . " 

The major disadvantage o f  MBG i s  t h a t  i t s  product ion 
by conventional means requ i res  t h e  use of an oxygen 
blown g a s i f i e r  which i s  expensive t o  operate due 
t o  the  c o s t  o f  the  oxygen. 

I f  thermochemical,converslon o f  biomass i s  t o  
achieve i t s  maximum p o t e n t i a l  f o r  augmenting e x i s t -  
i n g  U. S. energy suppl ies i n  the  mid term, the  
f o l l o w i n g  two p o i n t s  w i l l  have t o  be considered. 



1. B a r r i n g  ser ious coal  product ion 
c o n s t r a i n t s ,  biomass conversion wi l .1 
have t o  be cos t  compet i t i ve  w i t h  
s y n t h e t i c  f u e l s  produced from coal.  

2 .  Thermochemical biomass conversion 
must have an impact on the  a v a i l a b i l i t y  
o f  l i q u i d  fuel's and chemical feedstock 
supp l ies  as w e l l  as supplementing gas 
f o r  hea t ing  purposes. 

Biomass has two p o t e n t i a l  advantages over coal .  
F i r s t ,  biomass i s  a  renewable resource and coal  i s  
n o t .  Second, and more impor tant  from a thermo- 
chemical conversion s tandpoint ,  biomass i s  more 
r e a c t i v e  than coal.  I t has t h e  p o t e n t i a l  f o r  a s i -  
f i c a t i o n  a t  lower temperatures, w i t h o u t  t h e  ad%- 
t i o n  o f  oxygen, t o  produce MBG. The g a s i f i c a t i o n  
process development a c t i v i t i e s  sponsored by t h e  
Biomass Energy Systems Program are at tempt ing t o  
e x p l o i t  t h i s  advantage. These a c t i v i t i e s  are a l s o  
d i r e c t e d  toward improving the  competi t iveness o f  
biomass g a s i f i c a t i o n  through t h e  use o f  c a t a l y s t s  
and unique g a s i f i c a t i o n  r e a c t o r s  t o  produce d i r e c t -  
l y  s p e c i f i c  synthesis  gases f o r  the  product ion o f  
ammonia, methanol, hydrogen, and SNG. Success i n  
these e f f o r t s  could e l i m i n a t e  the  necess i t y  f o r  
ex te rna l  water gas s h i f t  o r  methanation reac to rs  
when producing these commodities. The p o t e n t i a l  
e l i m i n a t i o n  of the  oxygen requirement and the  water  
gas s h i f t  s tep  a r e  i n d i c a t e d  by the  dashed l i n e s  i n  
F igure  2. 

The g a s i f i c a t i o n  technology development a c t i v i t i e s  
o f  t h e  Biomass Energy Systems Program inc lude  pro-  
cesses f o r  t h e  p roduc t ion  o f  b o t h  low and medium 
BTU gases. However, t h e  major  t h r u s t  i s  d i r e c t e d  
toward improved processes f o r  the product ion o f  
medium BTU hea t ing  and synthesis  gases. T h i s  ap- 
pears t o  be the  area where biomass g a s i f i c a t i o n  
could have t h e  g rea tes t  impact on U. S. energy 
requirements . 
We have po in ted  ou t  t h a t  the  thermochemical conver- 
s ion  o f  biomass t o  f u e l s  and chemical feedstocks 
has some p o t e n t i a l  advantages over competing coal  
conversion technologies.  It would be inappropr ia te  
n o t  t o  p o i n t  ou t  sane disadvantages o f  brolndss 
feedstocks. Because biomass feedstocks are u s u a l l y  
d isperse and may con ta in  50 t o  60% moisture,  the re  
i s  a  subs tan t ia l  c o s t  associated w i t h  t h e  c o l l e c -  
t i o n  and t r a n s p o r t a t i o n  o f  biomass t o  a c e n t r a l  
processing p o i n t .  One concept which may o f f e r  a  
p a r t i a l  s o l u t i o n  t o  these economic disadvantages 
would be t o  l o c a t e  biomass g a s i f i c a t i o n  u n i t s  i n  a 
d isperse manner w i t h i n  a l a r g e  f o r e s t  o r  energy 
farm. The medium BTU synthesis  gases produced by 
these u n i t s  cou ld  be t ranspor ted 25 t o  50 mi les  by 
p i p e l i n e  t o  a large,  c e n t r a l l y  loca ted  chemical o r  
f u e l s  synthesis  p lan t .  Th is  concept o f f e r s  the ad- 
vantages o f  shor te r  haul i n g  distances, e l im ina tes  

t r a n s p o r t i n g  the moisture long d is tances and o f f e r s  
the  oppor tun i t y  f o r  a  l a r g e  scale c e n t r a l  synthesis  
p lan t .  However, t h i s  concept requ i res  more econom- 
i c  eva lua t ion  be fo re  i t s  m e r i t  can be determined. 

G a s i f i c a t i o n  and i n d i r e c t  l i q u e f a c t i o n  technology 
development p r o j e c t s  c u r r e n t l y  sponsored by the  
Biomass Energy Systems Program are  d i p i c t e d  on the 
o rgan iza t ion  c h a r t  shown i n  F igure  3. A p r o j e c t  
breakdown inc ludes opera t iona l  process development 
u n i t s  (PDUs) a t  G a r r e t t  Energy Research, the  
U n i v e r s i t y  o f  Arkansas, Texas Tech U n i v e r s i t y ,  
P a c i f i c  Northwest Laboratory  and West V i r g i n i a  
U n i v e r s i t y .  

A l a r g e  f l u i d i z e d  bed g a s i f i c a t i o n  PDU i s  n e a r l y  
operat io l la l  a t  the  U n i v e r s i t y  o f  Missour i  a t  Ro l la .  
PDUs a re  i n  the design s tage a t  Wright-Malta and 
B a t t e l l e  Memorial I n s t i t u t e .  Support ing systems 
s tud ies  are being conducted by Gilbert/Common- 
wealth, Inc. ,  Gorham I n t e r n a t i o n a l ,  Inc.,  Science 
App l i ca t ions ,  Inc. ,  C a t a l y t i c a  Associates, Inc.,  
and M i t r e  Corporat ionIMetrek D i v i s i o n .  

Inc luded on the  o rgan iza t ion  c h a r t  i s  a  proposal 
f o r  a  l a r g e  experimental f a c i l i t y  (LEF) f o r  the  
g a s i f i c a t i o n  o f  biomass. Th is  f a c i l i t y ,  which 
would have a p ro jec ted  capac i t y  o f  300 oven d r i e d  
tons per  day o f  biomass, i s  s t i l l  i n  the p lanning 
stage and has n o t  been f o r m a l l y  approved. 

The LEF would serve as a demonstrat ion u n i t  f o r  
the  g a s i f i c a t i o n  processes c u r r e n t l y  being develop- 
ed a t  t h e  PDU stage and would p rov ide  process i n -  
format ion t h a t  could be used f o r  the  design o f  a  
commercial s i zed  f a c i  1  i t y .  

The geographical d i s t r i b u t i o n  o f  c u r r e n t  biomass 
thermochemical conversion p ro jec ts ,  i n c l u d i n g  
d i r e c t  l i q u e f a c t i o n ,  i s  shown i n  F igure 4, 

THERMOCHEMICAL CUNVtiHSlOW BUDGET 

The p ro jec ted  F i s c a l  Year 1979 budget f o r  those 
thermochemical conversion a c t i v i t i e s  managed by 
Lawrence Berkeley and P a c i f i c  Northwest Laboratory  
i t  $12.5 m i l l i o n .  The d j ~ t r i b u t i o n  o f  funding by 
major a c t i v i t y  subelement i s  shown i n  F igure 5. 
Th is  does n o t  represent  t h e  t o t a l  thermochemical 
conversion budget f o r  t h e  Biomass Energy Systems 
Program. A few a d d i t i o n a l  thermochemical con- 
ve rs ion  a c t i v i t i e s ,  which are n o t  t e c h n i c a l l y  
managed by PNL and LBL, a re  funded by the Biomass 
Energy Systems Program. 

The p ro jec ted  F isca l  Year 1980 Biomass Energy 
Systems Program budget f o r  thermochemical conver- 
s ion  a c t i v i t i e s  ( d i r e c t  combustion, d i r e c t  l i q u e -  
f a c t i o n ,  g a s i f i c a t i o n  and i n d i r e c t  l i q u e f a c t i o n )  
i s  approximate1 y  $1 7 mi 11 ion .  
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FIGURE 2. Medium BTU Gas i f ica t ion  (WG) - 
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DEVELOPMENT OF WOOD AS AN ALTERNATIVE 
FUEL FOR U R G E  POWER GEMERATXNG SYSTEMS 

Joseph T. 
Aerospace Resea 

Ramrick 
.rch Corporation 

Xe work was carried out under DOE Contract ET-78- 
1-05-5682 starting January 3, 1978. W e  major task 
ras to construct a small combustion module to de- 
nonstrate burning of wood in such a manner and at 
3uch a rate as to simulate the burning of oil or 
xatural gas in a central station boiler and to 
inalyze the data. 

fie objectives of the program were to feed pulver- 
Lzed green wood into a swirling stream of high tem- 
perature combustion air and determine the effect of 
zhanges in particle size and air temperature on 
burning rate and completeness of combustion. The 
projected cost of the first phase was $130,000 to 
build and test a small combustion module that would 
burn 1000 lbs (453.5 kg) of green wood per hour. 
fie module employed a regenerative heat exchanger 
to preheat the combristion air to approximately 
LOOO°F (537.78%). The performance target was to 
completely burn green wood pulverized to pass a 
1/2 inch (1.27 cm) screen while suspended in 1000% 
air within a distance of ten feet. 

A small combuetion module 8 ft (2.44 m) high, by 
6 f t (1.83 m) wide by 10 ft (3.05 m) long was built 
and tested with pine and oak wood particles which' 
had passed a half inch screen. The pine particles 
were pulverized from whole tree chips of Virginia 
pine which were purchased from a local vendor. The 
moisture content was 43 percent at time of burning. 
The oak particles were pulverized from chips deriv- 
ed f r m  trunk and limbs only. The moisture content 
uas 35 percent at the time of burning. The combus- 
tion module wae preheated with propane gas until 
the primary combustion air reached 5000F (260%) 
and the secondary air reached lOOOOF (537.B°C). The 
wood feed was then turned on and within 15 seconds 
the gas was turned off. T v d i e t e l y  the primary 
air temperature began to climb and was allawed to 
reach 1000°F (S37.8°C) while maintaining the second- 
ary air at 1000°F (537.80C). Complete combustion 
was achieved in suspension with both oak and pine. 
Results of an analysis of the burning in the module 
indicate that a 60,000 ~tu/f t3/hr heat release rate 
can be achieved. 

Burning exparimeats in the second phase of the pro- 
gram with larger wood particles and higher moisture 
content is continuing while a furnace is being 
b u i l t  tn  blarn wood at ratoo of 15,000 to 30,000 
pounds (6,802.7 to 13,605.4 kg) per hour. The ob- 
jective of the tests in the furnace is to determine 
scale effects. Knowledge of scale effects is ne- 
r--=ry to design retrofit systems for central 

stations that now bum oil or gas. 

INTRODUCTION 

There are many steam plazts in the United States 
that were designed specifically for and limited to 
the use of oil or gas. These include packaged boil- 
ers of shop erected construction as well as central 
power station boilers that are erected on site. In 
either case, the furnaces are usually characterized 
by lower volume and more closely spaced tubes than 
is normal for coal fired furnecea. There is normal- 
ly no provision for ash accumulation or removal. 
Coal, which has only 36 to 43 percent volatile mat- 
ter and an ash content from 3 to 18 percent has prov- 
en unsuitable for use in these furnaces w e n  in the 
powdered form because of ash accumulation and depos- 
its on the boiler tubes. Whole tree wood which has 
79 to 82 percent volatile matter and an ash content 
of 1 to 2 percent appeared to have a better chance 
of working in the application, if it could be burn- 
ed in suspension. 

Dry wood in particle sizes comparable to powdered 
coal burns well in suspension, but the cost of dry- 
ing and grinding wood to such sizes for burning is 
prohibitive. 'Calculations indicated that pulveriz- 
ed wood particles of a size that would pass a screen 
with half inch perforations would burn in 1000°F 
combustion air at approximately the same rate as 
74 micron size powdered coal in 650°1? air, and bench 
scale experiments with wood particles tended to con- 
firm the indications. The dry powdery aature of 
wood ash throughout the burning process suggested 
that unlike coal, the burning wood particles would 
not stick to the boiler tubes even if they failed 
to burn completely in the furnace. 

Since packaged or central station syster~s designed 
for use of oil or gas cannot currently function with 
solid fuels, the prospect of deveaoping a method to 
rctr6fIL L11m to burn wood, a Peaewable resource, 
appeared adequately attractive to design and build 
a small combustion module to evaluate the possibil- 
ities. Tests in the small module showed that pulver- 
ized green wood particles having passed a half inch 
screen can be burned efficiently in the same manner 
as gas or oil aud the results of the first phase of 
the program are reported herein. The cost of pulver- 
izing green wood with a hammermill to that size may 
W r y  from 1 to 3 percent of the electrical output, 
which is on the order of 2 to 3 times that for pul- 
verizing eoal. liowwer, when the clean up costs 
lor emisslans ftotn coal and wood burning are taken 
into account, the lower particulate content of wood 
smoke and almost complete absence of sulfur more 
than make up for the greater cost for pulverizing 
green wood. The cost of pulverizing green wood by 
presently available means is much greater than for 



dry wood, so processing and burning of green wood 
presents the most difficult case. While the final 
objective is to retrofit central station systems 
which may burn five to ten thousand tons of green 
wood per day, a nearer term goal will be to retrofit 
a packaged boiler which may burn 150 to aOO tons per 
day. To that end a furnace is being constructed in 
which burning at a rate of 280 to 360 tons per day 
can be evaluated. 

DESCRIPTION OF EQUIPMENT 

The basic furnace consists of heat exchangers, burn- 
er, and combustion chamber. The heat exchangers use 
the heat from the combustion products to preheat the 
combustion sir to 800°F to 100oO~, the required 
temperature being dependent upon wood particle size 
and moisture content. A srhematic diagram of the 
furnace is shown in figure I. rhe p r h r y  aad aca- 
ondary combustion air supplies are heated as they 
pars over the outside of 2 3/8 inch diameter tubes 
through which the combustion products are ducted. 
Dampers in the main, primary, aed eecandary exhaust 
stacks can be adjusted from the control room to 
separately regulate the primary and secondary air 
temperatures. The flow rates of the primary and 
secbndary air supplies are controlled- by butterfly 
valves at the blower outlets. Wood particles from 
the wood bin are fed to the burner by means of a 
screw conveyor driven by a variable speed motor. 
Both air and wood feed rates may be adjusted from 
the control room. 

Figure 2 shows a clearer view of the wood-air feed 
arrangement and the starting system. During start 
up propane gas is fed to the starting gas ring to 
preheat the system. When the primary air reaches 
5 0 0 ~ ~  and the secondary air reaches 1000°F the wood 
feed is turned on. The swirling primary air picks 
up and partially pyrolyzes the wood particles as 
they leave the screw conveyor moving them out into 
the swirling secondary air stream where combustion 
commences. Fifteen seconds after the wood feed is 
turned on, the gas is turned off. If the primary 
air temperature begins a sustained climb, it is a 
signal that a stable start has been achieved. 

The wood used in the experiments was first reduced 
to chips and the pulverized with a Schutte Pulver- 
izer Company, Inc. Model 1300 series wood grinder 
hammer mill. For the pine wood the mill operated 
at 1800 rpm and for the oak wood at 3600 rpm. The 
wood chips before grinding varied in size from ap- 
proximately 118 in X 1/4 in X 314 in to 3/16 in X 
1 In 2 1 in (3.175 mm X 6.75 mm X l.9,05 mm to 
4.76 mm X 25.4 mm X 25.4 mm). After puiverizing, 
most particles were 1/2 inch (12.7 mm) in length 
but varied in the other dimension from approximate- 
ly 1/32 in X 1/32 in to 1/16 in X 3/16 in (.a1 mm 
X .81 rmn to 1.59 mm X 4.76 mm). The oak particles 
which were pulverized at 3600 rpm were an exception. 
All oak particles were 1/32 in X 1/32 111 X 112 in 
(.81 mm X .81 mm X 12.7 m) or less. 

INSTRUMENTATION 

Temperatures at various locations in the system 
were measured by thermocouple and read out on milli- 
volt strip chart recorders. Both chromel-alumel and 
tungsten 5 percent rhenium-tungsten 25 perceut rhen- 
ium type thermocouples were used. 

Air flow was measured by means of pitot tubes which 
measured center pipe velocity. Graphs of air flow 
versus center location pitot tube readings for 10°F 
steps and for barometric pressures ranging from 28 
to 30 inches (711 to 762 urn) of mercury were pre- 
pared for use in setting air flows. Inclined manour- 
eters located in the control room were used to mea- 
sure pressure differences across the pitot tubes. 

The rotative speed of the wood screw conveyor was 
read by means of a magnetic pick up at the conveyor 

Fig. 1 - Schematic - Small Combustion Module 

- Vnnes 

Fig. 2 - Schematic Of Wood-Air Feed 



h: nd a digital read out in the control room. 
o~ ettings of speed were made by means of the 
rive motor speed control prior to start up. In 
rder to assure a more accurate average of wood 
eed rate for some tests, the wood was weighed and 
imed for a constant feed rate into the furnace. 

n Orsat type apparatus was used to analyze flue 
ases. This type analyzer uses selective absorption 
f the components, except nitrogen, in liquid re- 
gents. 

aisture content of the wood was determined by mea- 
urement of weight loss in an oven at 200°F (93.30C) 
ver a 24 hour period. It was determined that no 
~rther weight loss was experienced by exposing a 
ample for an additional two 24 hour periods. 

xe heat value determinations of the wood specimens 
Ere made uaing a,Parr adiabatic bomb cal.orimeter 
x accordance with ASTM D20k5-66 by personnel of 
roehling & Kobertson, Inc. in their Richmond, . 
irginia laboratory. That laboratory also furnish- 
ultimate analyses of wood samples. 

TABLE 1 - RESULTS OF TESTS WITH GREEN OAK 
AND GREEN PINE WOOD 

OAK VA. P I h '  VA. PINE 

ZEEN PERFORATION DIANETER, IN. 112  112 3 1 8  

3UI>T OF EXCESS AIR. 7. 0 9 3 7 

IMARY PRESWIRL VAhZ SETTING 1 1 °  ] l o  11°  

ZOh'ARY PRESWIRL VAhT SETTING 9O q0 9O 

NARY AIR FLaJ RATE, C M  3 9 5  ' 3 9 0  333  

:ONDARY AIR FLOW RATE, CFN 3 2 5  3 9 0  4 7 6  

ID FEED RATE LBSIHR 8 1 1  9 9 4  9 0 0  

7 TEMPERATURE, OF 8 8  7L 6 6  

ID TEMPERPTURE, OF 6 8  71 6 6  

[MARY PREWEATER STACK, OF 16R6 1 6 6 0  LO4 

:Oh'PRY PREHEATER STACK. OF 9 7 2  9 3 1  786  

[MARY SWIRL CHAUBER, OF 9 6 5  I 0 2 0  6 9 2  

ZONDARY SWIRL CHAMBER. OF 1 0 0 0  1027 1002 

.L BELOW BURNER, OF 2 0 8 3  2031 2069 

[MARY AIR-WOOD MIXTURE, OF 6 2 8  7 36 5 5 0  

[LING OF FURNACE, OF 2 2 6 0  2 1 8 0  2 1 6 0  

.LUlAR MOISTURE COhTEm. Z 3 5 4 3  4 9  

JD HEAT VALUE, 8TUlLB 8 0 9 6  8 6 0 4  8 6 0 0  

;IDLE. AFiZR COOL DC7.m. % . 8  . 4  3 

! IN EXHAUST, X 1 5 . 9  1 5  1 5 . 5  

IN EXHAUST, J. 1 . 4  3 . 9  3 . 9  

IN EXHAUST, % 3 1 . 5  . 9  

IN EXHAUST. Z 7 9 . 7  7 9 . 6  7 9 . 7  

IKE COLOR BLACK BIAC7: GRAY 

SE RATE B T U / R ~ / H R  1 0 , 9 3 0  1 2 , 2 0 3  9407 

EWERIMENTAL RESULTS 

A total of fifteen experimental runs were made in 
which an average of 500 lb (226.8 kg) lots of wood, 
pulverized and screened were burned in periods 
varying from 27 to 46 minutes after the system 
was brought up to starting temperature by propane 
gas. One run was made in which a 1500 lb (680.4 ig) 
lot of wood was burned in 90 minutes. Two of the 
runs were made with red oak wood with the remaining 
runs being made with Virginia Pine. The primary 
and secondary air temperatures varied from an aver- 
age of 650 to 1020°F (343.3 to 548.g°C). Typical 
tests will be described for pine and oak and for 
the 90 minute run with pine in which a range of 
combustion air temperatures were used. 

Thirty Minute Tests With Virginia Pine With 43% 
Cellular Moisture 

For a typical test for which results are shown in 
Table 1, the primary air temperature was brought 
up to 500°F (260'~) and the secondary air to 1000°F 
(537.8OC) with propane gas before starting the wood 
feed. Fifteen seconds after the wood feed was 
started, the propane gas supply was shut off. Ap- 
proximately a ten minute period was required to 
stabilize with a constant wood-air feed. In a 30 
minute test using 66 percent excess air with 826'~ 
(441. 1°C) primary air and 897'~ (480.6'~) second- 
ary air there was an approximate 36 inch (914.4 nun) 
diameter erosion pattern on the refractory opposite 
the burner ten feet (2.54 m) away. The refractory 
was eroded to an average depth of approximately 
114 inch (6.35 mm). For runs in which the combus- 
tion air was 900 to 1 0 0 0 ~ ~  (482.2 to 537.8'~) and 
there was zero to thirty percent excess air, there 
was no significant erosion and there was very little 
ash residue in the furnace. The quantity varied 
from 2 to 4 pounds (.go7 to 1.81 kg) depending 
upon the amount of excess air. The greater the 
amount of excess air the smaller the amount of resi~ *-- - --,-- .--. 
due. Most of the residue was found at the bottom 
of the door which formed the wall opposite the burn- 
er. Determination of burning behavior was difficult 
because of inability to view the flame. In an at- 
tempt to determine if particles had fallen to the 
floor and burned, liquid carbon dioxide was inject- 
ed directly into the furnace after shut down at the 
end of one test. The objective was to quench any 
particles that may have been in the process of burn- 
ing and to maintain a blanket of carbon dioxide in 
the furnace until it was cool enough to remove the 
end door. The results were that there appeared to 
have been no wood residue on the floor at the end 
of the test. The usual amount of ash residue was 
found at the bottom of the door. 

Ninety Minute Test With Virginia Pine With 43% . 
Cellular Moisture 

The-objective of this test was to start off with 
high temperature combustion air and reduce the tem- 
perature in successive steps to a point where com- 
bustion became erratic. Although the wood .particles 
used in the test had a cellular moisture content of 
43%, added surface moisture increased the total to 
51.8%. The test was carried out with 10 percent 
excess air. Because of the high moisture content, 



starting failed with the primary air temperature at 
500°F (260°C) and secondary air at 1000°F (520°c). 
After the primary air temperature was raised to 700°F 
(371.1'~) and the secondary to 1125OF (607. ~OC), the 
start was made in a routine manner. The primary air 
was then adjusted to 968OF (520'0 and the secondary 
to 956'~ (513. 3OC). These temperatures were stepped 
downward at approximately fifteen minute intervals 
until the final temperature of the primarg air was 
615OF (323.9'~) and the secondary air 679 F (359.40C). 
In the tests at these and the higher combustion air 
temperatures combustion was stable. After the fur- 
nace had cooled and the door was opened, there were 
approximately 2.5 cubic feet (.0707 cubic meters) of 
charred wood and insulation debris piled up at the 
door and a crater approximately 2 feet (.609 m) in 
diameter had been eroded away in the refractory on 
the door. The center of the crater was approximate- 
ly 5 inches (127 mm) below the centerline of the 
burner and the refractory was eroded away to the 
sheet metal base. The temperatures on the wall a- 
bove and below the burner remained approximately 
constant across the range of combustion air tempera- 
turas. 

Thirty Seven Minute Test With Red Oak With 35% 
Cellular Moisture 

Two tests were made with pulverized red oak. As the 
oak particles were shredded to a smaller size than 
for the pine, it was fluffier and less dense. There- 
fore, the feed rate was proportionately lower for 
the same speed of the screw conveyor. The starting 
procedure was the same as with the pine. The data 
.for one of the red oak tests with 0 percent excess 
air is shown in Table 1. Test results for the two 
tests with oak wood were not significantly differ- 
ent from those with pine wood, and the erosion of 
the refractory material on the door was not measur- 
able. 

Tests With Virginia Pine With 49% Cellular Moisture -- 
Tests were made with particle sizes passing 318, 
112, and 314 inch (9.53 X 12.70 X 19.05 mm) screens. 
With a normal start,,the particles passing a 314 
inch (19.05 mm) screen failed to provide sustained 
combustion. Those passing.a 112 inch (12.70 mm) 
screen provided sustained combustion after a normal 
start and burned in the same manner as the propane 
gas. However, only approximately 85 percent of the 
particles burned in suspension before striking the 
opposite wall 9.3 feet (2.835 m) away from the burn- 
er. Of the particles passing a 318 inch (9.525 mm) 
screen, approximately 97 percent burned in suspen- 
sion. The data for this test are provided in column 
three of Table 1. One test was made with the pine 
with 49% cellular moisture after pulverizing to 
pass a 1/2 inch (12.70 mm) screen and exposure to 
the open air for several days. The average moisture 
content was reduced to 31 percent, and the particles 
were burned with 10 percent excess air at 1000°F 
(537.8OC). The most significant result of the test 
was that approximately the same quantity of particles 
failed to bum in suspension after air drying as for 
equal size particles with no drying. 

DISCUSSION OF RESULTS 

It has been shown that, with the techniques being 
used, green wood can be burned rapidly and in much 
the same manner as gas or oil. It can be economi- 
cally pulverized to a particle size that burns read 
ly in 800°~ (426.7OC) to 1 0 0 0 ~ ~  (537.8'~) combustic 
air. The tests to date have provided information 
for modification and further testing of the small 
module and for design of a larger furnace to eval- 
uate scale effects. 

Factors which merit further consideration and eval- 
uation include particle size optimization, cellular 
moisture content, combustion air temperature, com- 
bustion efficiency, maximum temperature, and heat 
release rate. 

Particle Optimization 

While it has been demonstrated that particles pass- 
ing a screen with half inch diameter perforations 
will burn and combustion is easily sustained, for 
maximum economy it will be necessary to establish 
combustibility for various particle sizes with 
varying moisture content. Completion of combustior 
within a given trajectory appears to depend primar: 
ly upon the cellular moisture. Water was added to 
the half inch pine particles of Table 1 which con- 
tained 43 percent cellular moisture, to raise the 
moisture content of the wood to 49 percent. This 
moisture addition did not result in the adverse 
effects experienced with half inch particles con- 
taining 49 percent cellular moisture. Even in the 
case of partially drying the particles with 49 per- 
cent cellular moisture to a 31 percent overall moi: 
ure content, the center core of the larger partic11 
apparently retained most of the cellular moisture 
and failed to burn more completely than the undriec 
particles in the 9.3 ft (2.835 m) distance. In a 
working situation, a rapid method of determining 
moisture content could result in the ability to 
praaciao ooleotive pulverization zlnJ a~cu~atc p ~ u -  
gramming of feed rate to maintain a given Btu inpu 
to the furnace. For example, with a 9.3 ft (2.835 
path length the oak wood of column 1, Table 1, whia 
was pulverized much finer than the pine of column 
exhibited no better burning characteristics than t 
pine from standpoint of complete combustion, but i 
would have shown up better in a chamber short enou 
for some of the longer burning pine particles to 
impact before completely burning. 

Cellular Moisture Content 

The amnl.Int. nf c e l . l ~ > l a r  moisture in groan wood vari. 
with age of the tree, species, location, ground mo 
ure, and the time of year. For the wood used in t. 
program it varied from 35 percent for red oak to 5, 
percent for Virginia pine. Taking into account, t' 
latent heat of vaporization of the water in the wo 
the cost per million Btu was estimated as shown in 
Table 2. It can be seen that the purchase of gree 
wood on a weight basis leaves much to be desired, 
and that purchase on a basis of Btu per pound as d 
livered may be more equitable. Air drying of 



TABLE 2 - COST OF WOOD ON BTU BASIS 
(980 BTU PENALTY PER.LB OF MOISTURE) 

MOISTURE 
CONTENT BTU COST PER 

WOOD GREEN PER MM BTU AT 
SPECIES % LB - $18.50/TON,S 

VA. PINE 50 3815 2.42 

VA. PINE 4 3 4481 2.06 

RED OAK 35 4919 1.88 . 

:an present a significant storage problem as the 
loisture content in wood reduces to only 18 to 25 
JercunL after a year of air drying. Therefore, 
~urning the wood green appears to be the most practi- 
:a1 approach. In the planting of trees for fuel, 
:onsideration of the maximum cellular moisture for 
:he various species in a given location may be an 
mportant factor in species selection. 

:ombustion Temperature 

:hemica1 reaction rate as noted by Arrhenius in 
-889 varies with absolute temperature to the 6th 
:o 8th power, and is the key to rapid burning of 
:reen wood particles. A comparison of wood pulver- 
.zed to pass a half inch screen with coal .pulverized 
:o 74 microns indicated that the preheated second- 
my air temperature for wood should be 1000°F 
:537.8'~) as compared. to 650°F (343.3'~) for coal 
md that the preheated primary air for wood after 
iixing with the wood should be 500°F (260°c) com- 
lared to 200°F (93.3OC) for the primary air and 
:oal mixture. The conventional mixing process for 
~ulverized coal and air is to mix the two far enough 
lpstream of the burner to raise the temperature of 
:he coal particles to that of the air. With the 
rood in this application, the mixing length ahead 
~f the combustion.zone was set at approximately 
'ourteen inches, the objective being to partially. 
lyrolyze the wood particles at the surface and keep 
.he products of pyrolysis above 500°F (260°C) as 
.hey move into the combustion zone. A longer mix- 
.ng lengthwould result in greater heat transfer 
.o the wood and a cooler mixture. It 'is assumed 
.hat the products of pyrolysis ignite immediately 
lpon reaching the combustion zone, and that with 
leat radiation to the remaining portion of the 
,article, continued rapid combustion occurs. The 
.hennocouple used to sense the temperature of the 
.ir-wood mixture was located three inches down- 
.tream of the wood feed outlet. At that point, the 
leasured temperatures as shown on Table 1 were 
(28OF (331.1'~) for the oak, 736OF (391.1°c) for the 
./2 inch (12.7 mm) pine, and 550'~ (287-8'~) fn t  t h e  
$18 inch (9.5 mm) pine. For all three, suspension 
urning was .successful. 

.ombustion Efficiency 

lunt of CO in the exhaust products, which in 
)n to unburned char is a measure of combustion 

LLLCA~~CY, appears to be at a minimum with 30 to 40 

percent excess air. The amount and density of the 
smoke is also less. The amount of smoke could 
also be affected by vane setting, but so far, the 
effect of the vane setting and direction of swirl 
in the preswirl chambers has not been evaluated. 
With the settings as shown in Table 1 the primary 
and secondary air swirl in opposing directions. 
With zero excess air for the oak wood as shown in 
Table 1, the CO content of 3% is unacceptable as 
is the content of 1.5 percent CO for the 112 inch 
(12.7 mm) pine with 9 percent exceSs air. With 
37 percent excess air and 318 inch (9.5 mm) pine 
the .9 percent CO may be as low as can be obtain- 
ed with 49 percent cellular moisture and the prim- 
ary .air' temperature of 692OF (366.7'~). Further 
experiments will be necessary to determine the 
effects of both moisture and primary air temper- 
ature on combustion efficiency for a given particle 
size. 

Maximum Temperature 

Wall temperatures as high as 2200°F (1204.4~~) and 
ceiling temperatures as high as 2500°F (1371. 1°c) 
were measured with thermocouples. Difficulty was 
encountered in measuring flame temperatures. Theo- 
retical temperatures with 25 percent excess air 
range from 3000°F (1648.9'~) with 6000F (315.6'~) 
combustion air to 3170°F (1743.3O~) with 980'~ 
(526.7O~) ,combustion air. With no excess air the 
theoretical temperatures are approximately 400°F 
(222.2OC) higher. It is indicated by the erosion 
of the refractory that the actual flame temperatures 
approach the theoretical. The computed temperatures 
bracket the 3 2 0 0 ~ ~  (1760'~) melting point of the 
refractory, and it is conjectured that the flaming 
char, upon impacting, melts the refractory and is 
quenched at the same time. The quenched char and 
melted refractory then fall to the floor. 

Heat Release Rate --- 
The erosion patterns on the refractory indicate 
that the wood air mixture leaves the 10 inch 
(254 mm) diameter burner with a vortex motion and 
expands to approximately a diameter of two feet 
(700 mm) in the 9.3 ft (2.83 m) length, dropping 
down only approximately 5 inches(l27 mm) in the 
process. If it is assumed that the burning takes 
place in a 2 foot (700 mm) diameter cylindrical 
zone 9.3 feet (2.83 m) long the heat release rate 
in the zone at the maximum wood flow rate of 1272 
pounds (577 kg) per hour would be greater than 
150,000 Btu/ft3/hr. Based on these observations 
it is expected that even though the maximum heat 
release rate based upon total chamber volume was 
13,445 ~tu/f t3/hr, the 30,000 to 60,000 Btu/ft3/hr 
needed eo retrofit existing oil and natural gas 
boilers can be achieved. 

SUMMARY OF RESULTS 

1. Tests have- shown that by using 1 0 0 0 ~ ~  (537.8'~) 
primary and secondary air, pulverized green 
wood particles which have passed a half inch 
(12.7 mm) screen can be burned in suspension 
in the same manner as natural gas. 



2. For green wood delivered by a 4 inch (101.6 mm) 
diameter screw conveyor at a rate of 994 lbs/hr 
(451 kg/hr) into 1020°F (548.g°C) combustion 
air with 9 percent excess air, combustion was 
completed in suspension within a distance of 
9.3 ft (2.83 m). 

3. The overall'heat release rate in the small 
combustion module was 13,44.5 ~tu/f t3/hr. Results 
of an analysis of the burning in the module in- 
dicate that a 60,000 ~tu/ft~/hr heat release 
rate can be achieved. 

FUTURE PROGRAM 

Tests are currently being carried out in the small 
combustion module which has been modified to pro- 
duce higher heat release rates. ' Both tulip poplar 
and pine woods are being burned. It is planned to 
make further modifications to the small'module to 
increase the path length by inserting a 2 ft 
(bU9.b mm) diameter 10 ft (3 m) long metal cylinder 
between the burner and the existing furnace. An 
annulus around the metal cylinder will convey the 
secondary combustion air from the.existing heat ex- 
changer to the swirl chamber at the burner. This 
arrangement will more realistically approach. one 
that is likely to be used in a retrofit situation 
where 550 to 6500F (287..8 to 343.3OF) preheated . 
combustion air will exchange heat with the combus- 
tion products to be raised to 800 to 1000°F 
(426.7 to 537.8'~). A large furnace which has a 
combustion air cooled cylindrical shell around the 
combustion chamber is being constructed to evaluate 
burning of green wood at rates of 15,000 to 30,000 
pounds/hr (6,802.7 to 13,605.4 kglhr). The primary 
objective is to determine scale effects. Several 
species of wood of different particle sizes will 
be evaluated. 



ADVANCED SYSTEM DEMONSTRATION FOR THE UTILIZATION 
OF BIOMASS AS AN ENERGY SOURCE 

S. Brown Milligan 

and 

Otis J. Manar, 111 

I. INTRODUCTION 

4. Purpose 

Phis report summarizes progress achieved and the ' , 
results of our project s~udy for a biomass con- 
version facility. It has been prepared for the 
Department of Energy, Fuels from Biomass Systems 
Branch, Washington, D.C., by the Wneelabrator 
:leanfuel Corporation of Washington, D.C., and 
Phe Rust Engineering Company of Birmingham, 
4labama. This report has been prepared under DOE 
:ontract EG-77-R-06-1036 and presents the 
results of our extensive investigation into the 
technological and economic viability of a biomass 
fueled plant which generates steam and/or elec- 
tricity. It includes the results of several 
jpecial studies which appraised factors relating 
to biomass availability, environmental impact, 
and site selection. 

9. Summary 

Jnder this contract, Wheelabrator Cleanfuel 
2orporation served as the Contractor, and The 
lust Engineering Company performed the Program 
elanagement, Site Selection, and Engineering 
Ievelopment. Other portions of the contracted 
~ork were assigned to the Wood Energy Institute . 
for a Biomass Study, and to Dartmouth College for 
m Environmental Impact Study. 

:he objective of this contract was to study the 
ieasibility of a demonstration facility to be 
milt by a non-government entity for the conver- 
;ion of biomass to energy. It was to show that a 
iignificant portion of the present industrial 
leed for other sources of energy could be accom- 
lodated through the use of biomass fuel and an 
-ntegrated conversion facility. The facility was 
:o demonstrate that biomass could produce steam 
~nd electricity at a competitive cost. As a re- 
;ult of this successful demonstration, the con- 
itruction of additional biomass conversion units 
'or commercial utilization was to be encouraged. 

m e  basic 'requirements of Wheelabrator's contract 
~ith the DOE include the following: 

1. Find a constant source of biomass fuel to 
provide 1.,000 tons (dry basis) of fuel daily 
to a plant site. 

2. Select a system for biomass harvesting, 
collection, and transportation to assure a 
constant source of fuel to the plant. 

3. Estimate costs for biomass harvesting and 
determine the delivered fuel cost at the site. 

4 .  Select a suitable site for a biomass conver- 
sion facility to produce steam and/or elec- 
tricity. 

5. Engineer and desi3n a biomass conversion 
facility plan., 

6. Estimate capital cost, operating costs, and 
product prices. 

7. Prepare an Environmental Impact Statement 
for the demonstration system. 

Wheelabrator Cleanfuel was selected to perform 
this work by the DOE in September, 1977. A . 
letter contract was issued October 1, 1977, and 
definitive contract was signed on March 16, 1978. 
The project as conceived by the DOE consists of 
three phases to be completed in 64 months. The 
overall project schedule is as follows: 

Overall Project Schedule 

PEASE I. System Design. 19 months. Completion 
by June 31, 1979. 

EVALUATION PERIOD. 4 Honths after Phase I. 

PHASE 11. Construction and Start-Up. 29 months. 

PHASE 111. Operation and Evaluation. 12 months 
after Phase 11. 

The Phase I work has now been completed and the 
documents are being submitted to the DOE by 
Wheelabrator Cleanfuel Corporation. Further 
work has not been authorized. 

This design package is based,upon a specific site 
in the State of Maine. However, the design 
could serve as a model for other biomass conver- 
sion facilities located anywhere biomass is 
abundantly available. 



C. Bioinass Energy Flow Concepts 

1. Energy Source 

The energy source  is biomass--which inc ludes  
f o r e s t  r e s i d u e s  and f o r e s t  p roduc t s  m i l l  wastes.  
The f o r e s t  r e s i d u e s  c o n s i s t  l a r g e l y  of s t a n d i n g  
t imber  t h a t  h a s  no commercial va lue  a t  present-- 
rough-and-rotten wood, non-marketable s p e c i e s ,  
dead and d i s e a s e d  t r e e s ,  t h inn ings  and c u l l s ,  
overage s t a n d s ,  and o t h e r  biomass p r e s e n t l y  
unused by t h e  f o r e s t r y  i n d u s t r y .  The second s o u t c e  
i s  m i l l  r e s i d u e ,  which i n c l u d e s  b a r k  from paper  
m i l l s ;  t r immings and sawdust from sawmil ls ; .  
shavings  and trimmings from f u r n i t u r e  p l a n t s ;  and 
o t h e r  i n d u s t r i a l  and commercial wood waste  
m a t e r i a l s .  

A l l  of t h e s e  m a t e r i a l s  r e p r e s e n t  energy t h a t  is  
.p resen t ly  , u n d e r u t i l i z e d .  Add i t iona l ly ,  t h e  
f o r e s t s  c o n t i n u e  t o  produce an  abundant amount 
of t h i s  m a t e r i a l  each year .  I f  t h i s  m a t e r i a l  
were removed, i t  would improve t h e  remaining 
growing stock. Our f o r e s t s  a r e  renewable energy 
sources  t h a t  can p rov ide  a c o n t i n u a l  supply of 
f u e l .  Thus, t h e  u s e  of biomass a s  an  energy 
source  is a v i a b l e  way t o  h e l p  us d e a l  wi th  t h e  
energy c r i s i s  t h a t  t h r e a t e n s  our s o c i e t y .  

2. Harves t ing  and C o l l e c t i o n  

The e x i s t e n c e  of t h e  biomass supply is beyond 
ques t ion .  The methods a v a i l a b l e  f o r  economical 
h a r v e s t i n g  and c o l l e c t i o n  of biomass from t h e  woods 
a r e  under i n v e s t i g a t i o n  and development. Mechani- 
c a l  equipment is now a v a i l a b l e  t h a t  reduces  manual 
l a b o r  and i n c r e a s e s  p r o d u c t i v i t y  such t h a t  biomass 
can be  compet i t ive .  Nany types  of machines knows 
a s  " f a l l e r s " ,  " fe l ler-bunchers" ,  and "grapple  
skidders"  and " f o w a r d e r s "  have come on t h e  market 
t o  a s s i s t  t h e  logger  i n  h i s  t a s k s  and g r e a t l y  in -  
c r e a s e  d a i l y  ou tpu t .  

These methods have been s t u d i e d  and r e p o r t e d  upon 
a s  a major e f f o r t  of t h i s  p r o j e c t ,  and a r e  
covered i n  d e t a i l  i n  a s e p a r a t e  r e p o r t .  

3. In-Woods Process ing  

The economics of d e l i v e r i n g  biomass t o  t h e  p l a n t  
r e q u i r e s  c o n s i d e r a t i o n  of every a v a i l a b l e  
approach t h a t  can reduce c o s t s  and improve e f f i -  
c iency.  The concept  of in-woods p rocess ing  can 
now be implemented by machines t h a t  t a k e  whole 
t r e e s  and reduce them r a p i d l y  t o  chips .  Some 
f o r e s t r y  o p e r a t i o n s  now u t i l i z e  in-woods ch ipper s  
a long wi th  mechanical f e l l e r s ,  f e l l e r -bunchers ,  
s k i d d e r s ,  o r  combinat ions 'of  t h i s  type equipment 
t o  provide a complete "chip-making" o p e r a t i o n  on 
wheels t h a t  can b e  r e - loca ted  from p l a c e  t o  p l a c e  
i n  t h e  f o r e s t .  The ch ips  produced a r e  then 
loaded i n t o  a t r u c k  o r  van f o r  t r a n s p o r t  t o  t h e  
paant ,  where they can be  handled more e a s i l y  
than logs  and can b e  rou ted  d i r e c t l y  t o  a 
fu rnace  f o r  combustion. 

Other  approaches t o  in-woods p rocess ing  i n c l u d e  
topping and de-limbing t o  produce snortwood 

( l eng ths  up t o  8 o r  10 f e e t )  and longwood ( t r  
l e n g t h  l o g s ,  wi th  tops  removed. These approactley 
r e q u i t e  t r a n s p o r t  a s  roundwood wi th  a p p r o p r i a t e  
unloading, handl ing,  and chipptng a t  t h e  power 
genera t ion  f a c i l i t y .  Economics f avor  in-woods 
chipping and t h i s  approach h a s  been incorpora ted  
i n t o  t h e  des ign  of t h e  power genera t ion  f a c i l i t y .  

4. T ranspor ta t ion  

Two b a s i c  approaches t o  t h e  t r a n s p o r t  system 
have been explored--truck and r a i l .  Trucks 
w i l l  i n v a r i a b l y  be  used f o r  t h e  t r i p  o u t  of t h e  
woods. Ra i l roads  o f f e r  p o s s i b i l i t i e s  f o r  low- 
c o s t  t r a n s p o r t ,  e s p e c i a l l y  i f  d i s t a n c e s  a r e  
long enough t o  warrant  an e x t r a  loadingl i tn loading 
o p e r a t i o n .  Mechanical. means of load ing  and . unloading a r e  e s s e n t i a l  t o  t h e  t r a n s p o r t a t i o n  
system and have been incorpora ted  i n t o  t h e  des ign  
baaed da s t u d y  r e s u l t s .  . 

D. S i t e  S e l e c t i o n  

A comprehensive s i t e  s e l e c t i o n  s tudy  revea led  
a number of l o c a t i o n s  i n  t h e  S t a t e  of Maine 
t h a t  o f f e r e d  d e s i r a b l e  c h a r a c t e r i s t i c s  f o r  
s e l e c t i o n  a s  t h e  prime s i t e  f o r  t h e  proposed 
f a c i l i t y .  The i n i t i a l  l i s t  of p o t e n t i a l  s i t e s  
inc luded .22  l o c a l i t i e s  where a l a r g e  i n d u s t r i a l  
concern could become a customer f o r  energy 
produced by t h e  f a c i l i t y .  This  list was reduced 
t o  f i v e  prime s i t e s  by c a r e f u l  a n a l y s i s  of t h e  
most v i a b l e  e lements  r e q u i r e d  t o  meet t h e  p r e c i s e  
cond i t ions  s e t  f o r t h  i n  t h e  c o n t r a c t .  The f i v e  
f i n a l  s i t e s  were eva lua ted  and ranked i n  
numerical o rde r .  

A s  a r e s u l t  of t h i s  i n v e s t i g a t i o n ,  t h e  s i t e  
des igna ted  a s  S i t e  1--Westbrook, Maine, was 
s e l e c t e d  a s  t h e  s i t e  t o  b e  used f o r  t h e  b a s i c  
s tudy.  

Desc r ip t ion  of P l a n t  and Process  

The p l a n t  is designed a s  a nominal 50-megawatt 
power p l a n t  cogenera t ing  steam and e l e c t r i c i t y  and 
using biomass a s ' t h e  p r i n c i p a l  f u e l s t o c k .  O i l  
is  a v a i l a b l e  a s  a back-up f u e l  and a smal l  
amount of o i l  i s  burned cont inuously  t o  keep t h e  
l i n e s ,  pumps, and c o n t r o l  system ready f o r  
immediate switchover  i f  necessary.  
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is: - ' .he cogenerat ion p r i n c i p l e ,  t h e  p l a n t  pro- 
11.11 o t n  steam and e l e c t r i c i t y .  f o r  s a l e  t o  
~ p : - - ~ - , i a t e  customers.  High .p ressu re ,  steam is  
:enerated and passed through a  tu rb ine -genera to r  
'or  electrical genera t ion ,  wi th  e x t r a c t i o n  of 
.team a t  lower p r e s s u r e  l e v e l s  f o r  p rocess  and 
leat ing uses .  The b o i l e r  and turbine-generator .  
.ave been matched t o  t h e  i n d u s t r i a l  p rocess  steam 
.equirements;  e l e c t r i c a l  genera t ion  w i l l  vary 
, l i g h t l y  wi th  steam demand. This des ign approach 
.chieves  a high l e v e l  of e f f i c i e n c y .  

FIGURE 5 

The p l a n t  c o n s i s t s  e s s e n t i a l l y  of biomass 
r e c e i v i n g ,  hand l ing ,  and s t o r a g e  f a c i l i t i e s ,  and 
a  bo i l e rhouse  wi th  i ts  a s s o c i a t e d  f a c i l i t i e s .  
The biomass hand l ing  f a c i l i t i e s  i n c l u d e . t r u c k  
dumpers f o r  unloading t r a i l e r s  loaded with  whole- 
t r e e  c h i p s  and m i l l  r e s i d u e ,  a long wi th  t h e  
necessa ry  conveyors and p rocess ing  equipment f o r  
s i z e  r educ t ion  and s t o r a g e  of 30-day supply' of 
f u e l s t o c k .  Fue l  reclaimed from s t o r a g e  i s  con- 

' veyed t o  the  bo i l e rhouse ,  where i t  i s  d r i e d  and 
d e l i v e r e d  t o  t h e  fu rnace .  The b o i l e r  g e n e r a t e s  
steam a t  1500 p s i g  and 9 2 5 ' ~  f o r  d e l i v e r y  t o  
t h e  turbine-generator .  The ho t  exhaust  gases  
a r e  used a s  a  d ry ing  medium f o r  t h e  incoming 
f u e l s t o c k  a s  w e l l  a s  t o  pre-heat  t h e  combustion 
a i r .  Exhaust gases  a r e  processed f o r  a i r  
p o l l u t i o n  c o n t r o l  t o  meet a l l  a p p l i c a b l e  r egu la -  

FIGURE 3 t i o n s .  A double-basin a sh  pond i s  provided f o r  
r e c e i v i n g  ash  s l u i c e d  from t h e  furnace.  A t  any 
given time, one s e c t i o n  of t h e  pond i s  being 
used t o  r e c e i v e  a s h ,  wh i l e  t h e  o t h e r  s e c t i o n  is 
d ry ing  and s e t t l i n g ,  which w i l l  be  disposed of i n  
a  l a n d f i l l .  
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FIGURE 6 

l'$e o v e r a l l  e x t e r n a l  appearance of t h e  f a c i l i t i e s  
w i l l  be t h a t  of  2n i n d u s t r i a l  complex des igned i n  
keeping w i t h  nodern i n d u s t r i a l  a r c h i t e c t u r a l  . 
p r a c t i c e .  

F. Environmental  Impact Sta tement  

An Environmental Impact Sta tement  h a s  been pre- 
pa red  f o r  t h e  proposed f a c i l i t y  a s  r e q u i r e d  by 
a p p l i c a b l e  laws and r e g u l a t i o n s .  The s tudy  
r evea led  t h a t  t h e  biomass conver s ion  p l a n t  w i l l  
have environmental  impac t s ,  both  b e n e f i c i a l  and 
adverse .  These impacts  f a l l  i n t o  f o u r  g e n e r a l  
c a t e g o r i e s ,  e f f e c t s  upon t h e  environment due t o  
(1)  p l a n t  c o n s t r u c t i o n ,  (2)  p l a n t  o p e r a t i o n ,  
(3) biomass h a r v e s t i n g ,  and ( 4 )  t h e  t r a n s p o r t a -  
t i o n  of biomass.  

P l a n t  c o n s t r u c t i o n  tiould provide  approximately  
1,000 j o b s ,  d i r e c t  and i n d i r e c t ,  ove r  t h e  two- 
y e a r  c o n s t r u c t i o n  pe r iod .  There would a l s o  be  a  
s i g n i f i c a n t  i n c r e a s e  i n  t h e  ambient n o i s e  Levels 
i n  the  a r e a .  

P l a n t  o p e r a t i o n  would change t h e  o v e r a l l  emis- 
s i o n s , t o  t h e  a tmosphere  from t h e  iJestbrook complex, 
decbsa~ing p a r t i c u l a t e s  and s u l f u r  d iox ide  
c o n s i d e r a b l y ,  and i n c r e a s i n g  t h e  emission, of  
n i t r o g e n  ox ides  and carbon monoxide. The w a t e r  
q u a l i t y  i n  t h e  Penobscot River  would be  improved, 
L a n d f i l l i n g  of t h e  r e s i d u a l  ash  shou ld  n o t  pose  
any hazards  t o  t h e  environment.  

The environmental  e f f e c t s  of  h a r v e s t i n g  a r e  
dependent upon f o r e s t r y  management. With t h e  
use  of sound h a r v e s t i n g  sys tems and well-managed 
s i l v i c u l t u r a l  p r a c t i c e s ,  bo th  t h e  economic and 
a e s t h e t i c  v a l u e s  of t h e  r e s i d u a l  f o r e s t r y  s t s n d s  
can be improved. 

The t r a n s p o r t a t i o n  of biomass s u p p l i e s  t o  t h e  p l a n t  
w i l l  i n c r e a s e  t h e  t r a f f i c  i n  t h e  a r e a ,  and w i l l  
t end  t o  i n c r e a s e  n o i s e  l e v e l s .  With good d i s -  
p e r s a l  of  t r a f f i c  throughout  t h e  working h o u r s ,  . 
t h i s  e f f e c t  w i l l  no t  be  s i g n i f i c a n t .  

The p r o j e c t  w i l l  c o n t r i b u t e  t o  s e v e r a l  g o a l s  
ou r  Na t iona l  Energy P l a n ,  i n c l u d i n g  t h e  r ep la  
ment of approximately  766,000 b a r r e i s  of  o i l  
annua l ly .  It w i l l  a l s o  p rov ide  a  s i g n i f i c a n t  
demonstra t ion of  a p p r o p r i a t e  t echno log ies  and 
environmental  s t a n d a r d s  f o r  t h e  development of 
wood a s  a  s u s t a i n a b l e ,  renewable energy s o u r c e  
f o r  i n d u s t r y .  

G. Concept of  Operat ion 

The f a c i l i t y  i s  des igned  f o r  coct inuous  o p e r a t i o n ,  
24 hours  a day, 7 days  a  week, f o r  340 days  a  
yea r .  The shut-down pe r iod  is f o r  scheduled 
maintenance and r e p a i r  t o  a s s u r e  cont inuous  opera- 
t i o n  f o r  t h e  fo l lowing  scheduled pe r iod .  

I t  w i l l  o p e r a t e  upon a  f i x e d  f u e l  supply  r a t e  of 
1,000 oven dry  tons  p e r  day of  biomass f u e l s t o c k ,  
conver t ing  t h e  energy i n  t h e  f u e l  by d i r e c t  
combustion i n t o  s team f o r  p rocess  use and oloc- 
t r i c a l  genexat ion.  

The o p e r a t i o n  w i l l  b e  c o n t r o l l e d  t o  ba lance  t h e  
produceion of electrical eriurgy sucll ~ l l ~ e  tlic 
s team u s e r  w i l l  r e c e i v e  h i s  n e c l s  f i r s t ,  and t h e  
remainder of t h e  energy w i l l  be  conver ted  t o  
e l e c t r i c i t y  f o r  t h e  u t i l i t y  company. Under 
average c o n d i t i o n s ,  approximately  258,000 l b l h r  
o f  s team w i l l  be s o l d  t o  t h e  i n d u s t r i a l  u s e r  wh i l e  
approximately  20 megawatts of e l e c t r i c i t y  w i l l  be  
s o l d  t o  t h e  u t i l i t y  g r i d .  Th i s  ba lance  w i l l  va ry  
from season  t o  season and a t  v a r i o u s  t imes  due 
t o  t h e  f l u c t u a t i o n s  i n  steam requirements .  

11. KEY RESULTS AND ECONOMIC EVALUATIONS 

The work under t h i s  c o n t r a c t  has  been completed, 
and t h e  r e p o r t  f o r  t h e  program is  now f i n a l i z e d  f o  
p r e s e n t a t i o n  t o  t h e  DOE i n  e a r l y  June of t h i s  
y e a r ,  ahead of  t h e  t a r g e t  d a t e ,  and w i t h i n  budget.  

A. Key R e s u l t s  

1. The Biomass A v a i l a b i l i t y  Study has  concluded 
t h a t  w i t h i n  a  50-mile r a d i u s  of t h e  model s i t e  
s e l e c t e d  f o r  t h e  conver s ion  f a c i l i t y  t h a t  t h e r e  
is  s u f f i c i e n t  biomass f u e l s t o c k  n o t  p r c s e n t l y  
u t i l i z e d  €0 SiiSeain t h e  oparaclut~ u v a ~  a l u t ~ & -  
term pe r iod .  

2. The Environmental Study complcted f o r  t h e  ., 
model s i t e  i n d i c a t e s  t h a t  no s i g n i f i c a n t  major 
impacts  w i l l  r e s u l t  e i t h e r  i n  t h e  h a r v e s t i n g  and 
c o l l e c t i o n  of f u e l s t o c k s  i t 1  t h e  f o r e s t  o r  a t  
t h e  conver s ion  s i t e  p rov id ing  t h e  h a r v e s t i n g  
procedures  a s  recommended aye observed,  and t h e  
p l a n t  i s  c o n s t r u c t e d  i n  accordance wi th  t h e  
conceptual  des ign.  

3. Based on t h e  h a r v e s t i n g  and c o l l e c t i o n  system 
recommended and t h e  concep tua l  des ign  f o r  t h e  
c o r ~ v e r s i o n  r u c i l i t y ,  t h e  c o s t  of t h e  energy 
products-process  s team and e l e c t r i c  power, t h e  
use  of  biomass a s  a  f eeds tock  i s  a  compe t i t i ve ,  
v i a b l e  a l t e r n a t i v e  f u e l  sou rce .  



B. Economic Evaluations 111. FUTURE PLAEIS 

TI broad areas were evaluated in determining 
the overall costs for the facility. This basis for 
evaluation was divided between the total invest- 
ment costs and the total operating costs. 

The'total investment costs for the proposed 
biomass conversion facility are $64,500,000. The 
components of this cost are: 

Total installed capital, $55,000,000 
with engineering 

The work completed under this contract to date 
needs to be continued. A widespread interest 
is becoming apparent in the industrial sector 
to finance and construct new plants utilizing 
biomass as a feedstock. An extension of our 
work on this contract is needed to develop the 
final detail design and to nurture and promote 
industrial involvement in the program. k%eela- 
brator Cleanfuels Corporation and The Rust 
Engineering Company are prepared to assist DOE 
in this important effort. 

Start-up, Checkout and Testing 800,000 

Land 300,000 . 

Working Capital 1,140,000 

Interest during construction 6,860,000 

400,000 Bond sale cost 

The annual operating costs totaled the following 
information: 

Fuel cost 
Biomass 
Oil 

Labor 
Operating 
Maintenance 

Maintenance services 

Local Tax 

GhA expenses 

Total $12,790,900 

Other evaluations considered the economics of the 
Composite Fuel Cost, Annual Average Revenue 
Required, Product Sales Price Range, and the 
Product Price Combinations That Would Generate 
The Required Annual Revenue. 

One addj t i .nnal  eval~~ation compared the coet o f  
generating electricity and steam based on a 16.1 
percent return on equity. This produced the 
following data: 

Electricity 
$/Kwh 

Steam 
$/Million Btu 

Biomass Coal - 
4.38 4.33 
5.29 - 5.24 

This clearly demonstrates the economic viability 
of biomooo convcroion aostc as compared tn those 
costs assomated with the use of coal. 
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UMMARY OF PRESENTATION Key Results/Accomplishments 

' e sc r ip t ion  of Task 

he t a sk  involvcs the  j u s t i f i c a t i o n  f o r  the  use of 
. r o t a ry  k i l n  a s  a  device fo r  biomass conversion, 
.he goals  t o  be achieved by a rocary k i l n  biomass 
trocessing system, and the  j u s t i f i c a t i o n  f o r  t he  
xpenditure of funds f o r  the  study of such a sys- 
.em. 

~biec t ives /Cos t  and Performance Targets  

'he ob jec t ives  of t he  pro jec t  were: 

Phase (1) of the  p ro j ec t  is  e s sen t i a l l y  complete. 
The design and constuct ion of t he  experimental 
k i l n  was success fu l ly  completed, demonstrating a  
minimum of design sca l ing  problems. 

Roughly 100 experimental k i l n  runs were made with 
wood waste feedstocks from seve ra l  i ndus t r i e s ,  
with a g r i c u l t u r a l  waste feedstocks including r i c e  
h u l l s ,  co t ton  g in  waste, and nut  h u l l s ,  and with 
i n d u s t r i a l  waste feedstocks from t e l ev i s i on  and 
a i r  c leaner  manufacturing concerns. Successful  
k i l n  operat ion and da t a  co l l e c t i on  were r ea l i z ed  
with each of the  feedstocks.  

.1) t o  develop engineering design da t a  f o r  r o t a ry  Phase (2) of the  pro jec t  was hampered by mechani- 
k i l n  pyro ly t ic  converters .  c a l  d i f f i c u l t i e s .  These problems have been ad- 

.2) t o  make an engineering evaluat ion of t he  pat- dressed and t he  evaluat ion of t he  40tpd prototype 
ented ro t a ry  k i l n  processing concept. u n i t  is continuing. 

3) t o  ob ta in  pyro ly t ic  conversion da t a  f o r  t he  Phase (3) provided a n a l y t i c a l  support f o r  phases 
biomass mater ia l s  ava i l ab l e  i n  Arkansas and (1) and (2) of t h e  p ro j ec t ,  but e s s e n t i a l l y  no 
the  Ozark Plateau Region. bas ic  pyro ly t ic  s t ud i e s  were made. 

'he t o t a l  c o s t  of t h e  pro jec t  was $440,000. Ob- 
ec t i ve  ( I ) ,  the  s c a l e  model k i l n  phase, co s t  
,oughly $119,000 and i s  about 90% complete. Ob- 
e c t i ve  (2) of t he  proj'ect required about $216,000 
.nd is  about 60% completed. Approximately $79,000 
ras expended on objec t ive  (3) 'and t h i s  t a sk  i s  
.bout 50% complete. The remaining $26,000 of the  
~ r o j e c t  funds were f o r  a  Washington-based manage- 
lent consultant  firm. 

gproach 

'he approach t o  the  problem was t o  d iv ide  t he  pro- 
e c t  i n t o  t h r e e  phases t o  address  t he  t h r ee  re- 
ipective ob j e c t i ve s . .  Phase (1) was t o  be accom- 
d ished  by designing,  construct ing,  and operat ing 
I s ca l e  model k i l n  with various f o r e s t  and agri-  
: u l t u r a l  waste feedstucks.  Pllirse (2) was t o  be 
lccomplished by u t i l i z i n g  an ex i s t i ng  prototype 
:iln f o r  t e s t i n g  and da t a  acquis i t ion .  A labora- 

Future Plans 

It appears t h a t  t h e  economics a r e  very favorable 
f o r  the  use  of a  r o t a ry  k i l n  biomass processing 
system f o r  d i sposa l  of a g r i c u l t u r a l  and f o r e s t  
waste products with t he  production of charcoal  
and process h&t and/or steam. This  i s  especial-  
l y  t r u e  i n  Arkansas and t h e  Ozark Plateau Region 
where there  a r e  many small i ndus t r i e s  producing 
s i g n i f i c a n t  quan t i t i e s  of biomass waste ma t e r i a l s  
while  a t  t he  same time requi r ing  process hea t  and/ 
o r  steam i n  t h e i r  processing scheme. 

Plans a r e  t o  disseminate t h e  pro jec t  r e s u l t s  t o  
po t en t i a l  users .  It would be de s i r ab l e  t o  con- 
t i n u e  the  i nves t i ga t i on  i n  order t o  study o ther  
va r i ab l e s  of t he  system, t o  encourage t he  d e v e l o p  
ment of charcoal  a s  a  f u e l ,  and t o  f u r t he r  develop 
t he  ro t a ry  k i l n  process. 

Lory was developed f o r  t h e  ax&lysis of feedstocks 
~ n d  products and f o r  ba s i c  pyro ly t ic  s t ud i e s  t o  . 

~ccomplish phase (3). 
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DESCRIPTION OF TASK 

A r o t a r y  k i l n  system is  a v i a b l e  p rocess ing  a l t e r -  
n a t i v e  f o r  t h e  the rmal  convers ion of biomass mater- 
ials. S t  i s  a f l e x i b l e  syst-,  acCepCltlg a wide 
v a r i e t y  of a g r i c u l t u r a l ,  f o r e s t r y ,  and municipal  
was tes  a s  f eeds tocks .  The r o t a r y  k i l n  can b e  oper- 
a t e d  i n  v a r i o u s  modes, r ang ing  from complete inc in -  
e r a t i o n  t o  p y r o l y s i s  of t h e  f eeds tocks .  K i l n  pro- 
d u c t s  may b e  complete ly  ox id ized  f l u e  gases ,  gas- 
eous  and l i q u i d  f u e l s ,  s o l i d  cha r  f u e l ,  o r  a combi- 
n a t i o n  of these .  

Economical p o l l u t i o n  c o n t r o l  is ach ieved  by t h e s e  
systems i n  a p rocess ing  scheme which p rov ides  a 
"clean" a tmospher ic  d i s c h a r g e  of g a s e s  a s  t h e  s o l i d  
was te  m a t e r i a l s  a r e  e l imina ted .  F i n a l l y ,  r o t a r y  
k i l n s  a r e  designed and c o n s t r u c t e d  i n  a wide range 
of s i z e s  w i t h  on ly  minimal scale-up problems. 

The g o a l s  of t h e  p rocess ing  system t o  be  d i scussed  
a r e  (1) t h e  e l i m i n a t i o n  of s o l i d  was te  m a t e r i a l s  
i n  a non-pol lut ing manner, (2) t h e  u t i l i z a t i o n  of 
off -gas  p rocess  heat;and ( 3 ) ' t h e  p roduc t ion  of 
$75 per t o n  c h a r c o a l  w i t h  a n  a c c e p t a b l e  r a t e  of 
r e t u r n  on t h e  investment .  

The immediate background f o r  t h e  p r o j e c t  t o  be pre- 
s e n t e d  h e r e  is t h a t  a s m a l l  Arkansas wood p roduc t s  
company (A&P Coop Company) had developed and pat-  
en ted  a p rocess  f o r  making c h a r c o a l  i n  a r o t a r y  
k i l n  conver t e r .  The company approached t h e  Univer- 
s i t y  of Arkansas f o r  a s s i s t a n c e  i n  e v a l u a t i o n  of 
t h e i r  inven t ion .  A p re l imina ry  i n v e s t i g a t i o n  of: 
t h e  process  made i t  ev iden t  t h a t  a n  adequa te  engi- 
nee r ing  e v a l u a t i o n  would r e q u i r e  e x t e r n a l  f i n a n c i a l  
support .  

There  were s e v e r a l  i n c e n t i v e s  f o r  t h e  proposed 
s tudy.  The i n v e s t i g a t i o n  should r e s u l t  i n  a n  i n t e -  
g ra ted  p rocess ing  scheme which is  compat ible  wi th  
t h e  needs of t h e  region.  There  a r e  numerous smal l  
i n d u s t r i e s ,  and some no t  s o  small, i n  t h e  r eg ion  
which p rocess  a g r i c u l t u r a l  o r  f o r e s t  p roduc t s  wi th  
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copious  q u a n t i t i e s  of r i c e  h u l l s  whi l e  r e q u i r i n g  
p rocess  steam. 

F i n a l l y ,  t h e  p rocess ing  scheme would pruduce char- 
c o a l ,  a f u e l  which has  been l a r g e l y  overlooked i n  
t h e  s e a r c h  f o r  new energy sources ,  b u t  which i s  
n o t  a n  u n d e s i r a b l e  f u e l .  It is s r o r a b l e ,  r e a d i l y  
t r a n s p o r t a b l e ,  has  a r e l a t i v e l y  high h e a t i n g  v a l u e  
and p r e s e n t s  no g r e a t  problems i n  f i r i n g .  

The o v e r a l l  p rocess  would consume l a r g e  q u a n t i t i e s  
of s o l i d  was te  m a t e r i a l s  whi l e  producing p rocess  
h e a t  and an  a l t e r n a t e  f u e l ,  a l l  i n  a n  environmen- 
t a l l y  a c c e p t a b l e  manner. Thus, a p roposa l  was ' 

made t o  t h e  Department of Energy, and t h e  p r o j e c t  
was subsequent ly  funded. 

OBJECTIVES/COST AND PERFORMANCE TARGETS 

The o b j e c t i v e s  of t h e  proposed p r o j e c t  were: 

(1) t o  develop eng inee r ing  des ign  d a t a  f o r  r o t a r y  
k i l n  p y r o l y t i c  conver t e r s .  

(2) t o  make a n  eng inee r ing  e v a l u a t i o n  of t h e  pa t -  
' ented r o t a r y  k i l n  p rocess ing  concept.  

(3) t o  o b t a i n  p y r o l y t i c  convers ion d a t a  f o r  t h e  
biomass m a t e r i a l s  a v a i l a b l e  i n  Arkansas and 
t h e  Ozark P l a t e a u  Region. 

Thn t n t s l  r n c t  nf  t h ~  p r n j ~ c t  was S440,flOfl. Oh- 
j e c t i v e  ( I ) ,  t h e  s c a l e  model k i l n  phase, c o s t  
roughly $119,000 and i s  90% complete. Ob jec t ive  
(2) of t h e  p r o j e c t  r equ i red  $216,000 and i s  about  
60%: complete i n  terms of g o a l  achievement.  Addi- 
t i o n a l  expend i tu res  t o  complete t h i s  phase of t h e  
project.  would be minimal. Approximately $79,000 
were expended on o b j e c t i v e  (3) and t h i s  t a s k  i s  
about  507 complete.  T h e  remaining $26,0n0 nf p r o  
j e c t  funds  were f o r  a Washington-based management 
c o n s u l t a n t  f i rm.  

l a r g e  q u a n t i t i e s  of biomass waste .  D i sposa l  of t h e  
was te  m a t e r i a l s  i n  a n  environmental ly  a c c e p t a b l e  
manner poses  a c o n s i d e r a b l e  problem. Also, many of 

APPROACH 

t h e s e  i n d u s t r i e s  r e q u i r e  q u a n t i t i e s  of s t e m  and lo r  The project was divided into three phases to  coin 
process  h e a t .  Examples a r e  f u r n i t u r e  f a c t o r i e s ,  c i d e  wi th  t h e  t h r e e  primary o b j e c t i v e s  a s  l i s t e d  
sawmil ls ,  and lumber ya rds  which r e q u i r e  p rocess  above. These phases were (I.) development of a 
h e a t  f o r  d ry ing  lumber, c o t t o n  g i n s  producing about  s c a l e  model r o t a r y  k i l n  biomass conver t e r ,  ( 
200 pounds of waste  per b a l e  ginned and r e q u i r i n g  u t i l i z a t i o n  of t h e  e x i s t i n g  p ro to type  k i l n  f  
process  h e a t  f o r  d ry ing ,  and r i c e  m i l l s  producing 



s t  and d a t a  a c q u i s i t i o n ,  and (3) development 
.a r a v o r a t o r y  f o r  t h e  a n a i y s i s  of f eeds tocks  and 

oducts  and f o r  b a s i c  p y r o l y t i c  s t u d i e s .  

e c i f i c  o b j e c t i v e s  of phase (1) were: 

) t o  provide a  f a c i l i t y  which could be  used t o  
e v a l u a t e  t h e  p rocess  a t  l e s s  c o s t  and wi th  
g r e a t e r  o p e r a t i n g  f l e x i b i l i t y  than by us ing  t h e  
f u l l - s c a l e  conver t e r .  

.) t o  d e s i g n  and c o n s t r u c t  t h e  s c a l e  model r o t a r y  
k i l n .  

,) t o  o p e r a t e  and c o l l e c t  d a t a  f o r  m a t e r i a l  and 
energy ba lances  us ing  a  wood waste  f eed .  

.) t o  op t imize  t h e  conver t e r  ope ra t ion  w i t h  t h e  
wood waste  f eed .  

i) t o  o p e r a t e  w i t h  f eeds tocks  o t h e r  t h a n  wood 
was te  m a t e r i a l s .  

ie s c a l e  model k i l n  was designed t o  d u p l i c a t e  t h e  
r t en t ion  time and t h e  bed a g i t a t i o n  of t h e  f u l l -  
: a l e  r o t a r y  conver t e r .  Overa l l  k i l n  dimensions 
:e 35 inches  long by 26-inch 0.d. by 14-inch i . d .  
pese dimensions d u p l i c a t e  t h e  l eng th ld iamete r  
~ t i o  of t h e  p ro to type  k i l n .  K i ln  f eed  r a t e s  t o  
iO l b / h r  and k i l n  speeds  t o  16  rpm a r e  p o s s i b l e .  
le a n g l e  of i n c l i n a t i o n  can be v a r i e d  from ze ro  , roughly 10  degrees .  Air  can b e  in t roduced  i n t o  
l e  k i l n  a t  s i x  d i f f e r e n t  l o c a t i o n s ,  and f i v e  the r -  
,couples a r e  l o c a t e d  w i t h i n  t h e  k i l n  f o r  measure- 
znt of temperature  p r o f i l e s .  Bed dep th  is con- 
ro l l ed  by t h e  a n g l e  of i n c l i n a t i o n  and by a  re-  
~ v a b l e  d i s c h a r g e  dam. 

l a s e  (2) of t h e  p r o j e c t  was t h e  t e s t i n g  and acqui- 
Lt ion of o p e r a t i n g  d a t a  f o r  t h e  p ro to type  u n i t  
Fth v a r i o u s  f eeds tocks .  Complete d e t a i l s  of t h i s  
lit have been g iven  p rev ious ly  [ I ] .  

nase (3) of t h e  p r o j e c t  was development of an  ana- 
y t i c a l  l a b o r a t o r y  f o r  s u p p o r t . o f  t h e  o t h e r  two 
nases  of t h e  p r o j e c t .  Basic  ba tch  p y r o l y t i c  d a t a  
e r e  a l s o  t o  b e  ob ta ined  f o r  t h e  v a r i o u s  f eeds tocks  
nder c a r e f u l l y  c o n t r o l l e d  cond i t ions .  

t t h e  i n c e p t i o n  of t h e  p r o j e c t  i t  was thought  t h a t  
h e  e x t e n t  o f . p h a s e  (2) of t h e  p r o j e c t  would con- 
ist  of t h e  d e s i g n ,  purchase ,  and i n s t a l l a t i o n  of 
n  i n s t r u m e n t a t i o n  system f o r  t h e  a c q u i s i t i o n  of 
a t a  f o r  performing m a t e r i a l  and energy ba lances ,  
h e  need f o r  r e p a i r  of p o r t i o n s  of t h e  e x i s t i n g  
o n v e r t e r  was e v i d e n t ,  bu t  t h i s  was thought t o  be  

secondary problem which could b e  handled as. t h e  
. n s t z u ~ u r r ~ t a t i o n  proceeded. However, t h c  r e v e r s e  
i t u a t i o n  h a s  been t h e  case .  Repair  of t h e  e x i s t -  
.ng u n i t  has  become t h e  primary t a s k  i n  o r d e r  f o r  
.he u n i t  t o  remain o p e r a t i o n a l ,  and ins t rumenta-  
. i o n  ha8 been r e l e g a t e d  t o  a  secondary t a s k .  Cur- 
, e n t l y ,  t h e  mechanical  problems have been addres-  
:ed, i n s t r u m e n t a t i o n  has  been i n s t a l l e d ,  and t h e  
!va lua t ion  i s  con t inu ing .  

The l a b o r a t o r y ,  phase (3) of t h e  p r o j e c t ,  h a s  been 
developed 'and a n a l y t i c a l  d a t a  has  been provided 
f o r  t h e  o t h e r  phases  of t h e  p r o j e c t ,  but  e s s e n t i a l -  
l j f  no basic pyro lgc lc  d a ~ a  has Lee11 uLLdiirrJ. 

Phase (1) of t h e  p r o j e c t  i s  e s s e n t i a l l y  complete.  
Data c o l l e c t i o n  was completed f o r  wood waste  feed 
r a t e s  of 30, 60, and 90 l b / h r ,  and d a t a  a n a l y s i s  
i s  now underway. 

I n  a d d i t i o n  t o  t h e  wood waste  f eed ,  d a t a  was co l -  
l e c t e d  f o r  s e v e r a l  o t h e r  f e e d s t o c k s ,  inc lud ing  
r i c e  h u l l s ,  c o t t o n  g i n  was te ,  and s c r a p s  of par- 
t i c a l  board m a t e r i a l .  

Operat ion w i t h  t h e  r i c e  h u l l  f eed  was ve ry  s u c c e s s  
f u l .  Char was produced a t  r e l a t i v e l y  low pyroly-  
sis temperatures  of 800-900°F. These low temper- 
a t u r e s  e l i m i n a t e  t h e  problems of s i l i c a  f u s i o n  
which a r e  encountered a t  the  h igher  combustion 
temperatures  of a  s t a t i o n a r y  b o i l e r .  Copious quan- 
t i t i e s  of r i c e  h u l l s  a r e  a v a i l a b l e  i n  Eas te rn  Ark- 
ansas  and i n  o t h e r  r i c e  producing s t a t e s .  

The c o t t o n  g i n  was te  was a l s o  s u c c e s s f u l l y  proces- 
sed.  The f i b r o u s  f r a c t i o n  was complete ly  i n c i n e r -  
a t e d  w h i l e  t h e  woody f r a c t i o n  was conver ted t o  
cha r .  Th i s  waste  h a s  been processed wi th  o t h e r  
types  of i n c i n e r a t o r s ,  bu t  l e s s  than complete ly  
s a t i s f a c t o r y  r e s u l t s  have been ob ta ined  t o  t h i s  
p o i n t .  It i s  es t ima ted  t h a t  roughly 70,000 t o n s  
of g i n  t r a s h  a r e  genera ted  annua l ly  i n  Arkansas.  

Scraps  of p a r t i c l e  board from a  t e l e v i s i o n  manu- 
f a c t u r i n g  o p e r a t i o n  were a l s o  processed.  Good 
k i l n  o p e r a t i o n  was achieved w i t h  t h i s  f eeds tock  
and e x c e l l e n t  c h a r  was produced. There a r e  l a r g e  
q u a n t i t i e s  of t h i s  s c r a p  m a t e r i a l ,  on t h e  o r d e r  
of 50 t o  100 t o n s  pe r  day from t h i s  s i n g l e  man- 
u f a c t u r i n g  l o c a t i o n ,  a v a i l a b l e  f o r  p rocess ing .  

Roughly 100 exper imen ta l  k i l n  r u n s  have been made 
t o  t h i s  p o i n t .  Severa l  s e t s  of t y p i c a l  d a t a  a r e  
a t t a c h e d  a s  Tab le  I. Ana lys i s  of t h e  d a t a  is  con- 
t i n u i n g  and s i g n i f i c a n t  r e s u l t s  w i l l  b e  p resen ted  
a s  they become a v a i l a b l e .  

FUTURE PLANS 

It appear s  t h a t  t h e  economics a r e  ve ry  f a v o r a b l e  
f o r  t h e  u s e  of a  r o t a r y  k i l n  biomass p rocess ing  
system f o r  d i s p o s a l  of a g r i c u l t u r a l  and f o r e s t  
waste  p roduc t s  wi th  t h e  product ion of c h a r c o a l  
and p rocess  h e a t  and/or  steam. T h i s  i s  e s p e c i a l l y  
t r u e  i n  Arkansas and t h e  Ozark P l a t e a u  Region 
where t h e r e  a r e  many s m a l l  i n d u s t r i e s  producing 
s i g n i f i c a n t  q u a n t i t i e s  of biomass was te  m a t e r i a l s  
whi l e  a t  t h e  same t ime r e q u i r i n g  p rocess  h e a t  and/ 
o r  steam i n  t h e i r  p rocess ing  scheme. 

It i s  es t ima ted  t h a t  t h e  c a p i t a l  investment  f o r  a  
nominal 50 TPD process ing  u n i t ,  i nc lud ing  t h e  
a u x i l i a r y  equipment i s  $126,000. Annual operat -  
i n g  expense f o r  t h e  u n i t  is es t ima ted  a t  $105,000. 
Annual income from t h e  u n i t  would amount t o  



$195,000 i n  charcoa l  s a l e s  a t  cur ren t  p r i c e s .  A Plans a r e  t o  disseminate  t h e  p r o j e c t  r e s u l t s  t- 
saving of $20,000.per year would a l s o  be  r e a l i z e d  p o t e n t i a l  use r  i n d u s t r i e s .  It would a l s o  be very 
from waste d i s p o s a l  cos t s .  Th is  t r a n s l a t e s  t o  a d e s i r a b l e  t o  cont inue t h e  inves t iga t ion  i n  order  
r e t u r n  on o r i g i n a l  investment exceeding 40%. No t o  s tudy o ther  v a r i a b l e s  of t h e  system, t o  encour- 
d o l l a r  va lue  i s  put  on t h e  process hea t  and/or age t h e  development of charcoal  a s  a f u e l ,  and t o  
steam produced because t h i s  would depend on whether f u r t h e r  develop t h e  r o t a r y  k i l n  biomass processing 
o r  not  t h e  p a r t i c u l a r  i n d u s t r y  would be a b l e  t o  concept. 
u t i l i z e  it. 

TABLE I - SELECTED DATA 

Feed A i r  Rate Feed . Average 
Rate - RPM - t o  Kiln Conversion Bed Eeinperature 

( l b l h r )  ( I b l h r )  ( l b  char/100 l b  feed)  (OF) 

Wood Waste 

Rice Hulls 

. Pecan S h e l l s  

Macadamia Nut S h e l l s  

Gin Waste 

P a r t i c l e  Board 

(1) J .  R. Kimzey, " U t i l i z a t i o n  of Exis t ing  Con- 
v e r t e r , "  Proceedings of S ix th  Biomass 
Thermochemical Conversion Contractors '  
Meeting; Tucson, Arizona, January.16-17, 
1979- 
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'he U n i v e r s i t y  of ~ i s s o u r i - ~ 0 1 1 ; '  s Large G a s i f i e r  
~ r o j e c t  i s  a development program supported by t h e  
lepartment of Energy 's  Biomass Energy Systems 
'rogram. The UMR program i s  j u s t  beginning and a t  
.he p r e s e n t  t ime i s  i n  t h e  c o n s t r u c t i o n  phase. 
.ts purpose i s  t o  determine scale-up f a c t o r s  f o r  
.ow, medium, and h igh  Btu g a s i f i c a t i o n  p rocesses  
o r  t r a n s i t i o n  from medium s i z e d  t o  commercial 
~ p e r a t i o n s .  The r e s o u r c e  recovery system donated 
.o t h e  U n i v e r s i t y  of Missouri-Rolla by t h e  Adolph 
:oars Company w i l l  be  modified and used t o  o b t a i n  
.he necessa ry  development da ta .  The program w i l l  
.nclude t h e  o p e r a t i o n  of a f l u i d i z e d  bed r e a c t o r  
,esigned t o  handle  mass f low r a t e s  of 200 t o  2000 '  
.bs /hr  wi th  and without  a c a t a l y s t  t o  determfne 
tptimum des ign  and o p e r a t i n g  parameters  f o r  wood 
, e s idue  g a s i f i c a t i o n .  The modi f i ca t ion  and develop- 
lent w i l l  i nc lude  t h e  d e s i g n  and u s e  of a n  i n s e r t e d  
: leeve,  which w i l l  p rov ide  an  unusual  two-reactors- 
.n-one v e s s e l  arrangement.  Th i s  s l e e v e  w i l l  a l s o  
lake p o s s i b l e  a wide range of o p e r a t i n g  cond i t ions .  
' r ev ious  d a t a  c o l l e c t e d  by Coors and o t h e r s  a r e  
) r e sen ted  t o  suppor t  t h e  system's  d e s i g n  and 
.onf i g u r a t i o n .  

.NTRODUCTION (DESCRIPTION OF TASK) 

'he U n i v e r s i t y  of Missouri-Rolla Wood G a s i f i c a t i o n  
GROW) p r v j r c t  is  a'development program cha t  i s  
~ e i n g  funded by t h e  Department of Energy. The 
lurpose of t h e  program i s  t o  determine scale-up 
a c t o r s  f o r  low, medium, and h igh  Btu g a s i f i c a t i o n  
l rocesses  f o r  t r a n s i t i o n  from medium s i z e d  t o  
ommercial o p e r a t i o n s .  The program is a four-phase 
Irogram. The f i r s t  t h r e e  phases  r e l a t e  t o  t h e  Btu 
o n t e n t  of t h e  g a s  t o  be produced, and t h e  f i n a l  
thase t o  a s p e c i f i c  i n d u s t r i e s '  u t i l i z a t i o n  of t h e  
:as.  The Coors r e s o u r c e  recovery system donated 
o t h e  U n i v e r s i t y  of Missouri-Rolla by t h e  Adolph 
:oors Company w i l l  be  modified and used t o  o b t a i n  
h e  necessa ry  development d a t a .  The m o d i f i c a t i o n s  

r i l l  i n c l u d e  t h e  i n s e r t i o n  of a r e a c t o r  s l e e v e  f o r  
: m e  of t h e  runs  as w e l l  as many o t h e r  equipment 
md o p e r a t i o n a l  changes. The development t a s k  
r i l l  be  focused on t h e  o p e r a t i o n  of a f l u i d i z e d  

l c to r  des igned t o  handle  mass f low r a t e s  of 
2000 l b s / h r  w i t h  and without  a c a t a l y s t  s o  

t h a t  t h e  des ign  and opera t ing  parameters  f o r  wood 
r e s i d u e  g a s i f i c a t i o n  can b e  determined f o r  t h i s  
type  of r e a c t o r .  It is expected t h a t  r e l i a b l e  
scale-up d a t a  f o r  d e s i g n  and o p e r a t i n g  c o n d i t i o n s  
w i l l  have been e s t a b l i s h e d .  The program w i l l  a l s o  
p rov ide  in fo rmat ion  on t h e  economics of o p e r a t i n g  
such systems, t h e  market p o t e n t i a l  f o r  t h e  p roduc t s ,  
and t h e  d a t a  base  needed f o r  technology t r a n s f e r  
and commercia l izat ion.  

The program i s  i n  i ts i n i t i a l  s t a g e s  of development, 
and t h e  modif ied Coors p rocess  is p r e s e n t l y  being 
r e f a b r i c a t e d .  The f low diagram shown i n  F ig .  1 
is  t h e  f low scheme f o r  t h e  f i r s t  phase  (Low Btu 
Gas Product ion)  of t h e  p r o j e c t .  Funds r ece ived  
from t h e  Department of Energy i n  A p r i l  have allowed 
t h e  r e s e a r c h  team t o  o r d e r  t h e  necessa ry  a d d i t i o n a l  
equipment and t o  c o n t r a c t  f o r  t h e  s e r v i c e s  of sub- 
c o n t r a c t o r s .  With t h e  purpose of t h e  p r o j e c t  being 
t h e  p roduc t ion  of t h r e e  d i f f e r e n t  Btu con ten t  
g a s e s ,  t h e  o b j e c t i v e s  a s  they  r e l a t e  t o  t h e  purpose 
a r e  l i s t e d  below. 

OBJECTIVES 

The s p e c i f i c  o b j e c t i v e s  of t h e  program a r e :  

1. To demonstra te  t h e  o p e r a t i o n  of a l a r g e - s c a l e  
r e a c t o r  and develop s c a l i n g  d a t a .  A key advantage 
of t h e  Coors system is  that it was designed t o  
p rocess  up t o  2000 l b s / h r  of biomass. A s l e e v e  
w i l l  b e  placed i n  t h e  r e a c t o r  dur ing  t h e  i n i t i a l  
r u n s  t o  reduce t h e  diameter  of t h e  r e a c t i n g  s e c t i o n  
from 40 t o  22.5 i n .  (Fig .  2 ) .  A f t e r  exper i ence  
has  been gained by running t h e  r e a c t o r  wi th  t h e  
s l e e v e  i n  p l a c e ,  it w i l l  be  removed t o  o b t a i n  d a t a  
from t h e  f u l l - s c a l e  system. 

2. To o b t a i n  h igher  thermal  e f f i c i e n c y .  The 
r e a c t o r ' s  heat,economy w i l l  be  improved by u s i n g  a 
t o p  feed  and by g a s i f y i n g  and producing methanat ion 
w i t h i n  t h e  r e a c t o r .  

3 .  To minimize t h e  r e a c t o r ' s ' s i z e  pe r  u n i t  volume 
of throughput  by us ing  c a t a l y s t s .  

4 .  To develop d a t a  on t h e  c h a r a c t e r i s t i c s  of f eed  
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Fig.  1. Phase  1, Flow Diagram 

s t o c k  and on  t h e i r  e f f e c t  on g a s i f i c a t i o n .  

5. To develop economic d a t a  f o r  t h e  des ign  and 
o p e r a t i o n  of a  comparably s i z e d  u n i t  f o r  t h e  pro- 
d u c t i o n  of low, middle ,  and h igh  Btu gas .  

6 .  To e s t a b l i s h  a n  environment i n  whkch the 
t r a n s f e r  of  technology t o  i n d u s t r y  can  b e  achieved 
e f f e c t i v e l y .  There  w i l l  be a c t i v e  i n d u s t r i a l  
p a r t i c i p a t i o n  i n  a l l  phases  of t h e  p r o j e c t .  

UNR-COORS RESEARCH FACILI'fY HISTORY 

I n  t h e  e a r l y  1 9 7 0 t s ,  t h e  Adolph Coors Company 
launched a  r e s e a r c h  and development p r o j e c t  t o  
determine t h e  f e a s i b i l i t y  o f  meet ing t h e i r  energy 
needs  by c o n v e r t i n g  mun ic ipa l  s o l i d  was te s  t o  a  
low Btu g a s .  They des igned  and c o n s t r u c t e d  a  
p i l o t  u n i t  and conducted exper iments  ove r  a  p e r i o d  
of s e v e r a l  months. However, as a r e s u l t  uf c l~aug ing  
company p r i o r i t i e s ,  t hey  abandoned t h e  p r o j e c t  and 
l a t e r ,  upon i n q u i r y ,  ag reed  t o  dona te  t h e  system 
t o  t h e  U n i v e r s i t y  of Missour i -Rol la .  

A f t e r  much i n v e s t i g a t i o n ,  it was decided t h a t  t h e r e  
were many problems r e q u i r i n g . a d d i t i o n a 1  r e s e a r c h  

I 

FIN FAN COOLER 

i n  t h i s  a r e a  and t h a t  t h e  e s t ab l i shmen t  of t h e  
Coors system a s  a  r e s e a r c h  f a c i l i t y  t h a t  could  be 
used by e n g i n e e r s  and s c i e n t i s t s  would be  a  more 
e f f e c t i v e  way of u s i n g  t h e  equipment. 

Subscqucnt c o n t a c t s  a long  t h e s e  l i n e s  w i t h  v a r i o u s  
inLrrusrud p a r t i e s  within ~ h o  UnLvvorcity, the 
Sverdrup and P a r c e l  Corpora t ion ,  t h e  S t .  Louis  
Regional  Energy Counci l ,  v a r i o u s  wood i n d u s t r y  
r e p r e s e n t a t i v e s ,  and t h e  Missour i  S t a t e  Departmegt 
of N a t u r a l  Resources produced e n t h u s i a s t i c  suppor t  
f o r  t h e  e s t ab l i shmen t  of a  Wood Energy Research 
Program and t h e  i n s t a l l a t i o n  of t h e  Coors system 
a s  a  r e s e a r c h  f a c i l i t y  a t  t h e  U n i v e r s i t y  of 
Missouri-Rolla. V a ~ i u u s  p r o j e c t s  wcrc fonnu la twl  
w i t h i n  t h e  program t o  i n v e s t i g a t e  t h e  desirability 
of  us ing  wood and o t h e r  a g r i c u l t u r a l  by-products 
a s  renewable energy sources .  It was a l s o  proposed 
t h a t  t h e  Coors f a c i l i t y  be  used t o  detarmine t h e  
d e s i g n  and o p e r a t i n g  pa ramete r s  of energy conver- 
~ i a n  oyotoms that u s e  wand and n t h e r  renewable 
r e s o u r c e s  f o r  i n d u s t r i a l  and commercial u s e .  

PROJECT DESCRIPTION (APPROACH) 

The p r o j e c t  a s  p r e v i o u s l y  s t a t e d  w i l l  c o n s i s t  of 
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Fig,. 2. Reactor  Sketch CSleeve I n s e r t e d )  

o u r  phases: 1) Low Btu G a s i f i e r  Operat ion, .  The d a t a  w i l l  a l s o  b e  reviewed r e l a t i v e  t o  o t h e r  
:) Medium C a t a l y t i c  Btu G a s i f i e r  Operat ion,  3 )  High smal l - sca le  s t u d i e s  t o  determine s c a l i n g  c o r r e l a -  
; tu  C a t a l y t i c  G a s i f i e r  Operat ion,  and 4) Assess- t i o n s .  F igure  1 shows t h e  system c o n f i g u r a t i o n  in 
lent of t h e  P o t e n t i a l  t o  S p e c i f i c  I n d u s t r i e s .  The t h i s  phase. 
ocus  of t h e  e f f o r t  a t  t h e  p r e s e n t  t ime i s  Low.and 
tedium Btu opera t ion .  Phase I1 : ~ e d i u m '  Btu C a t a l y t i c  G a s i f i e r  ,Operat ion 

'hase  I: Low Btu G a s i f i e r  Operat ion 

'hase I of t h e  program w i l l  i nvo lve  a  p re l imina ry  
'shake-down" of . the UMR-Coors low Btu g a s i f i e r  t h a t  
r i l l  i nc lude  co ld  s t u d i e s  of t h e  r e a c t o r .  Th i s  w i l l  
~ r o v i d e  some t e s t  d a t a  wi th  t h e  modified equipment. 
'he hot  s t u d i e s  w i l l  make i t  p o s s i b l e  t o  compare 
.he o r i g i n a l  Coors d a t a  wi'th t h e  checkout of t h e  
ia ta  a c q u i s i t i o n  system. Th i s  w i l l  be  accomplished 
~y o p e r a t i n g  t h e  r e a c t o r  wi th  a  22.5-inch d iamete r  
s l e e v e )  i n s e r t e d  and wi th  t h e  f u l l  40-inch diameter  

sf t h e  r e a c t o r  open. The r e a c t o r  w i l l  be  a i r  blown. 

f i t h  t h e  a i r  p r e h e a t e r s ,  t h e  h e a t i n g  v a l u e  of t h e  
~ roduced  g a s  i s  expected t o  be  i n  t h e  100 t o  150 
itu/SCF range.  The economics of producing t h e  g a s  
r i l l  be determined,  and t h e  f eed  system w i l l  be 
.hecked f o r  p r e s s u r e  opera t ion .  The feed  charac- 

i c s  and t h e  r e a c t o r  o p e r a t i n g  c o n d i t i o n s  w i l l  
i L r d  Cu tl~e cumpusitiurl uL t h e  gaseous  product 

.. .. i t tempt  t o  l o c a t e  an  optimum o p e r a t i n g  po in t .  

I n  Phase  I1 of t h e  p r o j e c t ,  t h e  opera t ing  and 
s c a l i n g  d a t a  f o r  t h e  medium Btu wood g a s i f i e r  w i l l  
be developed. During t h e  phase ,  d a t a  w i l l  be  
ob ta ined  w i t h  a  22.5-inch s l e e v e ,  i n s e r t e d  i n  t h e  
r e a c t o r  and w i t h  t h e  40-inch diameter,  of t h e  
r e a c t o r  open. Recycles  wi th  and without  C02 
removal and c a t a l y t i c  methanat ion w i l l  be in-  
co rpora ted .  These d a t a  w i l l  be  u t i l i z e d  t o  
develop s c a l i n g  c o r r e l a t i o n s .  

F igure  3 shows t h e  system m o d i f i c a t i o n s  t h a t  w i l l  
be  necessa ry  f o r  t h i s  phase. These m o d i f i c a t i o n s  
a r e  needed t o  a l low f o r  c a t a l y t i c  methanat ion,  C02 
s t r i p p i n g ,  and r e c y c l i n g  of t h e  product  g a s e s  a s  
w e l l  a s  t h e  c a t a l y s t  m a t e r i a l .  An improved feed  
handl ing system w i l l  a l s o  b e  needed t o  a l low f o r  
b e t t e r  c o n t r o l  of t h e  f eed  r a t e s  and c a t a l y s t  
b lending.  



EXPERIMENTAL JUSTIFICATION (.KEY RESULTS] 

Although Phases  I and I1 of t h e  program a r c  in tended 
t o  be  s t a g e s  of development f o r  a high-Btu (pipe- 
l i n e  grade)  g a s i f i e r ,  they w i l l  p rov ide  equipment,  
o p e r a t i o n a l ,  and environmental  d a t a  f o r  low and 
middle  Btu g a s i f i e r s  t h a t  w i l l  have a r easonab le  
p r o b a b i l i t y  of being economical ly  p roduc t ive  and 
having an a c c e p t a b l e  environmental  impact.  

Phase  1 

The equipment t o  be  used i n  Phase  I of t h e  program 
is b a s i c a l l y  t h e  o r i g i n a l  Coor ' s  air-blown system 
wi.th, a t op  r a t h e r  than  a bottom feed. '  The f e e d  
w i l l  be in t roduced  a t  t h e  t o p  through t h e  g a s  out-  
l e t  s o  t h a t  i t  w i l l  quench t h e  g a s  p r i o r  t o  l e a v i n g  
t h e  r e a c t o r .  T h i s  w i l l  a l low.  f o r  a minimum h e a t  
l o s s  i n  t h e  quenching p rocess .  I n  t h e  c o o l i n g  
p rocess ,  t h e  f l a s h i n g  of wa te r  in t h e  g reen  wood 
should  occur  a t  a s u f f i c i e n t l y  h igh  r a t e  t o  pro- 
duce  i n  excess  of 90% of t h e  en tha lpy  d e c r e a s e  i n  
t h e  gas  w i t h i n  two t o  t h r e e  f e e t  of t h e  top  of t h e  

r e a c t o r .  The d i sadvan tage  of a top  f eed  i n  an  
a i r -b lown,  low Btu g a s i f i e r ,  wi thout  r e c y c l e ,  is 
t h a t  t r a c e s  of pyrol igneous  a c i d s  may appear  i n  
t h e  overhead and c o n s i d e r a b l e  r e d u c t i o n s  i n  t h e  
o p e r a t i n g  r ange  f o r  f l u i d i z a t i o n .  The problem w i t h  
t h e  bottom feed  is  t h a t  t h e  r e s i d e n c e  t ime i n  t h e  
h igh  t empera tu re  r eg ion  of t h e  r e a c t o r  where therma. 
c rack ing  of t h e  a c i d s  o c c u r s  Is too  low. The 
problem wi th  t h e  top f e e d  is  t h a t  one must keep 
t h e  upper v e l o c i t y  l i m i t  low enough so  t h a t  t h e  
f eed  w l l l  nr-~i~ b1.11w ~ I I J ~ .  wi th  thc overhead. 

The o p e r a t i n g  c o n d i t i o n s  used by Coor ' s  pe r sonne l  
[ l ]  f o r  t h e  a i r  g a s i f i c a t i o n  of paper-cardboard 
f eed  were a s  fo l lows :  

Feed Rate  500 ( l b / h r )  

A i r  Temperature 1000 (OF) 

A i r  Rate  1100 (1b/hr l1  

Bed Temperature (sand) 1200 (OF) 

Reactor  P r e s s u r e  3 (ps ig )  



r h  ? rage  hea t ing  v a l u e  of t h e  gas  produced was 
ap imately 100 Btu/SCF. It had a  y i e l d  of 12.2 
SCF pe r  pound of f eed  t h a t  corresponded t o  a  f eed  
2onvcrsion of 33%. Thc compooition of t h e  f eed  and 
~f  t h e  samples of g a s  f o r  two "runs" a r e  shown i n  
r a b l e  I. 

TABLE I 

JLTIMATE ANALYSIS OF PAPER-CARDBOARD FEED MATERIAL 

Ult imate  Analysis  (% by wt.) 

Component Pe rcen t  

Carbon . 

Hydrogen 

Nit rogen 

S u l f u r  

Ash 

Oxygen (by d i f f  .) 

T o t a l  100.00 

PRODUCT GAS ANALYSIS 

Mole % of Components 

Gaso 
Temp (. F) 5 co C1 

- - C2 - 

rhe thermal  e f f i c i e n c y  of t h e  system was approxi-  
nate ly  75% without  recovery of t h e  s e n s i b l e  h e a t  
~f  t h e  overhead. It i s  reasonab le  t h a t  a  thermal  
?f f  i c i e n c y  of 90% could be  a t t a i n e d  by. r a i s i n g  t h e  
~ p e r a t i n g  t empera tu re  and recover ing t h e  s e n s i b l e  
leat o f  t h e  overhead. The d a t a  from t h e  air-blown 
:oorqs  system g e n e r a l l y  a g r e e  wi th  t h e  d a t a  from 
? b e d  bed r e a c t o r s .  

? u r t h e r  j u s t i f i c a t i o n  f o r  t h e  d e c i s i o n '  t o  change 
:o a  t o p  feed  system was.obta ined from work done a t  
rexas Tech 121. The i n v e s t i g a t o r s  a t  The U n i v e r s i t y  
~f  Missouri-Rolla s e n t  t e n  b a r r e l s  of oak sawdust 
ro t h e  Texas Tech SGFM f a c i l i t y  f o r  a test run. 
l h i s  f a c i l i t y  i s  a  t o p  feed  f l u i d i z e d  bed g a s f f i e r  
,f approximately  50 l b / h r  s i z e .  The r e a c t o r  was 
,perated i n  t h e  a i r  blown mode f o r  t h e  tests u s i n g  
:he oak sawdust. The smal l  amount of steam was 
a l so  supp l i ed  t o  t h e  r e a c t o r .  The ave rage  f e e d  
r a t e  was 20 l b / h r  of 4% mois t  sawdust,  and t h e  
average h igher  hea t ing  v a l u e . o f  t h e  produced g a s  
Eor t h e  t e s t s  was r e p o r t e d  t o  be  i n  t h e  r ange  of 
350 Btu/SCF. The t e s t  r e p o r t  s t a t e d  t h a t  t h e  
;team seemed t o  have l i t t l e  e f f e c t  on t h e  r e a c t o r  

ion and on t h e  g a s  produced. I n  conc lus ion ,  
ported Btu c o n t e n t  was considered t o  be  ve ry  

------aging and c e r t a i n l y  helped t o  s u b s t a n t i a t e  

t h e  t o p  feed  system f o r  t h e  biomass m a t e r i a l  i n  t h e  
g a s i f i e r  a t  t h e  Unive r s i ry  of Missouri-Rolla.  

A non-air blown system w i l l  be used i n  Phase I1 of 
t h e  program. The h e a t  r equ i red  t o  s u s t a i n  t h e  
r e a c t i o n s  w i l l  be  supp l i ed  by e x t e r n a l l y  hea t ing  a  
r e c y c l e  s t ream w i t h  a  p r e h e a t e r  (Fig .  3 ) .  Because 
approximately  38 weight-percent of t h e  r e a c t o r  
overhead is  water  vapor ,  steam reforming o f . t h e  
t a r s  w i l l  occur .  T h i s  i s  c r i t i c a l  f o r  t h r e e  
r easons .  F i r s t ,  t h e  t a r s  a r e  ca rc inogen ic .  Second, 
they  i n c r e a s e  t h e  f eed  convers ion and thereby the, 
thermal  e f f i c i e n c y .  Th i rd ,  they reduce t h e  
p o l l u t a n t s  t h a t  must be  removed from t h e  product  
gas .  Considerable  d a t a  r e c e n t l y  ob ta ined  from 
l a b o r a t o r y  and bencn-scale systems support  t h e s e  
f a c t s .  Some runs  were made wi th  t h e  r e a c t o r  by , 

Coor's personnel  who i n j e c t e d  superheated steam. 
Although t h e i r  d a t a  do n o t  i n c l u d e  t h e  e f f e c t  of 
an  inc reased  r e s i d e n c e  t ime t h a t  would be  produced 
by r e c y c l i n g  t h e  product  g a s  components, t hey  do 
s e n r e  t o  i l l u s t r a t e  t h e  e f f e c t  of steam reforming. 
The o p e r a t i n g  c o n d i t i o n s  used f o r  t h e  steam g a s i f i -  
c a t i o n  of t h e  paper-cardboard feed  were a s  fol lows:  

Feed Rate  400 ( l b / h r )  

Steam Temperature 1000-1350 (OF) 

Steam Ute 1800 ( l b / h r )  

Reactor  P r e s s u r e  3  b i g )  

The h e a t i n g  v a l u e  of t h e  product  g a s  was propor- 
t i o n a l  t o  t h e  steam temperature  and ranged between 
200 t o  366 (BtusISCF) f o r  steam temperatures  
between 1 0 0 0 ~  and 1350° F. 

The two most s i g n i f i c a n t  p o i n t s  are t h a t  no un- 
pyrolyzed feed  m a t e r i a l  and t a r s  were found i n  t h e  
r e a c t o r  o r  sand bed a f t e r  t h e  runs  were made, and 
v e r y  l i t t l e  s o l i d  m a t e r i a l  (0.56 t o  0.68%) was 
d e t e c t e d  i n  t h e  sc rubber  water .  

It is of i n t e r e s t  t o  n o t e  t h a t  t h e  d i s t r i b u t i o n  
of components (.Table 11)  a r e  n o t  nea r  equ i l ib r ium.  
Th i s  is no t  s u r p r i s i n g ,  because t h e  r e s i d e n c e  t ime 
is  less t h a n  seven seconds,  and no c a t a l y s t  was 
used. 

The P a c i f i c  Northwest Laboratory [3] has ob ta ined  
d a t a  f o r  c a t a l y t i c  steam g a s i f i c a t i o n  by us ing  
l a b o r a t o r y  appara tus .  They have a l s o  begun t o  
o p e r a t e  t h e i r  P i lo t .  Development Uni t  and have 
ob ta ined  c a t a l y t i c  g a s i f i c a t i o n  d a t a  from i t s  
opera t ion .  The i r  d a t a  w i l l  be  h e l p f u l  i n  
e v a l u a t i n g  Phase  I1 of t h e  U n i v e r s i t y  of Missouri-  
Ro l l a  p r o j e c t  . 

CONCLUSIONS (FUTURE MILESTONES) 

The p r o b a b i l i t y  t h a t  t h e  system proposed i n  Phase 
TI w i l l  produce a n  environmental ly  a c c e p t a b l e  
middle  Btu g a s  is h igh ,  but t h e r e  a r e  t h r e e  
p r i n c i p a l  problems t h a t  w i l l  have t o  be  solved i n  
d w e l o p i n g  t h e  middle  Btu g a s i f i e r .  These a r e :  



TABLE I1 

PRODUCT GAS ANALYSIS SUMMARY 

Steam Runs 

Rug C02 CO BTU/SCF 
Temp( F) - - - C1 - - C2 - '2 . 5 T o t a l  - 

1. Development of t h e  t o p  f e e d  t o  g a i n  the rma l  
e f f i c i e n c y  and t h e  advan tages  0.f p rocess ing  a lower 
t empera tu re  overhead and of "Preeziug" the gas 
composi t ion a t  a h igh  t empera tu re  c o n d i t i o n .  

2. Determinat ion of a s e t  of c a t a l y s t  and o p e r a t i n g  
c o n d i t i o n s  t h a t  w i l l  minimize  r e a c t o r  s i z e  and 
s imul t aneous ly  reform t h e  t a r s  t o  gaseous  p roduc t s .  
The P a c i f i c  Northwest exper iments  should  p rov ide  
t h e  b u l k  of t h i s  i n fo rma t ion  p r i o r  t o  Phase  11. 

3. Development of hardware r e l i a b i l i t y  d a t a .  
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MPLICATION OF SGFl TECHIfGLOGY To WHEN FEEDSTOCKS 

Steven R. Beck 
Department of Chemical Engineering 

Texas Tech University 
Lubbock, Texas 79409 

The Synthesis Gas From Manure (SGFM) process has 
3een under development at Texas Tech University 
since 1970. In 1976 a small pilot plant (approxi- 
nately 112 ton per day) was constructed to evaluate 
the process in a continuous mode of operation. In 
1977 a contract was awarded to Texas Tech to evalu- 
2te non-manure biomass feedstocks in the SGFM pilot 
?lant. These feedstocks were to include wood as 
the major emphasis, along with various agricultural 
residues which might be available. The agricultur- 
31 residues which have, or will, be looked at are 
:orn stover, cotton gin trash, sunflower stalks, 
~ n d  sorghum stalks. 

rhe SGFM reactor operates as a countercurrent, flu- 
idized bed in which the solid feedstock is fed to 
:he top of the reactor and fluidized by an upward 
flowing stream of air, steam, and product gases. 
Phis top feed system provides some advantages over 
:onventional fluidized beds in that the incoming 
feedstock is partially dried by direct contact.with 
lot product gases. In addition, the initial pyro- 
lysis gases which are formed quickly exit the reac- 
:or zone and are quenched by the incoming cool sol- 
ids. As a result, the product gas contains signi- 
Sicant amounts of methane, ethane, and ethylene 
ilong with hydrogen, carbon monoxide, carbon dio- 
tide, and nitrogen. 

Che major results to date pertain to the gasifica- 
:ion of wood. The reactor was operated over the 
remperature range of 500'-800°C. Under these con- 
litions the yields of product gas varied from about 
L6 SCF/lb daf to 20 SCF/lb daf. The higher heating 
~alue of the raw gas was 300-400 BTU/SCF. Prelim- 
:nary results from corn stnller gasifioation indi- 
:ate that the gas yields from corn stalks will be 
rery similar to those observed with wood. In both 
:hese cases, the gas yields are significantly high- 
!r than was seen with manure. An economic evalua- 
:ion of the SGFM process using wood as the feed- 
;tock, indicates that for a 1000 ton per day plant, 
I medium-BTU fuel gas can be produced for approxi- 
lately $3.30 per million BTU's, assuming wood chips 
lelivered to the plant at $15 per ton. 

contracted with Texas Tech to develop a data base 
lor gasification of manure in the SGFM pilot plant 
and to evaluate other biomass feedstocks using SGFM 
technology. The results of this Phase I study were 
presented in October, 1977 at the review held at 
Wright-Malta in Balston Spa, New York and have been 
published by Beck [I]. 

On August 1, 1977, Phase I1 of this project com- 
menced under a continuation ofthe previous contract. 
The principal objective of this phase of the work 
is to develop a data base'for the gasification of 
wood residues in the SGFM pilot plant and to inves- 
tigate other feedstocks such as corn stover, sor- 
ghum stalks, sunflower stalks, and cotton gin trash 
in the pilot plant. The other tasks of this pro- 
ject are shorn in Table 1. 

Table 1 
OBJECTIVES - PHASE I1 

1. Develop a data base for pyrolysis of wood re- 
sidue in the SGFM pilot plant. The data base 
will include product yields and characteriza- 
tion, heat and material balances. 

2. Develop a kinetic model of the SGFM process.' 

3. Obtain an independent economic evaluation of 
the SGFM process on a commercial size plant. 

4. Develop. correlations necessary to predict the 
performance of a variable velocity fluidized 
bed. 

One of these tasks is to develop a kinetic model 
of the process suitable for use in reactor scale- 
up. A third task of Phase I1 is to subcontract an 
independent economic evaluation of the SGFM process 
utilizing manure as the feedstock. The Bechtel 
National corporation was awarded this subcontract 
in 1978 and has completed this task. The final 
task is to investigate the fluidization character- 
istics of biomass feedstocks. This was aimed pri- 
marily at cattle feedlot manure due to its rather 
unique behavior in fluidizing situations. 

)ESCRXPTION OF TASK OBJECTIVES 

:he original objective of this project was to de- The goal of this work is to develop an economically 
relop a process that would convert cattle feedlot competitive process to convert any biomass feed- 
lanure to ammonia synthesis gas. The process which stock to a useful end product. The original objec- 

!rged is based on a countercurrent, fluidized tive was to produce ammonia from cattle feedlot 
bctor in which manure is gasified by partial manure because ammonia is in high demand in the 

txlaa~lon. On August 1, 1976, the U.S. ERDA agricultural areas where cattle feedlotsarelocated. 



It was--fe l t  t h a t  t h i s  was an  i d e a l  s i t u a t i o n  i n  
t h a t  t h e  s u p p l i e s  of n a t u r a l  g a s  a r e  diminishing 
and ammonia manufacturers  a r e  sea rch ing  f o r  a l t e r -  
n a t e  sources  of f eeds tock .  The problem t h a t  h a s  
a r i s e n  over t h e  p a s t  few y e a r s  i s  t h a t  imported am- 
monia i s  s t a r t i n g  t o  d i s p l a c e  domestic ammonia a t  
a much lower c o s t .  Consequently,  many of t h e  am- 
monia p l a n t s  i n  t h e  Uni ted S t a t e s  a r e  being s h u t  
down. 

With t h i s  i n  mind t h e  SGFM process  was re-evaluated 
f o r  p o s s i b l e  o p t i o n s  on t h e  d e s i r e d  product .  Cur- 
r e n t l y  i t  i s  f e l t  t h a t  t h i s  p rocess  can produce a , 

medium-BTU gas  (<300 BTU/SCF) from biomass feed- , . 
s t o c k s  such a s  wood r e s i d u e s .  It is  hoped, and is 
t h e  g o a l  of t h i s  work, t o  develop t h e  process  t o  
t h e  p o i n t  t h a t  t h i s  medium-BTU gas can be y ~ o d u c e d  
i n  t h e  range of $3-$4 per  m i l l i o n  BTU's. 

A t h i r d ,  and perhaps  more important ,  product  t h a t  
is produced i n  t h e  SGFM r e a c t o r  is e thy lene .  Ethy- 
lone ir t h ~  l a r g e s t  volume petrochemical  i n  t h e  
world and i s  t h e  b u i l d i n g  b lock  of t h e  whole plaS- 
t i c s  indus t ry .  Due t o  t h e  c u r r e n t  s h o r t a g e s  of 
petroleum i n  t h e  United S t a t e s  and t h e  world,  i t  is 
f e l t  t h a t  e t h y l e n e  can  b e  produced from biomass i f  
a r e a c t o r  can be  designed t o  produce a g a s  s t r eam 
con ta in ing  > lo% by volume e thy lene .  Th i s  is a fea-  
s i b l e  goal  t h a t  can b e  reached i n  t h e  SGFM process  
b u t  needs a d d i t i o n a l  work. 

APPROACH 

P i l o t  P lan t  D e s c r i p t i o n  

A schemat ic  drawing of t h e  SGFM p i l o t  p l a n t  i s shown 
i n  F igure  1. The h e a r t  of t h e  p i l o t  p l a n t  is t h e  

, b ,  Solfd 
Inert 

r e a c t o r  i t s e l f .  The r e a c t o r  is 6" I D  i n  t h e  lower 
5 f t .  and 8" I D  i n  t h e  upper 3 f t .  o r  d isengaging 
zone. The s o l i d s  a r e  f e d  t o  t h e  top of t h e  reac-  
t o r  through a screw f e e d e r ,  which c o n t r o l s  t h e  
f eed  r a t e ,  and f a l l s  by g r a v i t y  i n t o  t h e  r e a c t o r  
i t s e l f .  The a i r - s t eam mixture  which e n t e r s  t h e  
bottom of t h e  r e a c t o r  i s  preheated i n  a 25 f t .  
l e n g t h  of tub ing  t h a t  s e r v e s  a s  a r e s i s t a n c e  hea t -  
e r .  The cha r  is removed from t h e  r e a c t o r  through 
a c e n t e r p o r t  opening i n  t h e  bottom d i s t r i b u t o r  
p l a t e .  A h y d r a u l i c  ram i s  used t o  prevent  any 
b r idg ing  of t h e  cha r  i n  t h e  d i scha rge  l i n e .  The 
gases  e x i t  t h e  top  of t h e  r e a c t o r  and pass  i n t o  a 
cyclone t h a t  is  opera ted  a t  approximately 350°C. 
The cyclone i s  heated t o  prevent  condensat ion of 
any of t h e  r e a c t i o n  p roduc t s  and adequate ly  re-  
movcc moot of t h e  e n t r a i n e d  s o l i d s .  The gases  
l e a v i n g  t h e  cyclone then pass  through a 3-s tage 
impinger sequence which i s  opera ted  a t  about  1 1 O 0 -  
140°C. Th i s  s e r v e s  t o  condense t h e  t a r  b u t  main- 
t a i n s  t h e  water  i n  a vapor s t a t e .  Following t h e  
impingers ,  t h e  wa te r  is  condensed i n  a double-pipe 
h u a ~  rrcl~angar and a 0 1 1 e ~ t ~ d  i n  the  downstream i m -  
p inge r  s e c t i o n .  The product  gases  a r e  then  passed 
through a t u r b i n e  meter f o r  flow r a t e  measurements 
and vented t o  t h e  atmosphere.  Using t h i s  arrange-  
ment good m a t e r i a l  balance d a t a  has  been ob ta ined ,  
b u t  t h e r e  a r e  some problems i n  o p e r a t i o n  of t h e  
p i l o t  p l a n t .  With t h e  screw-feeder,  very few prob- 
lems have been encountered i n  f eed ing  t h e  biomass. 
The t a r  c o l l e c t i o n  system is c u r r e n t l y  t h e  major 
problem. Tar  produced from biomass f eeds tocks  is 
a ve ry  v i scous  m a t e r i a l  and t ends  t o  condense on 
a l l  p ip ing  and a l s o  plugs  t h e  impingers.  For t h i s  
reason,  t h e  e r r o r s  t h a t  a r e  apparen t  i n  m a t e r i a l  
ba lance  a r e  p r i m a r i l y  due t o  t h e  i n a b i l i t y  t o  co l -  
l e c t  and measure a l l  t h e  t a r  produced. Th i s  i s  a 
r e l a t i v e l y  minor e r r o r  because of t h e  f a c t  t h a t  

Vent 

1 
Tar imp in go^^ 

Ram 
Char 

Fig.  1. SGFM P i l o t  P l a n t  



t h  : product is only about  5% of t h e  raw feed-  
s tock  weight .  

! l a t e r i a l  and Energy Balances 

The major emphasis i n  t h i s  work has  been to .ope r -  
s t e  t h e  p i l o t  p l a n t  wi th  v a r i o u s  f eeds tocks  and ob- 
t a i n  m a t e r i a l  and energy balances  f o r  t h e  r e a c t o r .  
The r e a c t o r  temperature  can be v a r i e d  by varying 
the  a i r - t o - s o l i d  f eed  r a t i o  a s  w e l l  a s  c o n t r o l l i n g  
the  h e a t e r s  l o c a t e d  on t h e  o u t e r  w a l l  of t h e  reac-  
t o r .  The major f eeds tock  s tud ied  under t h i s  con- 
t r a c t  t o  d a t e  i s  oak sawdust,  ob ta ined  from sou th  
2 e n t r a l  Missour i .  The sawdust is  i n  t h e  form of 
smal l ,  uniform p a r t i c l e s  con ta in ing  about  40% mois- 
t u r e .  For many of t h e  runs ,  t h e  sawdust was a i r -  
l r i e d  t o  a b o u t , 4 %  mois tu re  and used i n  t h i s  form. 
h r n  s t o v e r  has  a l s o  been used i n  t h e  p i l o t  p l a n t  
3ut t h e  r e s u l t s  t o  d a t e  a r e  no t  complete and w i l l  
not b e  d i scussed  i n  d e t a i l .  During t h e  next  two 
nonths more d a t a  w i l l  be obta ined on corn s t o v e r  
as w e l l  a s  t h e  o t h e r  a g r i c u l t u r a l  r e s i d u e s  d i scuss -  
ed p rev ious ly .  - 

Economic Assessment 

l u r i n g  Phase I of t h i s  c o n t r a c t ,  a  d e t a i l e d  des ign  
i a t a  base  was developed f o r  c a t t l e  f e e d l o t  manure. 
L t  was f e l t  t h a t  t o  o b t a i n  a  r e a l i s t i c  and f a i r l y  
accura te  dcs ign  and cconomic e v a l u a t i o n  f o r  a com- 
n e r c i a l  f a c i l i t y  t h a t  a n  independent c o n t r a c t o r  was 
required t o  perform t h i s  t a s k .  Th i s  e l imina ted  any 
~ i a s  which might be p r e s e n t  i n  t h e  minds of those  
gorking c l o s e l y  on t h e  p rocess .  The BechtelNat ion-  
a1 Corporat ion was chosen t o  perform t h i s  a s s e s s -  
nent because they have had exper ience working w i t h  
Diomass f eeds tocks  a s  w e l l  a s  tremendous re sources  
involved i n  des ign  of chemical p rocess ing  f a c i l i -  
t i e s .  The method used t o  perform t h i s  assessment  
gas t h a t  Texas Tech provided t h e  raw d a t a  t o  t h e  
3ech te l  des ign eng inee r s .  A des ign  b a s i s  was 
agreed upon j o i n t l y  by Texas Tech and Bech te l  and 
Erom t h a t  p o i n t  on a l l  t h e  work was performed by 
3ech te l  wi th  no i n p u t  from Texas Tech Unive r s i ty .  
rhe r e s u l t s  of t h i s  s tudy were p resen ted  byBeck 121 
s t  t h e  Second Annual Fue l s  From Biomass Symposium 
i n  Troy, New York. 

Phree o p t i o n s  were i n v e s t i g a t e d  by t h e  Bechtel  Cor- 
? o r a t i o n .  These included t h e  product ion of a  f u e l  
gas, t h e  product ion of e thy lene  p l u s  a  f u e l  gas ,  
ind t h e  p roduc t ion  of ammonia. The major conclu- 
s ion from t h e  Bech te l  s tudy  was t h a t  ammonia pro- 
l u c t i o n  from c a t t l e  manure may be compe t i t ive  i n  
the l a t e  1980 's  and t h a t  t h e  product ion of a  f u e l  
gas is  only marg ina l ly  compe t i t ive .  One t h i n g  t h a t  
should be  pointed ou t  is  t h a t  i n  t h e  f u e l  gas  c a s e ,  
3 e c h t e l d n c l u d e d  f a c i l i t i e s  t o  compress t h e  gas  t o  
500 p s i a  and remove t h e  carbon d iox ide .  Th i s  r e -  
s u l t e d  i n  a  s e r i o u s  economic pena l ty  when looking 
a t  t h e  o v e r a l l  p rocess  because t h e  syngas compres- 
;or employed was a  four-s tage,  11,000 BHP compres- 
;or which c o s t - n e a r l y  a s  much a s  t h e  r e s t  of t h e  
r e a c t i o n  s e c t i o n .  Th i s  compression i s  necessary 
Eor t h e  s y n t h e s i s  of chemicals from t h e  product  gas  

no t  necessary i f  t h e  gas  w i l l  be  burned nea r  
:ation of t h e  r e a c t o r .  

Economics of Wood G a s i f i c a t i o n  

Thc p i l o t  p l a n t  r c s u l t s  f o r  g a s i f i c a t i o n  of oak 
sawdust were used t o  e v a l u a t e  t h e  economic poten- 
t i a l  of t h e  SGFM process  f o r  product ion of a  
medium-BTU gas  from oak sawdust.  The Bech te l  de- 
s i g n  was used a s  t h e  b a s i s  f o r  des ign ing  acomple te  
SGFM f a c i l i t y  f o r  wood g a s i f i c a t i o n .  The c a p i t a l  
c o s t  d a t a  p resen ted  by Bech te l  were a d j u s t e d  f o r  
d i f f e r e n c e  i n  s i z e  us ing  a  0.7 exponent and t h e s e  
c a p i t a l  c o s t s  were then  used t o  e v a l u a t e  wood gas- 
i f i c a t i o n .  The m a t e r i a l  and energy ba lances  f o r  
t h e  p l a n t  were performed by Texas Tech U n i v e r s i t y  
a s  w e l l  a s  t h e  complete e v a l u a t i o n .  It i s  t h e  
op in ion  of t h i s  au thor  t h a t  t h i s  should b e  a  f a i r -  
l y  a c c u r a t e  des ign  f o r  t h i s  f a c i l i t y .  I t  was a s -  
sumed i n  t h i s  des ign  t h a t  t h e  wastewater  could be  
t r e a t e d  by conven t iona l  means r a t h e r  than  by i n -  
c i n e r a t i o n ,  which Bechtel  used i n  t h e i r  s t u d y .  It 
was a l s o  assumed t h a t  what l i t t l e  cha r  i s  produced 
from t h e  r e a c t o r  would be  used i n  some type  of 
wood-fired b o i l e r  t o  genera te  steam requ i red  f o r  
t h e  f a c i l i t y .  Th i s  seems t o  b e  a  f a i r l y  reason- 
a b l e  assumption s i n c e  the, b o i l e r  r e q u i r e d  i s  on 
t h e  o r d e r  of 25,000 l b s .  pe r  hour of low-pressure 
steam. 

DISCUSSION OF RESULTS 

Wood G a s i f i c a t i o n  

The des ign  d a t a  base  f o r  g a s i f i c a t i o n  of wood i n  
t h e  SGFEf p i l o t  p l a n t  r e a c t o r  i s  complete.  The 
feeds tock  chosen f o r  t h i s  s tudy  was oak sawdust 
from Missour i .  The sawdust,  a s - rece ived ,  con ta in -  
ed about  40% mois tu re  and 1% a s h  by we igh t ,  on a  
wet b a s i s .  The sawdust contained a  few l a r g e  
chunks of wood which could not  be  f e d  i n t o  t h e  r e -  
a c t o r .  Because of t h i s  and t o  e l i m i n a t e  o t h e r  
f eed ing  problems, t h e  sawdust was screened to -1 /8"  
p a r t i c l e  s i z e .  The p a r t i c l e  s i z e  d i s t r i b u t i o n  of 
t h e  sawdust i s  shown i n  F igure  2 .  Th i s  sawdustwas 
a i r - d r i e d  i n  Lubbock overn igh t  on t h e  f l o o r  of our 
p i l o t  p l a n t  f a c i l i t y .  A t  t h e  end of 16 hours  of 
a i r  d ry ing ,  t h e  mois tu re  con ten t  was reduced t o 4 % .  
Th i s  was much lower than  d e s i r e d  b u t  due t o  t h e  
f a c t  t h a t  i t  was t h e  only  f eeds tock  we had i t  was 
used i n  t h e  r e a c t o r .  Ttie f i n a l  s t a g e s  of t h e  wood 
t e s t s  were conducted on sawdust t h a t  had been re-  
wet ted by soaking i n  wa te r .  Th i s  sawdust was used 
i n  4  runs  i n  t h e  r e a c t o r  and con ta ined  between40X- 
50% mois tu re  when i t  was loaded t o  t h e  f eed  hopper.  
Th i s  i s  n o t  t h e  most d e s i r a b l e  method t o  o p e r a t e  
and f u t u r e  p lans  c a l l  f o r  o b t a i n i n g  f r e s h ,  green 
sawdust and opera t ing  t h e  r e a c t o r  wi th  t h i s  mate- 
r i a l  a t  about  40% mois tu re  c o n t e n t .  

The m a t e r i a l  balance d a t a  f o r  t h e  dry and wet saw- 
d u s t  a r e  shown i n  Tables  2 and 3, r e s p e c t i v e l y .  
The m a t e r i a l  ba lance  c l o s u r e  shows t h a t  i n  a l l  runs  
t h e  unaccounted f o r  m a t e r i a l  was l e s s  than  11%. It 
i s  f e l t  t h a t  t h i s  d iscrepancy i s  p r i m a r i l y  due t o  
t h e  f a c t  t h a t  t h e  t a r  i s  d i f f i c u l t  t o  c o l l e c t  and 
secondar i ly  because v a r i a t i o n s  i n  t h e  bulk  d e n s i t y  
of t h e  f r e s h  wood w i l l  cause  some v a r i a t i o n  i n  t h e  
f eed  r a t e  t o  t h e  r e a c t o r .  The screw-feeder f eeds  
on a  vo lumet r i c  b a s i s  and no t  a  weight b a s i s .  It 



is f e l t  t h a t  t h e  v a r i a t i o n  i n  f e e d  r a t e . s h o u l d  
a v e r a g e  o u t  o v e r  t h e  p e r i o d  of  t h e  r u n  and conse- 
q u e n t l y  t h i s  is n o t  a  major  c o n t r i b u t i n g  f a c t o r  t o  
t h e  problems w i t h  m a t e r i a l  , ba l ance  c l o s u r e .  

Screen Opening, in. 

F i g .  2. P a r t i c l e  S i z e  D i s t r i b u t i o n  
o f  Sawdust (-118") 

F i g .  3. T o t a l  Gas Y i e l d  lrom Oak 

Tab le  2  
MASS BALANCE RESULTS FOR WOOD GASIFICATION, 4% H20 

Run Number 3  8  39 40 4  1 43  44 4  5  49 5  0  

I n p u t  ( l b l h r )  
1. Wet Sawdust 1 6  1 9  1 9  2  5  29 23 2  9  23 1 8  
2. A i r  8.03 12.6 11.79 9 .35  9.35 7.6 5.3 8  8  
3. Steam 8 . 8  8 .0  8 .0  11 8 - 
4.  T o t a l  i n p u t  31.03 37.6 36.89 40.85 47.15 38.6 42.3 . 42 34 

Output  ( l b l h r )  
1. P r n d i i ~ r .  Gas 24 15.2  29.57 33.2 32.5 33 .5  38.49 31 ,2  28.23 
2. Water & Organ ic s  5.26 1 8 . 1  3 .48  6 .73  12.8 4.62 3.63 7 .86  1 . 5 1  
3 .  Tar 0 .35  1 .24  0 .4  0.32 0 .4  0.57 1 .16  0.09 0 .25  
4 .  Cyclone f i n e s  0  0  0  1 .83  0 .2  . 0.07 0.02 0 .30  0 . 2 1  
5 .  Char 0.04 0.47 0 .05  0 .04  0  0.44 0.96 2.99 0 . 1 1  

6 .  T o t a l  Output  29.67 34.59 33.92 42.12 45.9 39.72 43.74 42.44 30 .31  

H a t e r i a l  Ba l ance  
C losu re  % Output  95.62 92 .0  91.95 103 .1  97.35 97.10 96.60 99.0 89.20 
4 Inpu t  x  100 

Av. Reac to r  Tcmp., "C 669 504 668 605 631 707 680 692 780 

'She gas  y i e l d s  o b t a i n e d  from wood a s  a  f u n c t i o n  of  
t empera tu re  a r e  shown i n  F i g u r e  3. For  Comparison, 
t h e  gas  y i e l d s  o b t a i n e d  when u s i n g  manure a r e  a l s o  
shown i n  F i g u r e  3 .  It c a n  b e  s e e n  t h a t  a  s i g n i f i -  
c a n t l y  h i g h e r  g a s  y i e l d  on  a  d ry ,  a s h - f r e e  b a s i s  is 
o b t a i n e d  f rom wood when compared t o  manure. T h i s  
i s  probably  due t o  t h e  d i f f e r e n c e  i n  compos i t i on  o f  
t h e  two m a t e r i a l s .  C a t t l e  manure i s  r e l a t i v e l y  low 
i n  c e l l u l o s e  because  t h e  cow has  d i g e s t e d  t h e  c e l -  
l u l o s e  i n  i t s  f e e d  and e x c r e t e s  a  m a t e r i a l  which is 
h i g h  i n  l i g n i n  c o n t e n t  and h igh  i n  p r o t e i n  c o n t e n t .  
P r ev ious  s t u d i e s  by Stamm [ 3 ]  show t h a t  hemice l l u -  
l o s e  and c e l l u l o s e  g a s i f y  a t  a  much h i g h e r  r a t e  t han  
does  l i g n i n .  A s  a  r e s u l t ,  m a t e r i a l s  such  a s  wood 
which a r e  h i g h  i n  c e l l u l o s e  and h e m i c e l l u l o s e  w i l l  

produce  more gas  t h a n  w i l l  a  m a t e r i a l  t h a t  is  h igh  
i n  l i gn i . n ,  such  as c a t t l e  manure. 

The composi t ion  of  t h e  raw gas  o b t a i n e d  from wood 
is shown i n  Tab le  4 .  Also  shown i n  TaSle  4  is  t h e  
c a l c u l a t e d  h i g h e r  h e a t i n g  v a l u e  of  t h i s  g a s .  I t  
c a n  be  s e e n  t h a t  t h i s  g a s  is ve ry  s u i t a b l e  f o r  u s e  
i n  b o i l e r  a p p l i c a t i o n s  because  no d e r a t i n g  of t h e  
b o i l e r  would be  r e q u i r e d ,  b u t  i t  is  a l s o  s u i t a b l e  
f o r  chemica l  s y n t h e s i s  because  o f  t h e  h i g h  hydro- 
gen c o n t e n t  and t h e  f a v o r a b l e  H2 t o  CO r a t i o .  T h i ~  

a s p e c t  of  t h e  p r o c e s s  h a s  n o t  been  e v a l u a t e d  a 
t h i s  d a t e .  The p r i n c i p a l  u s e  of  t h i s  g a s ,  a t  
t ime,  is  assumed t o  be f o r  use  i n  b o i l e r  f i r i n g ,  01 

i t  could  b e  used  i n  a n  i n t e r n a l  combustion eng ine .  



Table 3 
MASS BALANCE RESULTS FOR WOOD GASIFICATION, 

45% H20 

Xun Number 54 5 5 56 5 7 

Cnput (lb/hr) 
1. Wet Sawdust 14 14 14 19.5 
2. Air 10.5 11.12 11.07 11.61 
3. Steam x - - -  2.75 0 0 

4. Total input 27.6 27.87 25.07 31.11 

lutput (lb/hr) 

1. Product gas 8.6 10.15 16.58 17.06 
2. Water & 17.9 

Organics 12.99 5.04 10.35 

3. Tar 1.3 1.18 0.45 1.25 
4. Cyclone 

fines 0.3 0.21 0.14 0.17 

5. Char - Oe6 - 0.30 - 0.42 - 1.35 

6. Total Output 28.7 24.83 22.63 30.18 

iaterial Balance 
Closure % Out- 
put + Input 
x 100 104.0 89.1 90.3 97.0 

LV. Reactor 
Temp., O C  728 752 760 727 

problems in accurately determining the energy re- 
quired to conduct the reaction. 

The heat balance results are shown in Tables 5 and 
6 for the dry and wet sawdust, respectively. These 
heat balance results use an estimated heat capa- 
city for the organic liquids {tar) produced and 
the aqueous waste which is assumed to containabout 
5% organic material. The heat capacity of these 
miterials was estimated assuming that the organic 
portion is about 50% long-chain fatty acids, 25% 
short-chain fatty acids, and the balance aromatic 
and polyaromatic hydrocarbons. This composition 
was assumed based on the analyzed waste from the 
cattle manure runs performed in Phase I of this 
contract. The net heat of reaction which was cal- 
culated for each run was correlated with the ratio 
of the air fed to dry, ash-free material fed to 
the reactor. This is shown in Figure 4 for the 
dry sawdust and Figure 5 for the wet sawdust. A 
linear regression was performed for these twocases 
to extrapolate the net heat of reaction-to zero 
air-to-feed ratio which should give the heat of 
pyrolysis. These results indicate that the. over- 
all pyrolysis reaction with dry sawdust is mildly 
exothermic with a heat of reaction of about -210 
BTU/lb daf material converted. The heat of pyro- 
lysis for the wet sawdust is endothermic with a 
heat of reaction of about 320 BTU/lb daf material 

Table 4 
GAS COMPOSITION, REPORTED AS MOLE % 

Run 

H2 

C2H4 

C2H6 

C2H2 

N2 

CH4 

CO 

c3+ 

Avg. MU 

tIHV raw 
gas .BTU/ 
SCF 

HHV "2 456 423 431 406 424 462 500 451 459 410 343 434 192 free 

eat Balance Results. For each run on the reactor, 
n energy balance was performed in an attempt to 
etermine the net heat of reaction for that parti- 
ular run. Included in the heat balance data are 
he heat losses from the reactor due to inadequate 
nsulation and non-adiabatic reactor operation, as 

the heat input provided by the heaters. The 
c heaters on the reactor are designed to 

-..---,e the heat loss?$ but they also pose Some 

converted. If one ,examines the overall net heat 
of pyrolysis between the wet sawdust and dry saw- 
dust, the difference is 530 BTU/lb daf material. 
This is the energy that is required to vaporize the 
additional water contained in the sawdust and con- 
sequently it is felt that the pyrolysis of dry, 
ash-free sawdust is exothermic which confirms the 
results of Coffman [4]. 



Run Ilumber 

Input,  8TUIhr ( I '  

I. Sawdust 

2. A i r  

3. Steam 

4. Helium 

5. Heaters 

6. Total  inpu t  

Output. LlTUIlir 

1. Losses 

2. Steam 

3. Product gases 

d .  Char 

5. Tar  

6. Org. l l q u l d s  

7. Helium 

8. Cyclone fines 

9. Total  output 

Table 5 
HEAT BALANCE E S U L T S ,  4% Hz0 

Net heat o f  Reactfon 297 
8TUflb daf 615 240 241 281 210 

l b  a f r f l b  daf feed 0.53 0.69 0.65 0.39 0.34 0.35 

(1) Reference Temperature: 25°C 

Table 6 
HEAT BALANCE RESULTS, 45% Hz0 

Run 54 Sf 56 57 

Input.  BTUlHR 
1 .  Sawdust 0 0 0 0 

2. Alr 3097 3357 3163 2425 
3. S ~ B M I  4359 3900 0 0 
4. Hslfum 46 . 47 37 31 

5. Heaters " 19654 ieosa la372 15988 - , .  - 
6. Total Input 27.156 25.402 17,572 19.424 

Output. BTUIHR 
1 .  L O I S 8 S  

2 .  Steam 
3. Product Gas 
4 .  Tar 
5 ,  Aqueous Waste 
6. Char 
7. Cyclona Ffnss 
8. Helium 

9 .  Total Output 

Net Heat of Reactfon 
STUllb oaf 

I:, a i r l l b  daf 

Fig. 4 .  Estimate of Heat of Reaction 
For Sawdust (4% Moisture) 



Table 7 
BASES FOR ECONOMIC EVALUATION OF SGFM PROCESS 

FEED: 1,000 ODT/CD Wood Feed 
50% Moisture by Weight 

Fig.,5. Estimate .of Heat of Reaction 
for Sawdust (45% Moisture) 

;ing the heat of pyrolysis results., it was calcu- 
itcd thnt wood containing up to 30% moisturecould 
fed to the'reacror and the reactor would still 

,crate in the autothermal mode without the neces- 
:ty of adding external heat. This was performed 
3suming that the permanent heat losses are 10% of 
le total sensible heat out of the reactor and that 
1% of the remaining sensible heat in the product 
kses can be recovered in a usable form. Huffman 
i] reported that for cattle manure in the same 
;FM reactor, the moisture,content of the feed could' 
! as high as 50% even with the assumed losses. 
le discrepancy between wood and cattle manure has 
)t been satisfactorily explained at the present 
me, but is being carefully evaluated. 

trn Stover Gasification 

lree runs have been attempted using corn stover in 
le SGFM pilot plant. In two of these runs feed-' 
~g problems forced termination of the test. In 
be third run an acceptable .material balance was 
~tained. For this study, the corn stover was 
.ound in a hammermill such that it would pass a 
'4" screen. This .does not mean.that the particles 
.e all smaller than 114" because the materialtends 
I be very fibrous and some particles were greater 
tan 1" long but only about 1/16" in diameter. The 
trn stover contained 3.5% moisture and approxi- 
.tely .9% ash. 

.e successful run was. conducted at an average re- 
tor temperature of 674OC. The gas yield was 
.4 SCF per lb daf which is slightly less than 
od but much greater than the manure. No conclu- 
one can be drawn at this time related to corn 
-...- -peration in the reactor. A new cyclone is 

stalled in the reactor because the entrain- 
solids using corn stover is much greater 

at1 I r u ~ u  el~her. wood or manure and the existing 

STREAM FACTOR: 90% 

YIELIIS: From Pilot Plant Run 44 
Gas: 20 SCF/lh daf 
HHV: 375 BTU/SCF 
Reactor Temp.: 700°C 
Tat: 0.026 lb/lb daf(recyc1e to reactor) 
Char: 0.050 lb/lb daf 

ECONOMIC CRITERIA: 
100% Equity Financing 
12% Discounted Cash Flow Rate of 

Return (after taxes) 
20 year straight line depreciation 
48% Federal Income Tax 

Gas delivered at 70°F and 30 psia. 

cyclone was unable to handle the higher solids 
loading. 

Economic Evaluation 

The results of the wood gasification tests were 
used to perform a preliminary design and economic 
evaluation of the SGFM process. This design was 
based on 1000 oven-dried tons per calendar day of 
green wood fed to the plant. Assuming a 90%stream 
factor and 50% moisture in the wood, the as- 
received feed rate to the plant was 2,222 tons per 
stream day. The Bechtel report was used as the 
basis for the design but no gas purification was 
included which meant that the product gas contain- 
ed both carbon dioxide and nitrogen. Run 44 in 
the pilot plant was used as the basis for the de- 
sign. In this run, the gas had a higher heating 
value of 375 BTU/SCF. The product from the plant 
is gas at 70°F and 30 psia. This is a low pres- 
sure gas as opposed to the reaction section of the 
Bechtel report in which a compressor was included 
to produce synthesis gas at 520 psia. As a re- 
sult of deleting this compressor, the capital cost 
is much less than what Bechtel reported for the 
reaction section of their design. 

The economic design bases used for this plant are 
shown in Table 7. A summary of the capital costs 
is shown in Table 8. The total investment for the 
plant is $22.4 million, which includes both in- 
stalled equipment and working capital. A summary 
of the operating costs for this process are shown 
in Table 9. These are shown for wood delivered to 
the plant in the form of chips at $10, $15, andS20 
per green ton. For these three cases, the required 
selling price of the gas to achieve a 12% ROR using 
100% equity financing was calculated. The results 
of this are shown in Figure 6. It can be seenthat 
the future of this process is very promising when 
one considers that natural gas which will be im- 
ported from Canada and Mexico will sell for $2.50- 
$3.00 per million BW'S and that imported LNG is 



T a b l e  8 
CAPITAL COST SUMMARY 

ITEM - MILLIONS OF DOLLARS 

B a t t e r y . L i m i t s  10 .3  
Off P l o t s  7.0 - 

T o t a l  17 .3  

~n te res t  Dur ing  C o n s t r u c t i o n  1 .7  
S t a r t  Up Cos t  1.2 - 

D e p r e c i a b l e  Inves tmen t  20.2 

Land 
Working C a p i t a l  

Won-Deproo~ablo  Invoo tmant 2 . 2  

T o t a l  I nves tmen t  22.4 

T a b l e  I) 

OPERATING COST SUMMARY 

ITEM ILWAL COST, $MM 

Wood Chips  
( $ / g r e e n t o n )  

Chemicals 

U t i l i t i e s  
Water($.40/MGAL) 0 .4  0 .4  0 .4  
E l e c t r i c i t y  0 .6  0 . 6  0 . 6  

(35  mil/KWH) 

Labor 1 . 2  1 . 2  1 . 2  

Overhead 0 .6  0 . 6  0 .6  

Loca l  Taxes  and 0 . 6  0 .6  0 . 6  
I n s u r a n c e  

Ash D i s p o s a l  0 .2  0 . 2  0 .2  

D e p r e c i a t i o n  

T o t a l  12 .2  15 .9  1 9 . 5  

s e l l i n g  f o r  g r e a t e r  t h a n  $3.00 p e r  m i l l i o n  BTU's. 

FUTURE PLANS 

The r e m a i n i n g . t h r e e  months on  t h i s  c o n t r a c t  w i l l  
b e  u t i l i z e d  t o  o b t a i n  d a t a  on  a s  many d i f f e r e n t  
f e e d s t o c k s  a s  p o s s i b l e .  The primary f e e d s t o c k s  
which w i l l  b e  i n v e s t i g a t e d  a r e  co rn  s t o v e r ,  s o r -  
ghum s t a l k s ,  c o t t o n  g i n  t r a s h ,  and s u n f l o w e r s t a l k s .  
I n  a d d i t i o n ,  i f  t ime  p e r m i t s  and a  s o u r c e  can  b e  
found, wheat s t r a w  and b a g a s s e  w i l l  a l s o  be  t e s t e d .  
The k i n e t i c  model which was d i s c u s s e d  a s  one o f  t h e  
t a s k s ,  w i l l  be  comple ted  by t h e  end o f  t h e  con- 
t r a c t .  A c r u d e  model is p r e s e n t l y  a v a i l a b l e  b u t  
i s  b e i n g  improved based  on  t h e  r e s u l t s  from wood 
g a s i f i c a t i o n .  I n  a d d i t i o n  t o  t h e  p i l o t  p l a n t  r e -  
s u l t s ,  a  s t u d y  o f  t h e  f l u i d i z a t i o n  c h a r a c t e r i s t i c s  
o f  c a t t l e  manure has  been  completed.  T h i s  shows 
t h a t  some biomass f e e d s t o c k s  do n o t  behave  i n  a  
manner such t h a t  a  f l u i d i z e d  bed c a n  b e  e a s i l y  de- 
s i g n e d  f o r  g a s i f i c a t i o n .  By t h e  e n d o f  t h e  c o n t r a c t ,  

F i g .  6 .  P roduc t  Gas S e l l i n g  P r i c e  

t h e  c r i t i c a l  pa rame te r s  which must be de termined 
f o r  biomass s h o u l d  be  i d e n t i f i e d  and w i l l  have been 
measured f o r  c a t t l e  manure. 

A  c ,on t inua t ion  o f  t h i s  p r o j e c t  h a s  been r e q u e s t e d  
from DOE. Dur inc  t h e  c o n t i n u a t i o n  p e r i o d ,  o r  
Phase  111, of  t h i s  p r o j e c t ,  t h e  SGFM r e a c t o r  w i l l  
b e  u p e r a t e d  i l l  all e r ~ r i c h e d - a i r ,  o r  oxygen-blown 
mode. The pr imary  purpose  o f  t h i s  work w i l l  b e  t o  
t l eLe r~n i~ l r  it l~irLhalru1 product i ,oa ,  using: tlre SGRI 
p r o c e s s ,  is  f e a s i b l e .  Based on  t h e  air-blown 
r e s u l t s ,  i t  a p p e a r s  t h a t  a  v e r y  good s y n t h e s i s  ga s  
can  be  produced i n  t h e  SGFM r e a c t o r .  

Another major  o b j e c t i v e  of  t h e  c o n t i n u a t i o n  work 
w i l l  be  a n  a t t e m p t  t o  maximize e t h y l e n e  p r o d u c t i o n  
i n  t h e  SGFM r e a c t o r .  It a p p e a r s  t h a t  i f  t h e  e thy -  
l e n e  c o n t e n t  of  t h e  p roduc t  g a s  can  be i n c r e a s e d  
t o  abou t  15%,  i t  may be  economica l l y  f e a s i b l e  to ,  
s e p a r a t e  t h i s  e t h y l e n e  and s e l l  i t  a s  a  s e p a r a t e  
p roduc t  from t h e  p l a n t .  There  is  c u r r e n t l y  a g r e a t  
d e a l  o f  i n t e r e s t  i n  i n d u s t r y  t o  f i n d  new s o u r c e s  of  
e t h y l c n c ,  p a r t i c u l a r l y  by t h e  major  o h c m i ~ a l  and 
p l a s t i c s  p ~ o d u c e r s ,  and biomass may be one o p t i o n  
f o r  t h i s  i n  t h e  f u t u r e .  

CONCLUSION 

The work t o  d a t e  on  t h e  SGM p r o j e c t  h a s  demon- 
s t r a t e d  t h a t  t h i s  r e a c t o r  and p r o c e s s  is  f l e x i b l e  
enough t o  hand le  s e v e r a l  d i f f e r e n t  t y p e s  o f  b io-  
mass f e e d s t o c k  i n  a  f a i r l y  wet form. The econ 
e v a l u a t i o n  shows t h a t  t h e  S y n t h e s i s  Gas From El 
p roccas  dcvclopcd st Texas Tech U n i v e r ~ i t y  i s  a  
v i a b l e  o p t i o n  f o r  p r o d u c t i o n  o f  gaseous  f u e l  from 
biomass f e e d s t o c k s .  
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STEAM GASIFICATION OF BIOMASS 
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The project purpose is development of a process and 
equipment for conversion of as-harvested green wood 
chips into medium Btu fuel gas. The chemistry that has 
proven to be most satisfactory is wood ash-catalyzed 
steam gasification (1150°F, (300 psi)t one hour dwell 
time). The equipment that has been evolved is a slen- 
der, jacketed rotary kiln, heated regeneratively and by 
the wood decomposition exotherm. 

Process chemistry has been defined in two bench-scale 
(10 lbs/hr) equipments. The "minikiln", a 1' x 3' rotating 
a~ltoclave, is a batch reactor, and provides data as a 
function of temperature. The '!biogassern, a 2" x 10' 
auger reactor, is continuous, and provides integrated gas 
composition data.. The minikiln has also given useful 
information on the exotherm and heat transfer. 

Calculations have shown that the product gas, if raised 
to 1500°F and 200 psi, shifts to a H2/C0 ratio of 211, 
with only a small residual methane content. Condensa- 
tion of this syn gas will yield methanol a t  an over-all 
energy efficiency (green wood to methanol) of 70-75%. 

The process development unit (6 green tonslday), pre- 
sentlv under construction, will be hifilv instrumented 
for '-complete process definition. - its mechanical 
features include a cylinder/lock valve feed, lock valve . 

discharge, small diameter stuffing-box seals, and provi- 
sion for steam as well as regenerative gas heating. 

With op'eration of the PDU in the second half of 1980, 
development of the fuel gas process will have been 
completed. Sgn gas shifting and methanol synthesis will 
be project tasks in 1981. 
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:esults'of laboratory and process development unit 
PDU) studies on gasification of biomass (wood) in 
.he presence of catalysts are presented. Previous 
.tudies in this program have shown that alkali 
:arbonates are effective catalysts for enhancing 
:he steam gasification of wood. This paper re- 
~orts on the use of an alkali carbonate catalyst 
.n combination with commercial catalysts for the 
:onversion of wood directly to a valuable gas 
moduct: methane or a synthesis gas. 

.aboratory .investigations have shown that use of 
m alkali carbonate catalyst in combination with 
:ommercial methanation and cracking catalysts 
gives a gas mixture with about 50 volume % meth- 
ane and the remainder carbon dioxide. About 70% 
,f the wood carbon is converted to gas. Opera- 
:ions in the PDU with the same catalysts, but dif- 
ferent flow'conditions, have given a gas mixture 
~ith about 25% methane. Operations are at atmo- 
spheric pressure and at temperatures from 450° 
to 700°. 

fie PDU and laboratory investigations have shown 
that catalyst combinations can be used that give 
a synthesis gas directly from steam gasification 
~f wod with over 90% of the wood carbon converted 
to gas. The synthesis gas has a 2 to 1 mole ratio 
~f hydrogen to carbon monoxide with the remainder 
~f the gas carbon dioxide and about 1 volume % 
nethane . 

are used for gasification of wood to generate the 
following gas products: 1) methane, 2 )  hydro- 
carbon or methanol synthesis gas, 3) hydrogen, 
4) carbon monoxide, and 5 )  ammonia synthesis gas. 
Carbon dioxide is also generated with these pro- 
ducts and 'can be removed by conventional 
techniques. 

Laboratory investigations and process development, 
unit (PDU) studies are in progress to obtain the 
information needed for evaluation of the technical 
and economic feasibility of direct conversion of 
wood to valuable gas products. Current results 
of laboratory studies confirm the technical fea- 
sibility of direct conversion of wood to methane 
and synthesis gases by proper choice of conditions 
and catalyst combinations. Studies are in pro- 
gress for generation of other gas products. 

Successful completion of these studies will allow 
use of biomass as a raw material for efficient 
conversion to convenient fuel forms and ammonia 
.fertilizer. For'example, biomass could be con- 
verted completely to methanol without generation 
of residues that may present a disposal problem 
in the biological conversion to ethanol processes. 

Status of the laboratory and PDU studies is pre- 
sented in this paper. 'he program has been in 
progress since December 1977 at a funding level 
of about $500,00O/yr. 

INTRODUCTION RESULTS OF LABORATORY STUDIES 

Gasification of wood has been practiced for many 
years in fixed bed (also called moving bed) gasi- 
fiers. Sihce all of these gasifiers were air 
blown, the product was exclusively a low Btu gas 
with a heating value of ibout 150 ~tu/ft~. Wood 
gasifiers have been used in combination with the 
steam-iron process to generate indirectly a syn- 
thesis gas for fertilizer production [l] .. This 
method for synthesis gas.production was a very 
inefficient use of a wood resource. 

Relative gasification catalyst activity, the ef- 
fect of wood variety, the effect of gasification 
catalyst contacting method, and the effect of gas- 
ification catalyst concentration were reported at 
previous. conferences [2,3,4]. These results were 
used to develop methods for generation of gases 
rich in methane and in hydrogen and carbon 
monoxide. 

Experimental System 

The program described in this paper is concerned, The continuous feed system shown in Fig. 1 was 
he direct conversion of wood (biomass) to used to obtain data on generation of specific 
le gas products. Combined catalyst systems 
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operation and was quit'e flexible with respect 
control of experimental variables including: 
1) wood feed rates, 2) steam flow rates, 3) tem- 
peratures np to BSO°C, 4) auxiliary gas addi- 
tion, and 5) product gas recycle. 

Experiments were conducted by placing a weighed 

2.25 IN. ID WOOD AED LOCK HOPPER amount (usually 30-40 g) of impregnated wood into 
the wood feed hopper, which was purged with ni- 
trogen to remove oxygen. lhe reactor was main- 
tained at a predetermined temperature and purged 
with nitrogen before the desired steam flow was 

UXlLlARY PORT established. After steam flow was established, 
the wood feed system was started to initiate the 

N2 PURCd OR RECYCLE GAS experiment. Total gas volume generated and gas 
composition were determined during the experiment. 

Wnnd samples were prepared by solution impreg- 
nation of alkali carbonate catalyst on predried 

2.25 IN. ID QUARTZ REACTOR wood sam les . A concentration of 17 wt % K2C03 
( 3  x LOL5 mole uf  K per gram uL u u d )  was used 
throughout these studies. 

Methane Generation Studies 

Experiments were conducted to screen potential 
methanation catalysts with emphasis being placed 
on development of a consistent method for cata- 
lyst activation and on finding catalysts char do 

ANNULAR SPACE not require preactivation. Laboratory results 
obtained from these studies have produced up to 

THERMOCOUPLE WELL 
50% methane by volume in the product gas. Typi- 
cal results are shown in Table 1 for gasifica- 

GAS 
SAMPLE I 

Fig 1. Continuous Wood Feed Reactor 

products. fie main portion of the continuous wood 
feed reactor was constructed of quartz. Zhe reac- 
tor system was designed for atmospheric pressure 

- 
tion in the presence of 17 wt % K z C O ~  primary 
catalyst. 

Conditions must be carefully controlled to effect 
methanation. lhermocouples located in the cata- 
lyst bed indicated that the reactions in the bed 
gave a temperature gradient as high as 350°C 
between the inlet (650°C) and the outlet (300°C). 
This broad temperature gradient gave favorable 
yields of methane. Ihe combined catalyst studies 
have sliuwn t h a ~  nickel, a well k t ~ u w i  hydrogenation 
and methanation catalyst, and silica-alumina 
(Si-All, a highly acidic cracking catalyst, are 
an effective combination for methane production 
under the proper reactor conditions. It is pos- 
tulated that a sequential or propagating type 
reaction mechanism 1s occurring. ' h i s  raechaaism 
might consist of a stepwise hydrogenation and 

TABLE 1. LAMKA'lUKY K E S U L T S  UN YiTHANE c ; L N ~ K A ~ " ~ O N  

Rear tnr Temperati~re 
Secondary Catalyst 
Catalyst Bed Temperature, OC 
Wood Feed Rate, g/min 
Steam Rate, g/min 
Carbon Conversion to Gas, % 
Btu Gas/Btu Wood 
Gas Composition 

Volume % Hz 

co2 
CHq 
CO 



:rc g of the pyrolyzed wood products followed Earshaw Ni-1404, Ni-3266, and Ni-3210 were 
by mernanation. Methanation would be the termi- the only cata lys ts  that  demonstrated meth- 
la1 etep d t b  na furtber cr$ckinp, ana t im act iv i ty  &rive 500°C. 

because of the large temperature gradient i n  the 
:atalyst bed, the effect  of temperature on gas 
:omposition was studied with the di f ferent  sec- 
~ndary catalyst  systems. Each secondary catalyst  
tystem was tested a t  temperatures ranging from 
!500C to  650°C. Poor methane yields were 
~chieved a t  both extremes. The optimum meth- 
mation temperature for most of the commercial 
:atalysts evaluated was about 350°C. Methane 
:oncentrations a t  th i s  temperature were about 40% 
by volume. 

Lper imental resul ts  indicate that  the addition 
,f cracking cata lys ts ,  which were employed suc- 
:essfully when the catalyst  bed temperature gra- 
lient ranged from 650-3000C, did not improve 
fiethane yields when the cata lys t  bed temperature 
:exmined isothermal a t  550ac. For isothermal 
>peration a t  550% Earshaw Ni-3210 and Harshaw 
Ji-3266 produced the highest methane concentra- 
:ion of the catalysts studied; however, the con- 
:entration was only 20% by volume. 

sununary of the major findings of the laboratory 
~ c a l e  methane studies i s  presented below: 

A combined secondary catalyst  system of 
k s h a w  Ni-1404 &/ and Strem b/ Si-A1 a t  a 
weight r a t i o  of 3:l respectively produced 
the maximum methane yields.  

A ca ta lys t  bed teeperature gradient ranging 
between fOOO and 300°C from i n l e t  to out le t  
was the optimum system evaluated for methane 
production. 

Optimum methanation temperature for most N i  
ca ta lys ts  tested was 300-40O0c. 

Poor yields of methane were achieved with a 
ca ta lys t  bed temperature below 3000 and 
above 5M°C. 

Steam ra tes  greater than 25 w t  % of the in- 
put  wood feed decreased methane concen- 
t ra t ions  significantly.  

51 Earshaw Chemical Company, Cleveland, OH. 
,! Strem Chemicals, Inc., Darners, MA. 

Laboratory resu l t s  showed that  for iso- 
thermal operation a maximum methane con- 
centration of about 25% by volume i s  ob- 
tainable a t  a catalyst  bed temperature of 
about 550% a t  atmospheric pressure. 

Xydrocarbon Synthesis Gas Studies 

A number of catalyst  systems have been evaluated 
for the production of hydrocarbon synthesis gas. 
Most experiments were conducted a t  temperatures 
between 750°C and 850°C with recycle of the pro- 
duct gas a t  a r a t e  of 0.2 l/min. Product gas was 
generated a t  0.5 to  0.7 l/min. Under these condi- 
t ions,  the wood and steam feed ra te s  were opti- 
mized to  produce a gas having a H2/W r a t i o  of 
2 to 1. Steam gasification of wood i n  the pres- 
ence of a commercial Si-Al cracking catalyst  pro- 
duced a synthesis gas with a hydrogen:carbon mon- 
oxide r a t i o  of 2:l a t  both 750°C and 850°C. Use 
of a nickel reforming catalyst  reduced methane 
concentrations below 1 vol %. Typical resul ts  are 
given i n  Table 2 for gasification i n  the presence 
of 17 wt % K2W3 primary cata lys t .  

Uajor r e su l t s  of the hydrocarbon synthesis gas 
studies are: 

A Strem Si-A1 cracking cata lys t  mixed with 
approximately 10% N i  catalyst  proved to be a 
proper ca ta lys t  system for the production of 
a 2:l H2 t o  CO hydrocarbon synthesis gas. 

A reaction temperature of 850% was the 
maximum temperature employed and was more 
effect ive  than 750°C from both a gas cow 
position and production standpoint. 

Ihe concentration of CO i n  the f ina l  product 
gas increased more rapidly than the concen- 
t ra t ion of H2 with increased temperature. 

Ihe steam required to  produce the desired 
2:l H2 to  CO r a t i o  a t  a reactor tempera- 
ture of 750°C was appromimatsly 75 w t  % of 
the mod feed . 

TABLE 2. LABORATORY RESULTS OF SYNTHESIS GAS STUDIES 

Reactor Temperature, OC 750 840 750 840 
Secondary Catalyst Si-Al Si-Al 90% Si-A1, 90% Si-Al, 

10% Ni-1464 102 Ni-1404 
Catalyst Bed Temperature, OC 750 840 750 840 
Waod Feed Rate, p/min 0.4 0.3 Q .3 0.3 
Steam Bate, g/min 0.3 0.3 0.4 0.4 
Carbon Conversion t o  Gas, % 0.77 0.90 0.86 0.96 
Btu GasIBtu Wood 0.78 0.80 0.75 0.77 
Gas Composition 

Volume % H2 
co2 
cI14 
CO 



At 8500C the steam to  wood r a t i o  required 
t o  maintain the 2:l H2 .to CO concentration 
was 1 t o  1. 

The amount of C02 i n  the product gas de- 
creased s igni f icant ly  a s  the temperature 
increased. 

RESULTS OF PDU STUDIES 

A schematic of the PDU reactor  is shown i n  
Fig. 2. 'Ihe reactor i s  designed t o  operate a t  
atmospheric pressure a s  a f luidized bed with 
agi ta t ion  to  mix the secondary ca t a lys t  and 
wad. In ternal  dimensions of the reac tor  are  
11 in .  i n  diameter by 8 f t  high. The reaction 

114 IN. TUBE IIUNDLT 
FOR SAMRING AND 
TEMPERATURE PROBES 

PRODUCT GAS 

KAOWOOL BLANKET 
3 IN. THICK 

CASTABLE REFRACTORY 
1 IN.  THICK 

AGITATOR 

HEATERS 

11 IN. I D  x4FT6IN. 
PLATE 

b , ,  SOLIDS SAMPLER HOUSING 

CERAMIC TUBE LINERS- 
I D  OPENING 4 IN.  

Fig.  2. PDU Biomass Gasification Reactor 

zone height is 4 f t  . Wood i s  metered with twin 
screws from a lock hopper in to  a high speed feed 
screw tha t  i n j ec t s  wood in to  the reactor.  lhe 
wood enters the reactor through the bottom feed 
port  below the surface of the bed, which consists  
of e i the r  mod char or secondary ca t a lys t  mixed 
with wood char. The wood is gasif ied i n  the re- 
ac tor  where conditions can be controlled to  pro- 
duce the desired gas products. Elec t r ica l  heat- 
ing elements are used to  control  the reaction 
zone a t  temperatures up t o  8000C. Gasifying 
agents include superheated steam, a i r ,  oxygen, 
carbon dioxide, mixtures of these gases, and 
recycled product gas. 

Ihe schematic of the PDU process equipment shown 
i n  Fig. 3 i l l u s t r a t e s  feed and producc flow 
streams. The system i s  designed to generate data 
t r q ~ t f r r d  fnr i l r t~rminal ion  of mas# and a se rm 
flows. An overa l l  view of the f a c i l i t y  i a  shown 
i n  Fig. 4. I n i t i a l  operations have shown tha t  
the system operates re l iably  for tearing condi- 
t ions needed to gene rat^ methane and syntheaia 
gas. 'Ihe major problem t o  date has been f a i lu re  
of the in ternal  e l e c t r i c a l  heaters,  which has 
been circumvented by tes t ing  those conditions 
tha t  give autothermal operation. 

Preliminary operations t o  obtain baseline da ta  on 
equipment performance and the e f f ec t  of primary 
ca t a lys t  have been completed. These t e s t s  con- 
firmed laboratory r e su l t s  tha t  showed increased 
y ie lds  of gas with a l k a l i  carbonate ca t a lys t  
present. Dry mixing of over 10 wt % ca ta lys t  
with wood created problems with slagging i n  the 
reactor bed. Clinkers of a l k a l i  carbonate formed 
i n  the annular space between the agi ta tor  and the 
inner wall of the reac tor .  This problem is a l le -  
viated by keeping temperatures below 800QC and 
by impregnating the ca ta lys t  on the wood. 

Tenting 6f conditions for generation of methane 
and synthesis gas has been in i t i a t ed .  Prelim- 
inary r e su l t s  for  synthesis gas generation are 
shown in  Table 3. lhese da ta  were obtained 

TABLE 3 .  PDU HYDROCARBON SYNTHESIS GAS RESULTS 

Temperature, OC 800 
W t  % K2CO3 loa 
W t  SteamIWt Dry Wood 1.2 
W t  02/Wt Dry Wood 0.21 
Dry Gas Composition 

Vol IZ N2 1 
C% 2 
112 3 8 
co2 39 
CO 18 

Carbon Conversion 0.98 
E't3 Dry ~ a s / l b  Dry Wood 30 
Btu Gas/Btu Dry Wood 0.79 
Elec t r ica l  Energy 

Input, Btullb Dry Wood 0 

a )  Impregnated on wood 
b) Dry mixed with wood 
c )  Leaks i n  system may have caused erroneous v _ _ - - _  



Fig 3. Schematic of PDU 

r i th  a silica-alumina cracking catalyst  present i n  
the reactor.  We detected leaks in  the gas outlet  
Lines just  prior to making the t e s t  a t  8000C and 
Puspect that  the gas yield data for the other 
rests are erroneous. The data obtained a t  800% 
:an be used to calculate the potential  methanol 
rield from wood for these conditions. Results 
ire shown i n  Table 4. The efficiency, defined as  
Energy i n  methanol divided by t o t a l  energy input, 
Eor generation of methanol from wod for  there 
:onditions should be about 0.5. 

TABLE 4. POTENTIBL MgTWdWL YIELD FBDM 
SYNTHESIS GAS PRODUCED FROM WOOD AT 800% 

kthanol Yield, lb/Ton Dry Wood 940 
jtu i n  MethanolITon Dry Wood 9.2 x lo6 
Stu i n  Methanol/Btu i n  Dry Wood 0.54 

keliminary resul ts  for generation of bethane are 
given i n  Table 5. The secondary cata lys ts  used 

for methane generation were a nickel methanation 
cata lys t ,  Harahaw Ni-1404, and a silica-alumina 
cracking cata lys t  i n  a 3:l weight r a t i o  
respec t ively  . 
Comparing the gas compositions a t  500% i n  
Tables 3 and 5 shows that  the methanation con- 
dit ions increase the methane concentration from 
about 10 vol X t o  25 vol %. Methane yield from 
primary gaeification under the conditions a t  
550°C i n  Table 5 is  74% of the t o t a l  methane 
yield possible by completion of methanation of 
th i s  gas camposition. 

We plan further studies on methanation i n  an a t -  
tempt to  improve conversion and yields. This may 
be done through operation a t  elevated pressures, 
or through use of improved high temperature meth- 
anation cata lys ts .  Studies on methanation w i l l  
resume a f t e r  new internal  heaters are ins ta l led .  



TABLE 5 .  RESULTS OBTAINED WITH METXANATIOI ONDITIONS 

Temperature, OC 
Wt X K2W3 
Wt SteamIWt Dry Wood 
Volume Recycle/Volume Product 
Dry Gas Composition 

Vol % N2 
CHq 
H2 
a 2  
CO 

Carbon Conversion 
~t~ Dry Gasllb Dry Wood 
Btu GasIBtu Dry Wood 
Electrical Energy 

Input, Btullb Dry Wnnd 

cbipreqnated on m o d  
b) my mrxd with wood 
c) Leaks in system m y  have caused erroneour valuer 

Pig. 4. PDU Facility 
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PLANTATIONS FOR hlAXIMUF1 BIOMASS PRODUCTION 

David H. Dawson 
Program Manager 

North Central Forest Experiment Station 
P.O. Box 898 

Rhinelander, Wisconsin 

NTRODUCTION 

nximum Yield'Research started in 1971 by the 
srth Central Forest Experiment Station in re- 
ponse to concerns expressed by both industrial 
nesters and researchers. Industry realized 
%at new systems for growing more fiber on less 
and for less money must be explored because of 
scalating future fiber demands, increasing de- 
nnds for recreation and,nonforest uses of forest 
3nd, rising land prices and tax rates, and in- 
reasing harvest and transportation costs. 

search studies included selecting promising 
?ecies or hybrids, establishing intensively 
~ltured plots, exploring new harvesting methods; 
~aluating pulping qualities of the fiber, and 
ssessing the economic viability of this system. 
le program uses a systems approach, and includes 
>th developmental and basic research, active 
,operation with industries, and the collaboration 
E many scientists from different disciplines. 
le research team includes silviculturists, 
lysiologist, ecologists, geneticists, soil 
:ientists, hydrologists, wood technologists, 
~thologists, entomologists, engineers, and 
:onomists . 
lnding from the Department of Energy since 1977 
LS enabled researchers to accelerate research 
~d development in methods to establish trees and 
!sure their survival.. This is the most critical 
:oblem in the intensive culture system because 
rrger research studies.or large-scale industrial 
.antations cannot be established.unti1 the 
tchnology to successfully establish hardwood 
:ands has been developed. Although practices 
>r planting softwoods were developed long ago, 
) system for establishing large-scale plantations 
? hardwood forest trees in the upper Midwest has 
:en successful (except for the shelterbelt 
.antings of the northern Plains). The problems 
:periences in large-scale planting operations 
-e often different from those normally considered 
r small plot experiments, and the additional 
~nds from DOE have enabled researchers to explore 
:ans of plantation establishment in plots,and to 
: lp industry establish large operational plant- 

@ , the intensive culture concept is that 
.ee yield can be greatly increased by using 

genetically superior planting material and.opti- 
mizing field environmental conditions. Generally, 
hardwoods have been used for intensive culture 
because of their early rapid growth and their 
ability to sprout from the stump after they are 
harvested, thus eliminating the need to replant 
the trees, but some studies involve conifers. 

The establishment of intensive culture plantations 
in any region of the U.S. will include essentially 
the same kinds of operations, although the precise 
nature of these operations will vary greatly by 
species and site. Many of these practices are 
"agricultural" rather than "silvicul tural" in 
nature. 

First, the site must be prepared to eliminate 
other plants and to make it suitable for the 
operation of planting and cultural equipment. 
Seedlings or cuttings are planted with mechanical 
planting equipment at varied distances from a few 
centimeters to several meters in rows that are 
from one to several meters apart. The first grow- 
ing season is critical to the survival of the 
small trees, and they must be kept free of weeds 
by cultivating, planting a cover crop between the 
rows, or applying an herbicide. Each growing 
season the trees are provided optimal amounts of 
nutrients and water by fertilizing and irrigating. 
Diseases and insect pests must be managed. 

After presumably 6-10 years, at a time when the 
trees reach financial maturity and near-optimal 
biological growth, the trees will be harvested 
using specially-designed harvesters. The wood 
wit1 be chipped and used for energy, chemicals, 
pulp, reconstituted wood products. feed, or any 
combination of these products. In the spring 
following harvest, with most species being con- 
sidered for energy purposes, one or more new stems 
will sprout from the cut stumps, and these will 
become the next rotation of intensive culture 
trees. 

RESEARCH WORK UNITS AND COOPERATORS COMMITTING 
RESOURCES TO THE R AND D PROGRAM 

Currently, research in the R and D Program includes 
the following work unirs and cooperaturs: 



Research Work Units -- ,* Partially financed by the Department of Energy. 

RWU NC-1112, "Intensively Cultured Plantctions for 
Fiber and Energy Production. " Project Leader: 
Dr. Jaroslav Zavitkovski 

The involvement of the RWU includes the following 
research and development studies: 

--Selection and propagation of high yielding woody 
plants for intensive culture systems. 

--Establishment of promising species in plantations 
* including problems of site preparation and com- 
petition control. 

--Response of biomass and enerzy yields of selected 
species and species variants to spacing and har- 
vesting cycles. 

--Response in terms of yields of sclcctcd spccics 
and species variants to nutrient and moisture 
levels and to soil types. 

RWU NC-1152, "Physiology and Raw Material Evalu- 
ation of Intensively Cultured Plantations." 
Project Leader: Dr. Jud Isebrands 

The involvement of this RWU includes the following 
research studies: 

--Relation of crown architecture of individual. 
trees and canopy density of stands to the 
quantity and quality of yields. 

--Essential photosynthetic, respiratory, and other 
related physiological variables influencing the 
quantity and quality of yields. 

--Raw material quality of genotypes grown under 
intensive culture and evaluation of material as 
a furnish for specific end products. 

FS-NC-2205, "Canker, Foliar, and Root Diseases of 
Forests and Christmas Tree Plantations." 
Principal Scientist: Mike Ostry 

--Diseases of trees grown with treatments to maxi- 
mize fiber yield: Identification impact on yield 
and control. 

FS-NC-2203, "Insects Affecting Forest Plantation 
Ecosystems in the NC Stares." Project Leader: 
Louis Iv'ilson 

--Potential impact of insects on intensively cul- 
tured plantations grown for maximum biomass pro- 
duction and their control. 

FS-NC-4252, "Methods for Evaluating Forest Resource 
Management and Use Alternatives and Organizing 
Information for Evaluations in Northern Forest 
Regions." Principal Scientist: David Lothner 

--The energy efficiency and economics of maximum 
yield ~ilviculLure. 

FS-NC-5701, "Engineering Systems and Mechanizations 
for Nort!iern Forest Stands. " Principal Scientist: 
James Mattson 

--Design and modification of equipment for site 
preparation, planting, seeding, tending. 

Major Cooperators 

University of Wisconsin, Dept. of Forestry, 
Madison, WI. 

--Dr. T. T. Eozlowski - Leaf stomata1 character- 
istics in relation to maximizing fiber yields. 

--Dr. Alan Ek - Growth projection and spacing 
analysis for high yielding silviculture. 

--Dr. Dan Benjamin - Determination of Poplar Borer 
in deterioration o f  Poplar. 

University of Minnesota, Dept. of Forest Resources, 
St. Paul, MN. 

--Dr. Ed Sucoff - Characterization of Populus 
wiltel, Ltllarlcc i l l  relatiur~ tu soil n~ulsturt!, 
potential evapotranspiration and stand quality 

--Dr. Dietmar Rose - Economic analyses of inten- 
sive timber production systems. 

University of Minnesota, Dept. of Forest Products. 
St. Paul, MN. 

--Dr. Ronald Neuman - Characterization of pulp and 
paper from woody material produced in intensive 
agronomic systems. 

University of Minnesota, Dept. of Plant Pathology, 
St. Paul, MN. 

--Dr. F. A. Wood - Impact and control of Melampsora 
leaf rust on tree species used for intensive 
culture. 

Michigan State University, ~ e ~ t .  of Forestry, E. 
Lansing, MI. 

--Dr. IVayne Myers - Impact of insects attacking 
trees planted for maximum fiber production. 

--Dr. Donald Dickmann - Patterns of diffusion 
resistance in Populus leaves. 

Iowa State University, Dept. of Forestry, Ames, 1.4. 

--Dr. John Gordon - Effect of genotype on nitra'ie- 
reductase activity in hybrid poplar. 

--Dr. Greg Brown - Methods of rapid, early selec- 
tion of poplar clones for maximum yield poten- 
t i  a l 

Institute of Paper Chemistry, Appleton, WI 

--Dr. Dean Einspahr - Determination of the Kraft 
pulping properties of whole-tree jack pine and 
larch. 

University of Illinois, Dept. of Forestry, Urbana, 
IL 

--Dr. Jeffrey Dawson - Establishment, early yi 
and <nil nitrogen contribution of selected 
glutinosa clones. 



rhc d Corporation, Escanaba, Mi. 

--Mr. Lynn Sandberg - Pilot studies-Mill Effluent 
as an irrigating medium. 

?ackaging Corporation of America, Filer City, MI. 

--Mr. Mike Morin - Pilot studies-Establishment, 
culture, harvesting, utilization of intensively 
cultured plantations. 

PROGRESS OX ESTABLISHMENT PROBLEMS 

This report is intended only to cover progress in 
the research problem area "Establishment of prom- 
ising species in plantations including problems 
of site preparation and competition control." It 
is recognized, howevcr, that there is considerable 
interaction between research problem areas; in- 
variably, progress and results in one affect the 
others. 

The following report by H. A. McNeel, Research 
Agronomist, summarizes results of the 1978 studies. 

Results of Populus Establishment Study, 1978, for 
Department of Energy 

Site preparation, cover crops and weed control are 
very important factors that must be considered 
when any short rotation plantations are to be 
established. These practices will be ranked indi- 
vidually and then combined practice methods will 
be summarized. Refer to Table 1-A for 25 best 
combined treatments of the total 245 treatments. 

Site Preparation: Moldboard plowing (9-10 inch 
depth), disking and spike-tooth harrowing was the 
best individual site preparation of the 7 treat- 
ments. Other site preparation treatments are 
listed in decreasing order in Table 1-C. Roto- 
tilling (6 inch depth) ranked second but it is 
not recommended due to the high cost of mainte- 
nance. Disking and harrowing might have been 
better if the disk had been heavier, to enable 
greater depth of working the soil, and in proper 
working condition. Rolling cultivation and no 
tillage might have had poorer growth and survival 
if liming and incorporating the lime into the soil 
by disking had been accomplished the previous fall 
(1977) rather than just prior to site preparation 
in the spring (1978). Survival was good on all 
site preparations but height growth decreased in 
the order of site preparations listed in Table 1-C 
from 50.4 to 39.8 cm. 

Cover Crops: Legumes - Crown vetch and birdsfoot 
trefoil were the best cover crops (Table 1-B). 
White dutch clover and ladino clover was better 
than the control (no cover crop). During the 
first half of the growing season hairy vetch and 
field peas stimulated very good growth of the trees 
but the second half of the growing season they 
outgrew the trees and pulled them to the ground. 

w i t h  hairy vetch had no die-back buf 
was very serious die-back of the trees plant- 

peas. Hairy vetch was the only 

cover crop that adequately controlled the weeds 
without a herbicide. Non legume - Creeping red 
fescue was only slightly better than the control 
as measured by tree height growth and survival. 
With whoat, barley and rye survival was good but 
height growth of the trees was below that of the 
control. 

Weed Control: Herbicide alone or cultivation. 
Amitrole was better 159.0 cm heieht growth and - - 
97.6% survival) than Roundup (58.5 cm.height 
growth and 96.7% survival). One caution: You 
have to be extremely careful when applying the 
herbicide because it may drift and damage the 
tree. Tenoran, rolling cultivation with hilling, 
linuron, rolling cultivation without hilling, 
sweep cultivation and rolling cultivation plus 
Roundup was next in order of listing and all were 
as good or better than the control. Princep and 
ravage caused severe damage to the trees. 

Combination of Cover Crop and Herbicide: Treflan 
and balan, soil incorporated, in combination with 
any legume cover crop except field peas were equal 
to or better than the control. Crown vetch with 
treflan was the best of all treatments in both 
studies. Balan was the next best. Birdsfoot 
trefoil with treflan and balan ranked third and 
fourth. In no case where a non-legume conbined 
h7ith diuron or bromoxynil was the treatment as 
good as the control. Refer to Table 2. 

Clones and Planting Materia-1: Clones 5263, 5272 
and 5331 were the best for all three planting 
dates (May, June and July, 1978). ~n;ooted 
hardwood (soaked and unsoaked) cuttings had the 
best height growth and survival in the first 
planting (May). Linuron and Roundup were the best 
weed controls. Tefer to Table 3. 

In the second planting (june) rooted hardwood 
cuttings in tubepaks were the best pfanting 
material. Linuron was the best weed control. In 
the third planting (July) all planting materials 
were good except for the tip cuttings. No weed 
control and ladino clover had the best height 
growth and survival. Therefore, when planting 
early (May) unrooted hardwood cuttings are the 
best planting material. Rooted hardwood cuttings 
in tubepaks are the best for June plantings and 
all except tip c~ttings~are good for July plant- 
ings. 

Word of Caution: These results are only from one 
year's data and two or three years data is neces- 
sary for more accurate results. There was also 
a total of 25.03 inches of precipitation from 
May 6 to September 30, 1978. Years with less , 

precipitation might have a very different effect 
of herbicides. 



TWENTY-FIVE,BEST INDIVIDUAL PRACTICES OF SITE PREPARATION AND WEED CONTROL FROM STUDY "A" 
(FIRST PLANTING) AND STUDY "B", CLONE 5260 SOAKED HARDWOOD CUTTINGS, 1978 RESEARCH ' 

TABLE 1 

AVERAGE TREE % SITE PREPARATION, COVER CROP AND HERBICIDE ( a c t i v e  i n g r e d i e n t )  HEIGHT (CM) SURVIVAL 

Moldboard plow, d i s k ,  harrow, crown v e t c h  w t r e f l a n  0.75#/A 
K o t o t i l l , '  crown v e t c h  w t r e f l a n  0.95 #/A 
C h i s e l  plow, d i s k ,  harrow, crown ve tch  w t r e f l a n  0.75 #/A 

, M plow, disk, harr~w, birdct'nnt t ~ o f o i l  rr treflan 0.95 #/A 
M. plow, d i s k ,  harrow, b i r d s f o o t  t r e f o i l  w ba l an  1 .5  #/A 
M. plow. d i s k ,  harrow. crown v e t c h  w b a l a n  1 .5  #/A 
R o l l i n g  c u l t i v a t i o n ,  harrow,, crown v e t c h  w t r e f l a n  0.75 #/A 
S u b s o i l ,  d i s k ,  harrow, b i r d s f o o t  t r e f o i l  w t r e f l a n  0.75 #/A 
C. plow, d i s k ,  harrow, b i r d s f o o t  t r e f o i l  w t r e f l a n  0.75 #/A 
M. Plow. d i s k ,  harrow, p l u s  a m i t r o l e  2  #/A ' 

R o l l i n g  c u l t i v a t i o n ,  harrow, crown v e t c h  w ba l an  1 .5  # / A  
C.  plow, d i s k ,  harrow, crown v e t c h  w b a l a n  1 . 5  #/A 
C. plow, d i s k ,  harrow, b i r d s f o o t  t r e f o i l  w .balan 1.5 #/A 
S u b s o i l ,  d i s k ,  harrow, crown v e t c h  w b a l a n  1 . 5  #/A 
R o t o t i l l ,  crown v e t c h  w b a l a n  1 .5  #/A 
R o t o t i l l ,  b i r d s f o o t  t r e f o i l  w t r e f l a n  0 .75 #/A 
C. plow, d i s k ,  harrow, wh i t e  du tch  c l o v e r  w t r e f l a n  0 .75 #/A 
R o t o t i l l ,  b i r d s f o o t  t r e f o i l  w ba l an  1 . 5  #/A 
M. plow, d i s k ,  harrow, l a d i n o  c l o v e r  w t r e f l a n  0.75 #/A . 
M. plow, d i s k ,  harrow,  wh i t e  du tch  c l o v e r  w ba l an  1 .5  #/A 
C. plow, d i s k ,  harrow, p l u s  t enoran  5  #/A 

. S u b s o i l ,  d i s k ,  harrow, crown v e t c h  w t r e f l a n  0.75 #/A 
S u b s o i l ,  d i s k ,  harrow, wh i t e  du tch  c l o v e r  w t r e f l a n  0.75 #/A 
R o t o t i l l ,  wh i t e  du tch  c l o v e r  w t r e f l a n  0.75 #/A 
Disk, harrow, crown ve tch  w t r e f l a n  0.75 #/A 

CONTROL (No h e r b i c i d e ,  no weed c o n t r o l ,  no legume) 45.4 . 35.2) 

FOLLOWING APPEARED "X" TIMES IN 25 BEST TREATMENTS o f  t o t a l  245 t r e a t m e n t s .  
Moldboard plow - 7 Crown ve tch  - 11 T r e f l a n  - 14 
R o t o t i l l  - 5 Bi rds foo t  t r e f o i l  - 7 Balan - 9 
C h i s e l  plow - 6 Ladino c l o v e r  - 1 . Amitrole  - 1 
S u b s o i l  .. 1 l l h i t c  Jlrtcll i 10 'v . l~  - 4 Tellorall - 1 
R o l l i n g  c u l t i v a t i o n  - 2. 
Disk - 1 

SITE PREPARATION ONLY (These r e s u l t s  from Study "B" only)  
Moldboard plow, d i s k  and s p i k e - t o o t h  harrow (9-10" dep th )  50.4  90.4 
R o t o t i l l i n g  (6" dep th )  47.0  89.2  
C h i s e l  plow, d i s k  and s p i k e - t o o t h  harrow (12" depth)  45.0 , 86 .8  

' SUb3Of1, d i s k  and s p i k e - t o o t h  harrow (21-22" dep th )  44.4  87 .  U 
Disk and s p i k e - t o o t h  harrow (6" depth)  42 .6  86 .8  
R o l l i n g  c u l t i v a t i o n  and s p i k e - t o o t h  harrow (4" dep th )  42.4 86.4 
No t i l l a g e  39.8 86.0 

Note: The above s i t e  p r e p a r a t i o n s  a r e  c o n s i d e r i n g  a l l  h e r b i c i d e s ,  cove r  c r o p s  and 
o t h e r  weed c o n t r o l  methods used i n  t h e  i n d i v i d u a l  s i t e  p r e p a r a t i o n  s t r i p s .  



RESULTS OF COMBINATION OF STUDY "A" (FIRST PLANTING) AND STUDY "B", CLONE 5260, SOAKED 
HARDWOOD CUTTINGS; 1978 RESEARCH PLOTS (ALL SITE PREPARATIONS WERE COMBINED) 

TABLE 2 

IVEED CONTROL TREATMENT 

Crown vetch with treflan 0.75 # a.i./Acre 
Crown vetch with balan 1.5 # a.i./Acre 
Birdsfoot trefoil with treflan 0.75 # a.i./Acre 
Birdsfoot trefoil with balan 1.5 # a,.i./Acre 
Amitrole 2 # a.i./Acre 
Roundup ? # a.i./Acre * . . 

White dutch clover with treflan 0.75 # a.i./Acre 
White dutch clover with balan 1.5 # a.i./Acre 
Tenoran 5 * a.i./Acre 
Ladino clover with treflan 0.75 # a.i./Acre 
Ladino clover with balan 1.5 # a.i./Acre 
Rolling cultivation with hilling 
Hairy vetch with balan 1.5 # a.i./Acre 
Crown vetch with no herbicide 
Birdsfoot trefoil with no herbicide 
Linuron 2 # a.i./Acre * 
Rolling cultivation without hilling 
Creeping red fescue with no herbicide 
Ladino clover with no herbicide ** 
Field cultivation (sweeps) 
Hairy vetch with treflan.0.75 # a.i./Acre 
White dutch clover with no herbicide 
Rolling cultivation plus Roundup 2 # a.i./Acre * 
Control (no herbicide, no cultivation) *** 
Field Peas with balan 1.5 # a.i./A 
Creeping red fescue with bromoxynil 1 # a.i./Acre 
Field peas with treflan 0.75 # a.i./Acre 
Wheat with no herbicide 
Barley with no herbicide 
Wheat with bromoxynil 1 # a.i./Acre 
Field peas with no herbicide 
Rye with diuron 3 # a.i./Acre 
Rye with no herbicide 
Wheat with diuron 3 # a.i./.Acre 
Hairy vetch with no hcrhi.r,ide 
Rye with bromoxynil 1 # a.i./Acre 
Creeping red fescue with diuron 3 # a.i./Acre 
Princep 4 #-a.i./Acre * 
Princep 6 # a.i./Acre plus polymer 
Ravage 1 # a.i./Acre 

' Treatments in Study "An 

AVERAGE TREE % 
HEIGHT ('CM) SURVIVAL 

Treatments in both Study "A" and "B" ** 

Control (No weed control was attempted) *** 



BEST CLONES, PLANTING MATERIAL AND WEED CONTROL, STUDY "A" 1978 DOE RESEARCH PLOTS 

TABLE 3 

CLONES TESTED PLANTING MATERIAL WEED CONTROL 
5260 1- Unsoaked hardwood cutting Princep 4 # a.i./Acre 
5263 2- Soaked hardwood cutting Linuron 2 # a.i./Acre 
5272 3- Rooted hardwood cutting in tubepak , Roundup 2 # a.i./Acre 
5326 4- R u u ~ e d  ~ i p  cutti~~g In hydroponics R. Culr and Roundup 2 a.l.'/~cte 
5331 Rolling cultivation 

Ladino Clover 
Barley 

CLONE 

CLONE 

CLONE 

PLANTING 
MATERIAL 

2 
2 
2 
4 
2 
2 
1 
1 
1 
4 

PLANTING 
IYATERIAL 

3 
1 
2 
1 
3 
3 
3 
3 
4 

PLANTING 
MATERIAL 

3 
3 
2 
2 
3 
1 
3 
2 
1 
3 
1 

FIRST PLANTING ( May 10, 1978) 
LINURON 2 # a. i. /Acre Roundup 2 # a. i ./Acre R. Cult. and Roundup 
Ave. Ht CM % Survival Av.Ht.M % Survival Av.Ht. CM % Survival 

118.3 100 
115.7 , 100 

110.2 95.0 
108.1 . 86.7 
106.7 95.0 
97.8 91.7 

93.4 88.3 
92.6 90.0 
90.8 95.0 
90.6 76.7 

SECOND PLANTING (June 7, 1978) 
LINURON 2 # a.i./Acre Rolling Cultivation Ladino Clover 
Av. Ht. CM % Survival Av.Ht.CM % Survival Av.Ht. CM % Survival 

112.1 90.0 
101.7 100 
99.3 96.7 
99.2 93.3 , 

96.9 90.0 
86.7 88.3 

80.7 93.3 
80.2 88.3 
80.0 80.0 

THIRD PLANTING (July 13, 1978) 
No weed control Ladino Clover 
.4v. Tree Ht. CM % Survival Av. Tree Ht. CM % Survivai 

67.0 90.0 
66 6 W. 7 
63.7 95.0 
62.3 95.0 

b 1 . 7  93.3 
59.9 88.3 

59.4 90.0 
59.0 91.7 
56.9 86.7 

55.0 88.3 
54.4 95.0 



Industry will ultimately determine the commercial 
success of intensive culture concepts. Some of 
the intensive culture techniques developed under 
'research conditions may not be feasible in large 
industrial woodlands programs. Therefore, it is 
extremely important to cooperate with industrial 
foresters throughout the research and development 
effort. 

Research Objectives : 

The technical and economic feasibility of inten- 
sive culture cannot be determined by small field 
experiments such as those conducted at Rhinelander. 
Large plantations must be established to learn 
whether research results can be applied in indus- 
trial forest operations and to obtain information 
about the cost of operational intensive culture 
systems. 

Research Results: 

One of the pulp mills in the Lake States has been 
exploring the possibility of using mill effluent 
from a secondary treatment plant as an irrigating 
medium on trees growing on land adjacent, to the 
mill. The company is interested in obtaining 
uniform high quality wood and reducing transpor- 
tation costs, harvesting costs, and taxes on vast 
acreages of forest land. 

Moreover, the company is concerned about develop- 
ing a means af disposing of 30 million gallons of 
effluent a day, which is presently treated and 
then discharged into a river. One possible use 
for this effluent is irrigation of intensive 
culture trees. In areas of the United States 
where water is limited and industrial plants have 
to find a way to dispose of effluent, irrigation 
with treated effluent may be a solution to several 
problems. 

A large-scale study is in progress with this 
corpuraLiull t o  test the most intensive methods f o r  
growing fiber. A 40-acre site has been cleared, 
plowed, .and tilled, and Populus cuttings will be 
planted at two spacings.. An irrigation system to 
distribute the effluent will be installed to main- 
tain an optimum moisture regime for the trees. In 
addition, a 1-acre test plot of willow (-) and 
several Populus clones has been established to 
measure the. tolerance of these species to high 
.levels of effluent and the effect of high levels 
of effluent on groundwater quality. . 

The groundwater ar the site has been thoroughly 
mapped to identify' depth, direction of flow, and . 
chemical nature. Throughout the study it will be 
monitored to detect changes due to irrigation with 
the effluent. 

Michigan, in cooperation with the Maximum Yield 
Program. Nurseries of superior clonal material 
were established and hardwood cuttings were pla111- 
ed in 3.3 x 3.3 m spacings. Agricultural tech- 
niques and equipment were used to mechanically 
prepare the site, fertilize and cultivate. Small- 
er acreages were established during the previous 
3 years, with considerable failure due to stand 
establishment problems and weed competition. 
Successful cultural practices for many of these 
problems have gradually been worked out and sur- 
vival of trees for 1978 was over 90%. It is 
expected that an additional 1,200 acres will be 
established in 1979. 

ieparate effort more than 1,200 acrcs of 
1s and Ainus were planted in 1978 by the 

,,,,,gTng Corporation of America near Manistee. 





llITENSIVE PRODUCTION OF TROPICAL GRASSES 

Alex G. Alexander 
University of P u g t o  Rico, Rio Piedras, P.R. 

Abstract 

Tropical grasses are being evaluated as renewable 
energy sources by the University of Puerto Rico's 
Center for Energy and Environment Research. The 
research is progressing in three concurrent phases: 
Greenhouse, field-plot, and field-scale. Approximately 
110 cultivars have been screened to date, with superior 
candidates emerging in the genera saccharurn 
Pennisetum, Sorghum, Arundo, and ~rianthu- 
both interspecific and interaeneric crosses. Three 
categories of tropical have emerged based on 
the time required to maximize their dry matter  yield: 
Short rotation species (2-3 months), intermediate 
rotation (4-6 months), and long-rotation (12-18 
months). Superior candidates for these categories 
include Sordan 70A, napier grass, an6 sugarcane, 
respectively. A fourth category, minimum-tillage 
grasses for mardnal  lands, is b e i w  investigated with 
;wildu saccharurn species .(s ontaneum, 5. sinense) 
and JO- ( S o r g h u m k e i n g  the test  
s ~ e c i e s .  Maximum drv matter vield to date was from 
sigarcane (27.5 oven'kry tonsjacre in 12 months). 
Harvest machinery evaluations have begun on short-and 
intermediate-rotation species. Special emphasis is 
directed to the rotary-scythe and bulk-baler concepts 
using solar radiation as the principal means of moisture 
removal in the field.* 

INTRODUCTION 

This project was initiated June 1, 1979 as a contribution 
to the ERDA Fuels From Biomass Systems Branch and 
the biomass energy program of the UPR Center for 
Energy and Environment Research (CEER-UPR). It  is 
directed toward sugarcane, tropical grasses related t o  
sugarcane, and other tropical grasses, both domestic and 
wild, having large growth potentials on a year-round 
basis. 

Primary objectives include: ( a )  Determining the 
agronomic and economic feasibility of mechanized, 
year-round production of solar-dried biomass through 
the  intensive management of sugarcane and napier grass 
a s  tropical forages, and (b) examination of alternate 
tropical grasses as potential candidates for intensive 
biomass production. A secondary objective relates to 
the selection and breeding of new sugarcane progeny 
having superior biomass productivity as their main 
attribute. 

Emphasis is directed toward a highly intensive and 
mechanized production of tropical grasses a s  solar-dried 
forages. This is a deviation from both converitional 
cane and cat t le  feed production in that  total dry matter  

rather than sugar and food components is the decisive 
parameter. Management of production inputs- 
particularly varieties, water, nitrogen, and harvest 
frequency-will vary appreciably from establisned 
procedures. On the other hand, the production expertise 
and mechanization technologies that have been 
perfected within the sugar cat t le  forage industries is 
being utilized to  the maximum extent possible for dry 
biomass production. 

Optimization of production inputs for tropical grasses 
requires the identification of a few select clones from a 
large number of candidate grasses, and clarification of 
the conditions reouired for their oroduction in an 
economically realisiic operation. o hi's is being done in 
three concurrent phases, including greenhouse, field- 
plot, and field-scale investigations (Table 1). A fourth 
phase, commercial-industrial operations, follows 
logically but lies beyond the scope of the present 
project. 

CANDIDATE SCREENING 

Greenhouse: 

Studies are  concerned with the screening of candidate 
clones plus the response of superior candidates to  
growth input and management variables. All plants are  
propagated either by sand culture or in 1:l or 2:l 
mixtures of soil and cachaza contained in 5-gallon 
galvanized cans. Sand culture offers precise control of 
water and nutrient variables. Soil-cachaza mixtures are  
very adequate and convenient media for determining 
relative growth rates between clones, and the annual 
growth curves, recutting tolerance, and responses to  
chemical growth regulators by candidates having 
superior growth potentials. All clones receive constant 
water and nutrient supplies in adequate amounts that 
a re  not rate-limiting for growth. In virtually all  
experiments the interspecific cane hybrid PR 980 has 
been used a s  a reference clone having recognized 
excellence as a high tonnage variety under PR 
conditions. Approximately 110 clones from 20 species 
have been screened to date. About half of these were in 
non-replicated nobservation" trials. 

Field-Plot: 

By August of 1978, field-plot data  has been gathered for 
sugarcane and other species over a time-course of one 
year. This included six 2-month harvests, three 4-month 
harvests, two 6-month harvests, and one 12-month 
harvest. Biomass yield data have shown the following 
trends: (a) Napier grass is superior to  sugarcane when 

dl  AES-UPR and CEER-UPR Biomass Energy Program, University of Puerto Rico, 
aguez Campus, Rio Piedras, P.R. 00928. 



harvested a t  2-, 4- and 6-month intervals, but sugarcane 
is superior when harvested once a t  12 months; (b) 
sugarcane responds more readily to narrow row centers 
then napier grass, but decreasingly so with advancing 
age; (c) biomass yields increase with decreasing 
frequency of harvest; (d) optimal biomass ~roduc t ion  is 
a disphasic process, requiring an initial rapid tissue 
expansion which is highly visible but consists mostly of 
water, followed by a fiber accumulation phase involving 
litt le outward change in the plant's appearance; and (e) 
fertilization (N-P-K) treatments based on conventional 
sugarcane and ca t t l e  forage production requirements 
a re  inadequate to sustain maximum biomass yields. 

Four categories of candidate tropical grasses have 
emerged to date having distinct periods of land 
occupancy and time intervals required for maximum dry 
matter production (Table 2). The first category, or 
"short rotation" plants would have only a brief 
occupation of land otherwise committed to conventional 
food or fiber crops (Table 3). Sordan 70A, a sorghum x 
sudan grass hybrid developed by the Northrup-King 
Company, is an outstanding short rotation candidate 
(1). Recent data indicate that  Sordan 77 is an even 
bet ter  candidate owing to greater DM production and 
drouth tolerance (2). 

A second category includes forage grasses that 'will 
establish quickly and withstand recutting for  8 to 18 
months. Energy is the predominant agricultural 
commodity in this instance. Napier grass (Pemisetum 
urwreum) is the outstanding tropical grass in this 

:ategory a t  the moment (Table 3). A third category 
consists of very durable grasses that will withstand 
repeated harvests for up to five years. These are  long- 
rotation species that will only rarely give up their s i te  
to vegetables or other food crops. Sugarcane requiring 
about a year to maximize i ts  dry matter, yet having a 
potential to produce up to five additional ratoon craps, 
is the superior type crop for this category. 

A fourth category, the 'low till" or minimum tillage 
grasses ('l'able a), will produce a t  least moderate yields 
with the barest minimum or production inputs. This 
requirement is underscored by the lack of water in large 
areas of the United States  and Puerto Rico, and by the  
fac t  that economic considerations will not always 
permit a maximum expenditure of production reS9UFCeS 
even when these are  otherwise available. The 
outstanding minimum-tillage candidates to date  a re  the 
"wildT1 Saccharum clones US 67-22-2 and SES 231 (Table 
3). Johnson grass (Sorghum halepense) has also shown 
promise in this category (2). 

MAXIMUM YIHLBS 

Optimal yields for the first year's harvests were clearly 
a function of species category and harvest frequency. 
The Itfastest growing" grass studied to date to Sordan 
70A, but only in a comparatively short growth period of 
10 to 12 weeks duration. Sordan 70A is easily exceeded 
by napier grass in a growth span of 4 to 6 months, and 
both species are exceeded by sugarcane in growing 
periods in excess of 6 months (Table 4). 

As indicated by data in table 4, frequent recutting of 
sugarcane does not increase yields, and in fac t  it  greatly 

depresses yields. Once planted, sugarcane should be .,, . 
standing for a t  least 12 months to maximize total dry 
matter. This has important implications for the 
mainland US where even the southernmost cane regions 
do not have a year-round growing season. In this 
respect the recent emphasis on sweet sorghum by 
BatteUe-Columbus workers (3) is a correct decision for 
the production of fermentable solids on the US 
mainland. 

Narrow row spacing for sugarcane (50 cm a s  opposed to 
a standard 150 cm) failed to  increase dry matter in two 
of three varieties tested. This is consistent with 
Battelle-Columbus contractor findings in Florida, but is 
not consistent with their findings in Louisiana where 
increases in the order of 40-5096 were obtained (3,4). 
Possible explanations for these divergent results a re  
detailed elsewhere (1). Alternately, the collection of 
sugarcane "trash" (leaf and leaf-sheath tissues which 
have desiccated and detached from the cane stalk) gave 
significantly higher yields (4.5-6.0 tonslacre) for each of 
the sugarcane varieties tested to  date. Traditionally, 
such materials have been burned by extensive field fires 
shortly before the harvest of conventional sugarcane, 
that is, of cane grown for sucrose and molasses (5, chap. 
13). 

The maximum dry matter yield obtained to date (27.5 
tons/acre) was produced by the sugarcane variety NCo 
310 propagated a t  a narrow row center over a time- 
course of 12 months. This value is approximately 3 
times that of the commercial sugarcane industry in 
Puerto Rico. However, this is far from the projected 
total yield capability for sugarcane. Ultimate maximum 
yields, in the order of 50 dry tonslacre year, will require 
!'new generations" of sugarcane and the propagation of 
ratoon (regrowth) plants for several years af ter  a given 
crop of sugarcane is planted (Table 5). 

MECHANIZED BARYESlWQ 

Initial tests of biomass harvest equipment were 
performed during the spring of 1979. Special attention 
is given to the harvesting of thin-stemmed grasses such 
a s  Sordan 70A, napier grass, and TTwildl' forms of 
sugarcane (S. spontaneum, S. sinense). These crops will 
be handled as solar-dried forages. They will he dried 
and baled in the field and stored for later use as  boiler 
fuels during Puerto Rico's rainy months (August- 
December) when sugarcane bagasse is not available as  a 
fuel source. Principal machinery items include a model 
8700 Ford Tractor (120 hp), a Mathews Company rotary 
scythe (model 9-E1 with 9-foot mowing swath), and a 
New Holland model 85 1 Round Baler. 

Preliminary tests were performed with the rotary 
scythe using. wild Johnson grass (Sorghum halepense) a s  
the test material. This implement aoes not cut or mow 
grasses as  does a conventional sickle-bar mower, but 
rather breaks off and ''conditionsn t h e  grass with a 
series of steel plates rotating a t  high speed with 
extremely powerful force. The rotary scythe is a 
thoroughly rugged machine. Relatively few factors can 
inhibit i ts performance short of an inadequate power 
supply (tractors having less than about 90 hp), or 
encountering of plant materials or sufficient mass 
stop the blades or the tractor engine. 



No lculty of any kind was encountered in the first 
tri, th Johnson grass. This material amounted to 
roughly 10 to 12 green tonslacre. The rotary scythe was 
moved to a second field where Johnson grass had grown 

' 

wild for several years. The implement performed quite 
adequately, with the exception of ?eavyV areas where 
accumulating dead Johnson grass had formed mats 
approximately 2 to 3 fee t  thick. In such areas the mats 
sometimes tended to push ahead of the implement 
rather than pass under it  in contact with the rotating 
blades. It should be noted that the rotary scythe is 
designed to function most effectively on individual plant 
stems. The stems would preferably be upright but the 
rotary scythe is also effective on lodged material. 
There is a strong possibility that it will perform 
adequately in formal trials on Sordan 70A and napier 
grass . 
All of the materials that were harvested (conditioned) 
with the rotary scythe were effectively solar-dried 
within 2 to 3 days. The drying process was assisted with 
a side-delivery forage rake. 'I'he Round Baler performed 
quite effectively on these materials, producing bulk 
bales weighing in the order of 1200 to 1500 pounds. 
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TABLE 1. R E S W C H  PHASES FORBIOMASS PRODUCTION 
STUDIES' WITH TRUPI'CAL GRASSES' 

Research. Phase Class of Qbjectives 

Greenhouse 

Field Plot 

Physiological-Botanical 

Botanical-Agronomic 

Field Scale Agronomic-Economic 

Commercial-Industrial Economic 



TABLE 2. CATEGORIES OF CANDIDATE TROPICAL GRASSES 

Production Interval - 2 / DM Max. - 
Cropping Category (Months) (Months) 

Short Rotation 

Intermediate Rotation 

Long Rotation 36-60 12-18 

Minimum Tillage Indeterminate 

11 Replanting frequency; at least one ratoon crop is - 
anticipated. 

2/ Time required physiologically to maximize dry matter. - 



TABLB 3 

CAN'DIDATE TROPICAL GRASSES 

I 
I I 

SHORT ROTATION I INTERMEEATE ROTATION I LONG 10TATIDN I I MINIMUM TILLACE I 

Eordan 77 

Bermuda Grass  
(Pas to  Rico) 

bX Hybrids 

Roma 

~ e a d i n ~  Candidate  

Confirmed Source  

Napier Hybrid 7350 n 
Napier  Hybrid 30086 

Cowon Napier 

NK Hybrids 

Sacchmum spontaneum 

B 70-701 SES 231 

AES-UPR 
Breeding S e l e c t i m s  

U F a  67-22-2 
Napier Grase  

spcctaneum 
(Wild) 

Saccharum sponteneum 

US 67-22-2 

I n t e r g e n e r i c  Hybride 

Hybrid 

I n t e r g e n e r i c  Hybrids 

S. spontaneum Hybrid - 
(Wild) 

Arundo donsx  -- 
(Wild) 

Penicum Bunch Grasses  - 
Mil lex  23 

NK Hybr ids  

Napier  Grass  

I n t e r g e n e r i c  Hybrids  

FIGURE 10.  Ca tegor i e s  of t r o ~ i c e l  g re s3es  and l e a f i n g  cand ida te  c l o n e s  under i n v e e t i g a t i o n  a s  r e . w e b P e  energy sources  
i n  l 'uerto Rico. 



TABLE 4. HARVEST FREQUENCY VS YIELD FOR SUGARCANE AND NAPIER 
GRASS PROPAGATED OVER A TIME-COURSE OF 12  MONTHS 

To ta l  Yield (Tons DM/Acre) For - 
Harvest I n t e r v a l  

(Wonths) Sugarcane - 2 I l1 Napiet Grass - 

11 Mean values ' f o r  t h r e e  v a r i e t i e s  and two row spacings. - 

21 Mean values  f o r  one v a r i e t y  and two row spacings. - 



TABLE 5. SUGARCANE YIELD POTENTIALS; PRESENT AND FUTURE HYBRID 

Hybrid 
Category Crop . ' 

P r i n c i p a l  T o t a l  Biomass 
A t t r i b u t e s  (Oven Dry ~ o n s / A c r e  Year) 

E x i s t i n g  Genera t ion  P l a n t  Sugar-Fiber 11 27.5 - 
Ratoon Sugar-Fiber 33 21 

Second Genera t ion  P l a n t  Biomass-Fiber 2 1 30-35 - 
R a t  oon Biomass-Fiber 35-40 - 2/ 

T h i r d  Genera t ion  P l a n t  Biomass-Fiber 
Ratoon Biomass-Fiber 45-50 2/ 
- 

11 Y i e l d s  a l r e a d y  a t t a i n e d  (2)  - 
21 P r o j e c t e d  y i e l d s .  - 
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ABSTRACT 

The p r o j e c t  is  at tempting t o  assess  t h e  p o t e n t i a l  
of s i x  n a t i v e  and e x o t i c  woody spec ies  i n  F lor ida  
f o r  t h e  sus ta ined  production of f u e l  and chemicals 
a s  a l t e r n a t i v e  sources t o  f o s s i l  f u e l s  and.petro-  
chemicals. Included i n  t h i s  assessment w i l l  be 
eva lua t ions  of the amount of land a v a i l a b l e  f o r  
production, e f f e c t s  on production of various cul- 
t u r a l  opt ions,  p o t e n t i a l  s i t e  e f f e c t s  of biomass- 
farming on water use and n u t r i e n t  conservat ion,  
and energy input /output  e f f i c i e n c i e s .  Tes t  plant-  
ings f o r  each spec ies  w i l l  be i n s t a l l e d  t h i s  year. 

Prel iminary f ind ings  i n d i c a t e  t h a t  commercial: 
p r i v a t e  ownership r a t i o s  vary from 1:3 i n  northern 
Florida t o  3 : l  i n  southern F lor ida .  Superior  
s e l e c t i o n s  of sand pine,  s l a s h  pine,  and Eucalyptus 
have been made from numerous e x i s t i n g  progeny 
t e s t s .  Select ions of promising t r e e s  of  Melaleuca 
and Casuarina have been.made from n a t u r a l  s tands 
i n  south Florida.  Wood and f o l i a g e  h e a t  values 
a r e  each r e l a t i v e l y  uniform across  spec ies  but 
bark h e a t  value i s  q u i t e  spec ies  dependent. Mean 
annual increment of aboveground dry biomass of 
t r e e s  i n  e x i s t i n g  s tands  ranges from 2.7 t o  about 
7 tons/acre/year .  

DESCRIPTION OF TASK 

Production of biomass and s i lv ichemica l s  f o r  
energy generat ion and/or petro-chemical sub- 
s t i t u t e s  shows g r e a t  promise i n  Florida.  F lor ida  
cl imate i s  well  s u i t e d  f o r  producing 'biomass. I n  
c e r t a i n  a reas  t h r e e  a g r i c u l t u r a l  crops can be har- 
vested each year .  .Some of these  crops produce 
l a r g e  biomass y i e l d s  b u t  r e q u i r e  such l a r g e  sub- 
s i d i e s  of energy t h a t  n e t  energy y i e l d s  a r e  small.  
I n  c o n t r a s t ,  woody spec ies ,  both n a t i v e  and ,exot ic ,  
e x h i b i t  rap id  growth i n  t h e  sub- t rop ica l  environ- 
ment and requi re  l e s s  energy subs id iza t ion .  The 
unique s i t e  condit ions i n  F lor ida ,  e s p e c i a l l y  i n  
southern F lor ida ,  make i t  unl ike ly  t h a t  spec ies  
s u i t a b l e  f o r  biomass farms i n  o t h e r  p a r t s  of the  
country ,would be , s u i t a b l e  f o r  F lor ida .  I n  addi- 
t i o n ,  the  d e s i r e  t o  keep c o s t s  of t ranspor t ing  t h e  
harvested biomass t o  the  conversion f a c i l i t y  t o  a  
minimum emphasizes t h e  need t o  u t i l i z e  spec ies  
t h a t  a r e  wel l  s u i t e d  t o  l o c a l  condit ions.  

Louis F. Conde 
School of Forest  Resources 

and Conservation 
Universi ty  of F lor ida  
Gainesv i l l e ,  FL 32611 

Eucalyptus, and Melaleuca. These spec ies  grow 
rap id ly  on t h e  i n f e r t i l e  sandy s o i l s  and i n  the  
warm, moist c l imate of F lor ida .  Other more 
temperate woody spec ies  e i t h e r  do no t  grow a s  well  
i n  the F lor ida  cl imate o r  requ i re  t h e  more f e r t i l e  
s o i l s  which have higher  p r i o r i t y  f o r  a g r i c u l t u r a l  
production. The spec ies  we choose t o  t e s t  have the 
common c h a r a c t e r i s t i c  of good performance on s o i l s  
not  pr ized f o r  a g r i c u l t u r a l  production. 

I n  essence,  our  t ask  is  t o  a s s e s s  the  p o t e n t i a l  
f o r  sus ta ined  production of biomass by these  
spec ies  and of s e l e c t i o n s  wi th in  spec ies .  We a r e  
at tempting t o  make a  r e a l i s t i c  a p p r a i s a l  of the  
amount and type of land. a c t u a l l y  a v a i l a b l e  f o r  
biomass production i n  F lor ida .  E f f e c t s  on r a t e s  
of production of various c u l t u r a l  t reatments  w i l l  
a l s o  be evaluated.  I n  add i t ion ,  s i t e  e f f e c t s  of 
biomass-farming on water  use and n u t r i e n t  balances 
w i l l  be assessed.  F i n a l  r e s u l t s  w i l l  include 
eva lua t ion  of r o t a t i o n  age and energy input /output  
e f f i c i e n c i e s .  

OBJECTIVES 

The general  o b j e c t i v e ,  a s  s t a t e d ,  is t o  determine 
the  p o t e n t i a l  f o r  producing biomass and chemicals 
from s e l e c t e d  woody p l a n t s  i n  F lor ida .  I n  o rder  
t o  determine t h i s  p o t e n t i a l ,  s e v e r a l  program objec- 
t i v e s  need t o  be addressed: 

1. Rotat ion age--time i n t e r v a l  f o r  maitPiiiWb.prb- 
duct ion under an a r r a y  of treatment-species- 
land combinations. 

2. Management i n t e n s i t y  a l t e r n a t i v e s  f o r  spec ies  
by land type. 

3. Economic a l t e r n a t i v e s  f o r  opt imizing output  
- with various i n p u t s  t o  be most cos t  e f fec-  

t i v e .  

4 .  Net e n e r w  e f f i c i e n c y  using s imulat ion 
modeling procedures. 

Spec i f ic  ob jec t ives  t h a t  w i l l  be assessed wi th in  
these  program objec t ives  are:  

of t h e  more promising candidates  a r e  n a t i v e  1. Determine the amount of land p o t e n t i a l l y  
e s  of and the  introduced Casuarina, a v a i l a b l e  i n  each s i t e  c l a s s  f o r  biomass/ 



c h e ~ l i c a l s  product ion.  

2. Determine t h e  s p e c i e s ,  s e l e c t i o n s ,  o r  geno- 
types most s u i t a b l e  f o r  n o r t h e r n  and sou the rn  
F lo r ida .  

3. Determine l e v e l s  of p roduc t ion  a s  a f u n c t i o n  
of s i t e  p r e p a r a t i o n ,  spac ing ,  f e r t i l i z e r  
requirement from commercial o r  was te  sources ,  
r o t a t i o n  age. 

4. Determine energy and chemical con ten t  o f  
biomass produced. 

5. Determine wa te r  and n u t r i e n t  use  by t h e  
cand ida te  s p e c i e s .  

6 .  Determine e n e r g e t i c  and  economic i n p u t  dur ing  
s i t e  e s t ab l i shment .  

APPROACH 

The program o f  work r e q u i r e s  a b road ly  i n t e r -  
d i s c i p l i n a r y  approach. We recognize  t h a t  f u l l  
e v a l u a t i o n  of s e v e r a l  s p e c i e s  f o r  biomass and 
s i l v i c h e m i c a l s  depends on t h e  s t a n d  es t ab l i shment  
procedures  employed and t h e  c u l t u r a l ' t r e a t m e n t s  
app l i ed .  With copp ic ing  s p e c i e s ,  h a r v e s t i n g  
sequence a l s o  i n f l u e n c e s  - and is  in f luenced  by - 
t h e  b i o l o g i c a l  response t o  t r ea tmen t .  For t h e s e  
r easons  a g e n e r a l  approach t o  e v a l u a t i n g  woody 
biomass p roduc t ion  was chosen. Thus i t  is  essen- 
t i a l  t o  invo lve  d i s c i p l i n a r y  s p e c i a l i s t s  working 
a s  a n  i n t e r a c t i v e  team (Appendix I). 

The s p e c i a l i s t s  involved have competencies i n  l and  
resources  inven to ry ,  f o r e s t  g e n e t i c s ,  wood s c i e n c e ,  
s i l v i c u l t u r e ,  f o r e s t  n u t r i t i o n ,  f o r e s t  s o i l s  and 
hydrology, and f o r e s t  botany.  A f i r s t  s t e p  i n  t h e  
e f f o r t  is f o r  t h e  inven to ry  s p e c i a l i s t  t o  develop 
reasonable  e s t i m a t e s  o f  l a n d  a v a i l a b l e  f o r  each of 
t h e  s p e c i e s  and t o  r e c e i v e  i n p u t  from t h e  o t h e r  
s p e c i a l i s t s  i n  e s t a b l i s h i n g  t h e  s i t e  p r o d u c t i v i t y  
c l a s s i f i c a t i o n s  and t h e i r  d i spe r s ion .  Concom- 
i t a n t l y ,  t h e  f o r e s t  g e n e t i c i s t  w i l l  s c r e e n  e x i s t i n g  
progeny tests and n a t u r a l  s t a n d s  f o r  those  se lec -  
t i o n s  t h a t  show much promise f o r  r a p i d  growth i n  a 
biomass farm. The wood s c i e n t ; i s t  and f o r e s t  bot- 
a n i s t  w i l l  commence t h e  e v a l u a t i o n  o f  silvichem- 
i c a l  con ten t  and energy va lues  o f  p l a n t  p a r t s .  
Candidate s p e c i e s  w i l l  t hen  be p laced  under c u l t u r e  
and given t r ea tmen t s  by t h e  s l l v i c u l t u r i s t  w i th  t h e  
a s s i s t a n c e  o f  s p e c i a l i s t s  i n  f o r e s t  s o i l s  and 
hydrology and f o r e s t  n u t r i t i o n .  

A t  t h e  t ime of e s t ab l i shment  o f  t h e  t e s t  p l a n t i n g s ,  
procedures  w i l l  b e  employed t h a t  w i l l  a l low assess-  
ment of wa te r  and n u t r i e n t  use.  During f o r e s t  
growth and p l a n t  development, t h e  g e n e t i c i s t  w i l l  
e v a l u a t e  d i f f e r e n t i a l  responses  by s e l e c t i o n s  and 
t h e  biomass and s i l v i c h e m i c a l  teams w i l l  cont in-  
u a l l y  monitor energy and chemical y i e l d s .  A l l  
o p e r a t i o n a l  c o s t s  w i l l  be recorded and energy out- 
p u t s  eva lua ted  c o n t i n u o ~ l s l y .  We b e l i e v e  t h a t  f i v e  
y e a r s  o r  more w i l l  be r equ i red  f o r  ample d a t a  
a c q u i s i t i o n  t o  reach a complete r o t a t i o n  economic 
and e n e r g e t i c  assessment.  

Thc exper imental  f i e l d  des ign  w i l l  sirst d ra  
s p e c i e s  t h a t  show both biomass and s i l v i c h e ~ , , ,  
p o t e n t i a l  and a r e  adap ted  t o  the  range of s i t e s  
i n  F l o r i d a .  C e r t a i n  e x i s t i n g  provenance t r i a l s  
and progeny t e s t s  w i l l  b e  f i r s t  eva lua ted  f o r  
cand ida te  s e l e c t i o n  f o r  biomass fafm t e s t i n g .  
S e l e c t i o n s  o f  Helaleuca and Casuarina w i l l  be  
from n a t u r a l  s t a n d s  s i n c e  no young p l a n t a t i o n s  
e x i s t .  S l a s h  p ine ,  sand p ine ,  and c e r t a i n  s p e c i e s  
of Eucalyptus  w i l l  be  t e s t e d  i n  n o r t h  F l r o i d a  
where f r o s t  i s  common i n  win te r .  I n  sou th  F l o r i d a  
emphasis w i l l  be  on Fk la leuca ,  Casuar ina  and o t h e r  
s p e c i e s  o f  Eucalyptus .  S i t e s  w i l l  b e  l o c a t e d  on 
u n i v e r s i t y  o r  p r i v a t e  l a n d s  t h a t  w i l l  provide 
s e c u r i t y  and ample t ime f o r  undis turbed experimen- 
t a t i o n .  

The exper imental  des ign p rov ides  f o r  two b a s i c  
types  of t e s t i n g :  (1) a t e s t  o f  s e l e c t i o n s ,  and 
(2) a t e s t  of management p r a c t i c e s .  The s e l e c t i o n  
t e s t i n g  w i t h i n  a s p e c i e s  w i l l  a l l  b e  c a r r i e d  o u t  
a t  one s i t e  p r e p a r a t i o n  and f e r t i l i z e r  l e v e l .  
Three types  o f  s e l e c t i o n  t e s t i n g  w i l l  be  conducted: 
many s e l e c t i o n s  a t  one spac ing ,  few s e l e c t i o n s  a t  
t h r e e  spac ings ,  and many s e l e c t i o n s  a t  v a r i a b l e  
spac ing .  The conb ina t ion  of t h e  t h r e e  t e s t s  should 
provide a very f i m  base  f o r  de te rmina t ion  of 
s e l e c t i o n  x d e n s i t y  i n t e r a c t t o n s .  Xanagement 
p r ' ac t i ces  such a s  s i t e  p r e p a r a t i o n  l e v e l  and f e r -  
t i l i z e r  Levels w i l l  b e  t e s t e d  a t  one spac ing  u s i n g  
one s e l e c t i o n .  Chemical and sewage f e r t i l i z e r s  
w i l l  b e  t e s t e d .  A minimum of t h r e e  r e p l i c a t i o n s  
a r e  proposed f o r  a l l  t e s t s .  

Program goa l s  w i l l  be  r e a l i z e d  a s  d a t a  a r e  accumu- 
l a t e d  and syn thes ized .  The convergence of t h e  
d a t a  from i n d i v i d u a l  p r o j e c t s  w i l l  genera te  answers 
t o  program l e v e l  q u e s t i o n s  such a s :  

1. Product ion p o t e n t i a l  of each s p e c i e s  and t h e  
l and  a r e a  p o t e n t i a l l y  a v a i l a b l e  f o r  biomass 
farms of each s p e c i e s .  

2. Management a 1  t e m a t i v e s  s e l e c t e d  from 111 t e r -  
a c t i n g  s e t s  of cho ices .  

3. Rocat ion age o r  time requ i red  f o r  each 
s p e c i e s  t o  produce maximum biomass o r  s i l v i -  
chemicals  under an a r r a y  of t r ea tmen t  
o p t i o n s  . 

4 .  Output of usab le  energy f o r  the  l e a s t  energy 
subs idy  o r  t h e  most c o s t  e f f e c t i v e  approach 
t o  biomass farms. 

From t h i s  s y n t h e s i s ,  f e a s i b i l i t y  s p e c i f i c a t i o n s  fo. 
biomass farms t o  produce f u e l  f o r  energy a r d  s i l v i -  
chemicals f o r  pet rochemical  s u b s t i t u t e s  should be 
p o s s i b l e .  For each F l o r i d a  r eg ion  t h e  proper 
s p e c i e s  o r  s e l e c t i o n  and t h e  most energy e f f e c t i v e  
combinations of e s t ab l i shment  and c u l t u r a l  t r e a t -  
ments can be chosen. This  should d e r i v e  from bio- 
l o g i c a l  product ion,  balance o f  economic and energy 
i n p u t s ,  wa te r  use and n u t r i e n t  conse rva f lbn .  



K1 SULTS Sand p i n e .  A l l  a p p r o p r i a t e  e x i s t i n g  s t a n d s  of 
Choctawhatchee sand p i n e  have been surveyed,  and 

The major r e s u l t s  f o r  t h e  program t o  d a t e  a r e  those p ~ n ~ c n i e s  showing p o t e n t i a l  f o r  biomass 
given h e r e  f o r  each p r o j e c t  w i t h i n  t h e  program. p l a n t i n g s  have been i d e n t i f i e d  by comparison of 
It  must b e  emphasized t h a t  r e s u l t s  w i t h i n  any growth performance, wood p r o p e r t i e s ,  and energy 
given p r o j e c t  a r e  o f t e n  der ived from th.2 j o i n t  y i e l d .  Seed from 24 s u p e r i o r  progenies  have been 
e f f o r t s  o f  pe r sonne l  of s e v e r a l  p r o j e c t s .  ob ta ined  and have been sown i n  the  U.S. F o r e s t  

Se rv ice  nurse ry  on t h e  Chipola Experimental Fores t .  

Land Assessment 

P rocedura l  s t r a t e g y  i s  b r i e f l y  desc r ibed  a s  
fol lows:  t h e  s t a t e  h a s  been d iv ided  i n t o  two 
a r e a s ;  1 )  a  n o r t h e r n  s e c t i o n  i n  which s l a s h  p i n e ,  
sand p ine ,  and Eucalyptus  would be  grown, and 2) a  
sou the rn  s e c t i o n  i n  which Casuar ina ,  Eucalyptus ,  
and Melaleuca would be  grown. 

A s imple  random sample, wi th  a  sampling i n t e n s i t y  
of 10X,is  being used t o  a s s e s s  l a d  p o t e n t i a l .  
The b a s i c  sample u n i t  i s  t h e  township, a  u n i t  6  
mi le s  on a  s i d e .  For each of t h e  154 townships 
s e l e c t e d ,  land use  maps and f o r e s t  s o i l  p o t e n t i a l  
maps a r e  being manually combined. For each town- 
s h i p ,  t h e  ac reage  i n  each combination o f  l a n d  use  
and s o i l  p o t e n t i a l  can be determined f o r  s l a s h  and 
sand p ine .  T h i r t y  coun t i e s  c u r r e n t l y  have had 
l and  u s e l s o i l  p o t e n t i a l  maps combined. 

Growth requirements  of t h e  in t roduced  s p e c i e s  w i l l  
be  compiled from e x t a n t  and ongoing s i l v i c u l t u r a l  
work. For each s o i l  s e r i e s ,  i n d i v i d u a l  s o i l  pro- 
p e r t i e s  w i l l  be  a s sessed  a s  t o  poor,  f a i r ,  o r  good 
s u i t a b i l i t y  f o r  Casuar ina ,  Eucalyptus ,  and 
Melaleuca. Mul t ip ly ing  t h e  we igh t ing  f a c t o r s  . for  
each s o i l  p r o p e r t y  w i l l  r e s u l t  i n  an o v e r a l l  quan- 
t i t a t i v e  s o i l  s e r i e s  r a t i n g ,  which can be  used t o  
determine h i g h ,  medium, o r  low p r o d u c t i v i t y .  

I n  a d d i t i o n ,  ownership p a t t e r n s  a r e  be ing  s t u d i e d  
i n  a n  a t t empt  t o  determine what p ropor t ion  o f  l a n d  
t h a t  is p o t e n t i a l l y  s u i t a b l e  f o r  biomass produc- 
t i o n  would a c t u a l l y  b e  a v a i l a b l e  f o r  p roduc t ion .  
Of t h e  29 a v a i l a b l e  county p l a t  books, a l l  have 
been mapped t o  a  r e s o l u t i o n  of 1 0  a c r e s  by l a n d  
ownership category.  P re l imina ry  f i n d i n g s  show 
t h a t ,  on average,  n o r t h e r n  F l o r i d a  coun t i e s  have a  
commercial: p r i v a t e  ownership r a t i o  of 1 :3 ,  wh i l e  
c e n t r a l  and sou the rn  coun t i e s  have r a t i o s  of 1:l 
and 3: 1 r e s p e c t i v e l y .  

S e l e c t i o n s  

Genet ic  improvement of any f o r e s t  t r e e  s p e c i e s  is  
long  e s t a b l i s h e d  and o f t e n  q u i t e  s u b s t a n t i a l .  
Cur ren t  ach ievab le  ga ins  i n  volume product ion o f  
l o b l o l l y  p i n e  a r e  as h igh  a s  25X, and a  50% g a i n  
i n  t h e  second-generat ion is expected.  S i m i l a r  
volume improvement o f  s l a s h  p i n e  is  a n t i c i p a t e d .  
F o r c s t r y  f i n n s  i n  t h e  s o u t h  a n t i c i p a t e  a  22% g a i n  
due t o  us ing g e n e t i c a l l y  improved p l a n t i n g  s t o c k  
131. An economic e v a l u a t i o n  o f  g e n e t i c  improve- 
ment o f  l o b l o l l y  p i n e  sugges t s  a  30% i n c r e a s e  i n  
p r e s e n t  n e t  v a l u e  [ 4 ] .  S u b s t a n t i a l  d i f f e r e n c e s  i n  

- r e s i n  y i e l d s  and growth o f  t h r e e  y e a r  o l d  
p i n e  grown a t  a  1 112 x 3 foot spac ing  have 

S lash  p ine .  Severa l  e x i s t i n g  high dens i ty  p l a n t -  
i n g s  of s l a s h  p ine ,  i n v o l v i n g  over  300 p rogen ies ,  
have been reviewed. Progenies  having s u p e r i o r  
growth and energy p roduc t ion  ,have been s e l e c t e d ,  
and t h e  seed of 40 s e l e c t i o n s  has  been c o l l e c t e d  
and sown i n  t h e  nurse ry .  

Eucalyptus .  To our knowledge, no h igh  d e n s i t y  
p l a n t i n g s  o f  Eucalyptus  e x i s t .  Thus we were unable 
t o  e v a l u a t e  performance o f  e x i s t i n g  s e l e c t i o n s  i n  
anything approaching biomass p l a n t a t i o n  cond i t ions .  
With t h e  a i d  of the  U.S. F o r e s t  Se rv ice ,  33 o f  t h e  
b e s t  sources  of g .  g r a n d i s  c u r r e n t l y  a v a i l a b l e  i n  
terms of coppicing a b i l i t y  and growth have been 
s e l e c t e d  and s e e d  sown i n  t h e  nurse ry .  S i m i l a r l y ,  
wi th  t h e  a i d  of t h e  N.C.  S t a t e  Univ. Cooperat ive  
Tree Improvement Program, 10  co ld  hardy sources  of 
E. v i m i n a l i s  have been s e l e c t e d  and t h e i r  seed  - 
sown i n  t h e  nurse ry .  

Melaleuca and Casuar ina .  Since l i t t l e  o r  no sc lec -  
t i o n  work had been done on Melaleuca o r  Casuar ina ,  
i n d i v i d u a l  t r e e s  of t h e s e  biomass cand ida tes  were 
s e l e c t e d  i n  n a t u r a l  s t a n d s  p r i m a r i l y  on t h e  b a s i s  
of growth h a b i t .  Wood p r o p e r t i e s  and energy y i e l d  
of a l l  t r e e s  s e l e c t e d  a r e  be ing  determined. As a  
r e s u l t  of t h e  f i e l d  work, 36 s e l e c t i o n s  o f  
Melaleuca and 26 s e l e c t i o n s  of two s p e c i e s  o f  
Casuar ina  a r e  now be ing  grown i n  t h e  nurse ry .  

Energy Content.  The c h a r a c t e r i z a t i o n  of t h e  f u e l  
and s i l v i c h e m i c a l  p r o p e r t i e s  of t h e  biomass candi- 
d a t e s  has  c o n t r i b u t e d  t o  t h e  s e l e c t i o n  p rocess ,  
p a r t i c u l a r l y  f o r  s l a s h  and sand p i n e  where a  l a r g e  
number of p o t e n t i a l  sources  e x i s t s .  A v a i l a b i l i t y  
of t h e s e  sources  a l lows  s c r e e n i n g  f o r  d e s i r a b l e  
f u e l  and biomass p r o p e r t i e s .  

I n  t h e  case  of Eucalyptus ,  Casuar ina ,  and 
Melaleuca, b a s i c  de te rmina t ion  of wood p r o p e r t i e s  
had t o  be  made. The wood h e a t  va lues  of a l l  of 
t h e s e  s p e c i e s  were s i m i l a r  (8200-8700 BTUIlb) and 
t y p i c a l  of those  f o r  domest ic  hardwoods. Heat 
v a l u e s  f o r  Melaleuca bark were much h i g h e r  (10;500) 
whi l e  Eucalyptus  ba rk  was much lower (7000). 
Fo l i age  h e a t  va lues  were h i g h e r  than  t h e  wood h e a t  
va lues  f o r  each s p e c i e s ,  r ang ing  from about 8500 
t o  9300. The s p e c i f i c  g r a v i t y  of Casuar ina  wood 
( .7 )  was much g r e a t e r  than  any of t h e  o t h e r  s p e c i e s  
t e s t e d ,  which g e n e r a l l y  ranged about  .5 [ I ] .  

S i lv ichemica l  work h a s  concen t ra t ed  on Melaleuca 
t o  d a t e  s i n c e  some s p e c i e s  a r e  known t o  b e  r i c h  
i n  e x t r a c t i v e s  [5 ,6 ] .  It i s  g e n e r a l l y  b e l i e v e d  
t h a t  c e r t a i n  of t h e s e  e x t r a c t i v e s  a f f e c t  t h e  h e a t  
o f  combustion v a l u e s .  Heat va lues  and e x t r a c t i v e  
con ten t s  have n o t  been r e p o r t e d  f o r  t r e e s  grown i n  
F l o r i d a .  Such in fo rmat ion  i s  b a s i c  i n  o r d e r  t o  
determine how t h e  e f f e c t s  of t r ea tmen t s  o r  s e l e c -  
t i o n s  can inc rcooe  c l r t roc t ivco .  



Some s i l v i c h e m i c a l  p r o p e r t i e s  of Melaleuca have 
been determined. The q u a n t i t y  o f  e x t r a c t i v e s ,  
u s ing  6 o r g a n i c  s o l v e n t s ,  i n  t h e  sapwood was 
l i m i t e d .  The heartwood con ta ined  approximately  5 
pe rcen t  l e s s  h e a t  v a l u e  a f t e r  e x t r a c t i o n  compared 
t o  unex t rac ted  c o n t r o l s .  Large amounts of ex t rac -  
t i v e s  a r e  found i n  Melaleuca bark, i n c l u d i n g  poly- 
phenols and f a t t y  subs tances  . Bark h e a t  va lue  was 
reduced by t e n  p e r c e n t  a f t e r  e x t r a c t i o n .  

Biomass. The primary o b j e c t i v e  o f  t h e  p a s t  y e a r  
was t h e  development o f  p re l imina ry  r e g r e s s i o n  
equa t ions  which would a l low t h e  p r e d i c t i o n  o f  bio- 
mass by component f o r  young t r e e s  grown a t  c l o s e  
spacing.  Th i s  h a s  been l a r g e l y  accomplished. The 
a l l o m e t r i c  r e g r e s s i o n  h a s  proven t o  b e  t h e  model 
o f  choice ,  where 

and I n  is  n a t u r a l  loga r i thm,  Y i s  t h e  d ry  weight  
i n  grams o f  t h e  biomass component, b and b l  a r e  
r e g r e s s i o n  c o e f f i c i e n t s  e s t ima ted  frgm the  d a t a ,  
and X is t h e  independent  v a r i a b l e ,  i n  t h e  p r e s e n t  
case ,  e i t h e r  d iamete r  b r e a s t  h igh  (dbh) o r  d ia-  
meter  b r e a s t  h igh  t imes t r e e  h e i b h t .  Th i s  regres-  
s i o n  form h a s  worked w e l l  i n  t h e  p a s t  [2 ,8]  and 
h a s  the  added advantage o f  r e q u i r i n g  few measure- 
ments i n  t h e  f i e l d  i n  o r d e r  t o  e s t i m a t e  s t a n d i n g  
biomass. 

I n  t h e  c a s e  o f  t h e  sand p i n e  p l a n t a t i o n s  measured. 
a s t r a t i f i e d  random sample o f  9 o r  10  t r e e s  h a s  
been s u f f i c i e n t  t o  develop r e  r e s s i o n s  f o r  b o l e  
d ry  weight w i t h  a good f i t  ( r f  r 95) us ing  dbh 
a lone  a s  t h e  independent  v a r i a b i e  (Appendix 1 1 ) .  

S lash  p ine  p l a n t a t i o n s  have been measured i n  t h e  
same f a s h i o n ' b u t  r e g r e s s i o n s  have n o t  y e t  been 
developed. 

W e  have been unable  t o  develop r e g r e s s i o n s  f o r  
young, c l o s e l y  spaced Eucalyptus  s i n c e  we have 
been unable  t o  l o c a t e  any such s t a n d s  t h a t  we 
could d e s t r u c t i v e l y  sample. S i m i l a r l y ,  no planta-  
t i o n s  e x i s t  of young, c l o s e l y  spaced Melaleuca o r  
m. I n  t h e  l a t t e r  cases ,  n a t u r a l  s t a n d s  o f  
inde te rmina te  age  and v a r i a b l e  s p a c i n g  were sampled 
t o  check t h e  f e a s i b i l i t y  o f  developing reg ress ions .  
I n  both  c a s e s  good f i t s  ( r 2  2 .88) were o b t a i n a b l e  
us ing dbh, h e i g h t ,  o r  dbh times h e i g h t  a s  t h e  
independent  va r i ab - l e  (Appendix 1 1 ) .  

Once ob ta ined ,  t h e  r e g r e s s i o n  equa t ions  can be  
m e d  t o  e s t i m a t e  s t a n d  biomass and, i f  s t a n d  age 
i s  known, mean annual  increment.  I n  the  c a s e  of 
t h e  sand p ine ,  when both spac ing  and age a r e  known, 
t h e  mean annual  increment  o f  t h r e e  s t a n d s  measured 
ranged from 2.7 t o  4.5 d ry  t o n s l a c r e l y e a r  (6.1 - 
10.2 mtlha) . 
Yield f i g v r e s  from t h e  non-unif o m  n a t u r a l  s r a ~ ~ d s  
o f  Melaleuca and Casuar ina  must be i n t e r p r e t e d  
c a u t i o u s l y .  However, biomass d a t a  from r e l a t i v e l y  
uniform s e e d l i n g  s t a n d s  (average he5ght 4.9 f e e t  = 
1.5 m) i n d i c a t e  a t o t a l  above-ground dry weight  
y i e l d  o f  6 . 1  t o n s l a c r e l y e a r  (13.8 mtlha) i f  t h e  
s t a n d  was two y e a r s  o l d  o r  4 .1  t o n s l a c r e l y e a r  

(9.3 mtlha) i f  t h e  s t a n d  was t h r e e  y e a r s  o l d .  
S i m i l a r l y ,  a s t a n d  o f  l a r g e r  t r e e s  '(average h e i g h t  
20 f e e t  6.2 m) had a y i e l d  of 7.5 t o n s l a c r e l y e a r  
(17.0 mtlha)  i f  f i v e  y e a r s  o l d  o r  6.2 t o n s l a c r e 1  
y e a r  (14.1 mtlha) i f  s i x  y e a r s  o l d .  A mixed age 
s t a n d  o f  Casuar ina  was es t i rnated t o  be  producing 
a t  t h e  r a t e  o f  4.8 t o n s l a c r e l y e a r  (10.9 mt lha ) .  
For bo th  these  s p e c i e s ,  y i e l d  f i g u r e s  need t o  be  
v e r i f  i e d  i n  biomass pl'antings . 
S i l v i c u l t u r e .  Locat ions  f o r  f i v e  t e s t  p l a n t i n g e  
have been e s t a b l i s h e d  throughout t h e  s t a t e  from 
t h e  panhandle i n  t h e  nor thwest  t o  sou th  p e n i n s u l a r  
F l o r i d a  i n  t h e  v i r t u a l l y  f r o s t - f r e e  zone. S i t e  
p r e p a r a t i o n  a c t i v i t i e s  a r e  underway a t  a l l  s i t e s .  

Water use. C u n s l J r r a b l e  t e s t i n g  hoo been dona t o  
determine t h e  f e a s i b i l i t y  of v a r i o u s  types  o f  
l y s i m e t r i c  i n s t a l l a t i o n s  t o  moni tor  wa te r  use .  
One o f  t h e  more p r a c t i c a b l e  types  i ,nvolves 
surrounding a sma l l  p l o t  wi th  an  impermeable 
b a r r i e r  from t h e  s o i l  l e v e l  down t o  t h e  under lying 
n e a r l y  impermeable s u b s t r a t e .  For deep s o i l s  o r  
s o i l s  n o t  u n d e r l a i n  by a n  impermeable l a y e r ,  
t e n s i o n  l y s i m e t e r s  have been determined t o  be  t h e  
most f e a s i b l e  op t ion .  

Syn thes i s  is j u s t  beginning a s  d a t a  on energy 
i n p u t s  a s s o c i a t e d  w i t h  s i te  p r e p a r a t i o n ,  p lanta t ioz  
e s t ab l i shment ,  and c u l t u r a l  t r ea tmen t s  a r e  s t a r t i n j  
t o  accumulate.  Data from t h i s  program a s  w e l l  a s  
r e l e v a n t  d a t a  from r e l a t e d  a c t i v i t i e s  w i l l  be  fo r -  
mulated i n t o  a s imula t ion  model. We propose t o  usc 
t h e  model a s  a b a s i s  f o r  p r e d i c t i n g  growth r a t e s  d 
t h e  s p e c i e s  of t r e e s  be ing  t e s t e d  f o r  biomass p l a n  
t a t i o n s .  P o s s i b l e  e f f e c t s  o f  a l t e r n a t i v e  s i t e  
t r ea tmen t  and h a r v e s t h g  schemes w i l l  a l s o  be 
explored.  Subsequent phases  w i l l  a l low op t imiz ing  
economic and energy r o t a t i o n s  when b iomass / s i lv i -  
chemical v a l u e s  a r e  discounted f o r  expend i tu res  
of d u l l a r o  or rriargy; 

FUTURE PLANS 

The most important  development i n  t h e  n e a r  f u t u r e  
w i l l  be  t h e  a c t u a l  i n s t a l l a t i o n  of t h e  t e s t  p l an t -  
tngs  t h i s  slmrmer and w i n t e r  (1979).  A f t e r  in-  
s t a l l a t i o n ,  biomass product ion and performance o f  
i n d i v i d u a l  s e l e c t i o n s  w i l l  b e  monitored on a t  l e a s  
a n  annual  b a s i s .  I n  a d d i t i o n ,  we i n t e n d  t o  g e t  an 
e a r l y  assessment o f  t h e  coppice  p roduc t ion  of 
Melaleuca by i n s t a l l i n g  t e s t  p l o t s  i n  e x i s t i n g  
n a t u r a l  s t a n d s .  Thus we should have an  i n d i c a t i o n  
o f  t h e  amount of coppice  regrowth t o  expec t  a s  we1 
aG any prnhlems t h a t  m ign t  a r i s e  i n  coppice  fom- 
t i o n  be fo re  i t  i s  time t o  h a r v e s t  t h e  biomass test 
p l o t s .  

Work w i l l  con t inue  on t h e  energy con ten t  of e x t r a c  
t i v e s  from t h e  biomass cand ida tes  a s  w e l l  a s  
r e f i n i n g  t h e  d a t a  on wood p r o p e r t i e s ,  i n c l u d i n g  
d ry ing  r a t e s .  A s  t h e  p l o t s  a r e  h a r v e s t e d ,  che fue  
q u a l i t y  and t h e  amount o f  t h e  biomass produced w i l  
b e  measured. During development of t h e  t e s t  
s t a n d s ,  wa te r  use ,  n u t r i e n t  con ten t ,  and n u t  
i n p u t f o u t p u t  flows w i l l  be  monitored. W e  a l s  d) 
i n t end  t o  have an i n c r e a s i n g l y  a c c u r a t e  handle  on 



1 a v a i l a b i l i t y  a s  t h a t  d a t a  b a s e  i s  expanded 
d  3 t h e  nex t  y e a r .  

Continuous development o t  t h e  s imula t idn  ohodel is  
expected throughout t h e  course  of t h e  s tudy .  
Even tua l ly  i t  i s  a n t i c i p a t e d  t h a t  f i n a l  input-  
ou tpu t  ana lyses  and p r o j e c t i o n s  w i l l  be made t h a t  
w i l l  a l low s e l e c t i o n  of t h e  b e s t  species-manage- 
ment op t ions  f o r  g iven s i t e  cond i t ions .  

[ l ]  Conde, L. F.,  and J.  B. Huffman. 1978. 
Energy u t i l i z a t i o n  from biomass-from f u e l  
p l a n t a t i o n s .  Pages 43-64 &: Energy i n  
Forestry--Production and Use. Resources Rep. 
5 .  1 0 t h  Spr ing  Symposium f o r  t h e  F l a .  Sect ion,  
Soc. Am. Fores te r s .  

[2 ]  Crow, T .  R. 1971. Es t ima t ion  of biomass i n  
an even-aged s tand--regress ion and "wau 
t r e e "  techniques .  pp. 33-48. &: F o r e s t  
Biomass S t u d i e s ,  1 5 t h  IUFRO Congress,  Univ. 
of F l o r i d a ,  Ga inesv i l l e .  

[ 3 ]  'DeBel l ,  D. S . ,  A. P.  Brune t t e ,  and D. L. 
Schweitzer.  1977. Expec ta t ions  from i n t e n -  
s i v e  c u l t u r e  on i n d u s t r i a l  f  or.es t l ands .  J . 
For. 75 : 10-13. 
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APPENDIX I1 

Regression equa t ions  

Sand P i n e  6.5 yea r  old  s t a n d ;  .9m x 1.2m spac ing ;  
2.0 2 dbh 2 7.lcm 

I n  b o l e  d r y  weight = 4.8082 + 1.8667 I n  dbh 
I n  b ranch 'd ry  weight = 3.8195 + 2.0520 I n  dbh 
I n  f o l i a g e  dry weight = 4.4485 + 1.7250 I n  dbh 

12.5 yea r  o ld  s t a n d ;  .9m.x 1.2m spac ing ;  
2.3 2 dbh 2 9.lcm 

I n  b o l e  dry weight = 4.6039 + 2.1794 I n  dbh 
I n  branch d r y  weight = 3.0945 + 2.2380 I n  dbh 
I n  f o l i a g e  d ry  weight  = 3.0025 + 2.1630 I n  dbh 

17.5 yea r  o l d  s t a n d ;  .75m x .9m spac ing ;  
3.8 5 dbh 2 11.9cm 

I n  bo:e d r y  weight  = 4.3083 + 2.5245 I n  dbh 
I n  branch d r y  weight = 2.2115 + 2.4135 I n  dbh 
I n  f o l i a g e  d r y  weight  = 1.4807 + 2.5993 I n  dbh 

Melaleuca 0.2 2 dbh 5 14cm 

[4]  Dutrow, G. ,  and C.  Row. 1976. Measuring. , I n  b o l e . d r y  weight = 3.63.20 + 1.1874 I n  dbh . h 
f i n a n c i a l  ga ins  from g e n e t i c a l l y  s u p e r i o r  I n  branch d f y  weight = 1.3971 + 1.4838 I n  dbh - h 
t r e e s .  USDA For. Serv.  Res., Paper SO-132. I n  f o l i a g e  d ry  weight  = 2.9067 + 1.8057 I n  dbh 

[ 5 ]  FAO. 1958. Euca lyp t s  f o r  p l a n t i n g .  Casuar ina  0.6 2 dbh 2 6.9un 
F o r e s t r y  and F o r e s t  Products  Study No. 11. 
Food and A g r i c u l t u r a l  Organ iza t ion  of t h e  I n  b o l e  'dry weight = 2.5636 + 2.7573 l n  h  
United Nat ions .  Rome. 403 pp. I n  branch d r y  weight = 1.4676 + 1.2203 I n  dbh - h 

I n  f o l i a g e  d ry  weight = 2.7646 + 1.5562 I n  h  
[6]  Lowry, J. B. 1973. A new c o n s t i t u e n t  of 

b i o g e n e t i c ,  pharmacological  and h i s t o r i c a l  
i n t e r e s t  from Melaleuca c a j e p u t i  o i l .  Nature 
241:61-62. 

[7 ]  S q u i l l a c e ,  A. E., and C .  R. Gansel. 1968. 
Assess ing the p o t e n t i a l  o l e o r e s i n  y i e l d s  o f  
s l a s h  p i n e  p rogen ies  a t  j u v e n i l e  age.  USDA 
For.  S e ~ v .  Res. Note SE-95. 

[81 Swindel, B. F., C. A. H o l l i s ,  111, L. F. 
Conde, and J. E. Smith. 1979. , Aboveground 
l i v e  biomass of s l a s h  p i n e  t r e e s  i n  n a t u r a l  
s t a n d s .  IMPAC Report  4  (1) : 1-16. 
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ABSTRACT 

It appears likely that large-scale biomass energy 
plantations as presently envisioned (i.e., efforts 
invirlvii~g such commercially-important species as 
Pooulus, Pinus, Alnus, and Platanus) could even- 
tually prove cost-ineffective owing to the inten- 
sity of management required and the corresponding 
loss of highly productive lands to food crop ori- 
entation. A viable alternative to this dilemma 
is a woody species selection program directed 
toward successional species, toward exotic and/or 
rapidly colonizing urban species, and toward 
species inhabiting extreme or unfavorable habitats. 
Tnese species have become, over time, wel!.-ada3ted 
to a wide varietjr of marginal soils and. habitats. 
Such species, once selected according to well- 
defined ecological and physiological criteria and 
evaluated for growth end biomass fuel species 
characteristics by comparative field trials at a 
common site, may then be outplanted to areas'of 
marginal soils not presently under crop production. 
Such an approach has the obvious advantage of 
making a broader segment of the landscape usable 
while at the same time preserving our more pro- 
ductive agricultural lands for food crop produc- 
tion. 

We will describe the results of first-year efforts 
with such an approach in the southeastern U.S. 
Twenty non-commercial species of particularly 
high potential and promise have been intensively 
screened and evaluated. The criteria u.tilized in 
selecting these highly promising s?ecies (e.g., 
physiological and environmental requirements, 
polluta?t tolerances, weather/climatic constraints, 
disease resistance, growth form and propagation 
chsracteristics, biomass yields, etc.) will be 
presented. Data from preliminary germination, 
propagation, and culturing trials involving the 
more prominent species will be presented and 
their implications will be discussed. 

INTRODUCTION 

Our research is an ecologically base6 study to 
identify and screen non-commercial wooay plant 
species for their potential as biomass fuel pro- 
ducers. This work is centered in the Piehont 

ilpper Coastal Plain Provinces of the south- @ rn United States, a rcgion with great pro- for woody biomass fuel production. The 

project is organized into two distinct phases. 
Phase 1 addresses the identification and gross 
screening, through expert cpinion and literature 
review, of the most promising woody species for 
biomass fuel production on marginal soils of the 
southeastern United States. Phase 2 is field- 
screening of those most-promising species in 
aiomass Fuel Species Gardens at favorable and 
marginal soil sites. 

OBJECTIVES 

Our objectives are: 1) to identify non-commercial 
woody plant species which may be potentially 
useful biomass fuel producers; 2) to screen 
these plant species through a goal-oriented lit- 
erature analysis; and 3) to field-screen, on both 
favorable and marginal soil sites, the most 
promising non-commercial woody plants by com- 
paring growth and caloric yield of each promising 
species to those same measurements for Po~ulus 
and Platanus, comercially important species 
with a history of short rotation culture. 

APPROACH 

Perspective and Rationale 

Recent reseerch into intensive plantation culture 
of woody species and fast rotation growth of 
woody plants has proceeded, for the most p=t, 
with'cultivated commercial species such as 
Po~ulus , Alnus , Pinus, and Platanus [I, 2,3,4 1. , 
These species have been developed as significan't 
commercial species in an historical context in 
which the higher costs of energy, resources, 
and management were not as significant as they 
are today [ 5 ] .  The effects of pollutants on 
commercial species was not a significant factor 
in the selection of current "commercially" pro- 
ductive species. Wther, there was no require- 
ment that these species be productive or nutrient 
efficient on marginal soils. The approach of 
using these "commercial" species is, of course, 
expedient since a sizable literat'we, on-going 
research Frograms, and long term field e~erience 
are available for these species [61. 

However,expedient it may be to consider biomass 



fuel production from the current array of commer- 
cial species, this approach is deficient. It 
ignores the availability of a large rluber of 
naturally occurring non-commercial woody plant 
species which are adapted to a wide variety of 
marginal soils and habitats. The identification 
and screening of potentially productive non-com- 
mercial species would negate the deficiency of 
considering only the currently commercially im- 
portant species. 

Strong justification can be made for the use of 
an ecologically based selection and screening 
program. Ecological considerztions are not 
particularly important for selection of rraximally 
productive species mder intensive culturing 
since near optililum condi,tions a r e  provided undor 
which high production species are ideotlfied. 
Rowever, when the ob.jective is scientifically to 
identify and to screen woody plant species which 
have maximum~production on marginal soils under 
non-intensive culture, the use of fundmental 
ecological knowledge and approaches IS l!~&ispens- 
able. 

The rationale for using an ecologiczl approach 
is that a wide variety of woody plant species 
already successfully develop and survive in these 
marginal soil habitats. Studies of secoildary 
succession have characterized a number of species 
which are fast-growing, tolerant of wide extremes 
of environment, resistant to insect pssts and 
environrcental pollutarts, and highly efficient 
in absorption and storage of nutrients [ 7 , 8 , 9 ] .  
However, a complete list of such potentially use- 
ful biomass producing species is not avail~ble, 
and little is known of the growth and productivity 
characteristics of such species under noderately 
intensive eulture . 
Methods 

The species screening and selection program was 
plenned as two distinctly separate but inter- 
related phases. Phaselhas consisted of species 
identification and a goal-oriented literature 
anaiysis. Potentially useful plant species 
h-.~re h ~ ~ n  i d e n t i f i e d  frpm @ in-depth review oZ 
pubiished studies involving secondary succession 
in the southeastern U.S., from field trips to 
naturaiig wooded marginal lands in the area, and 
by inquiry of ecologists and foresters vho were 
currently researching natural systems within the. 
Eastern ~eciduous'~orest. Species identified 
by these means were then preliminarily screened 
to produce a list of the most promising species 
for 2 goai-oriented literature s.mvey. The 
results of the literature survey were used to 
formulate a final list of species whose poten- 
tial as biomass fuel producers couli be assessed. 
by field trials. 

Phase 2,'the field screening program, will com- 
pare the growth ~ n d  productivity of the selected 
-woody ?lent species. All selected species will 
be culcured in a Biomass Fuel Species Garcien 
located in a favorable Tiednont soil ::abitat. 
The grcWL~h of these seiected species cn this 
optimm Pieduiont site vill be coxpared and the 

3iomass Fuel Species Garden vili also be use= 
to culture seedlings for field screening on 
mareinal soils. The field trials wili proceed 
by outplanting one-year-old seedlings of select- 
ed species to marginal soil habitats in the 
Piehont and Upper Coastal Plain Provinces. The 
plants at marginal sites will be non-intensively 
cultured.for a two-year period. In the Biomass 
Fuel Garden and at both marginel soil sites, 
growth of potential biomass fuel species will be 
compared t o  two internal controls, Populus 
deltoides and Platanus occidentalis, commercially 
important species which have been intensively 
,studied for their biomass fuel potential [10,11, 
12,13,14 1. The control species will undergo 
plantings identical to our non-commercial "exper- 
imental" species. Zxpected results of Phase 2 
include a comparison of the growth and biomass 
fuel characteristics of the selected species 
based un their culturc in LL Biomass Fuel Species 
Garden at a favorable Piedmont site and on 
marginal soils in the Piednont and Upper Coastal 
Plain. 

, KEY FESULTS/ACCObIPLISHMENTS 

An initial workiug list of 126 woody species of 
possible biomass fuel importance was prepared 
from our review of secondary succession in the 
southeast, field trips and our previous experi- 
.ence in marginal site woodlands, and solicited 
responses from professionals in forestry, ecol- 
ogy, and botany. A working list of 2G non- 
commercial. species (Table 1) of high promise was 
derived using the collective recornendations of 
the professional group and our review of the 
known characteristics (e.g., growth form, rapid- 
ity of growth, moisture requirements, etc. ) 
about each of these species. A Species Infor- 
mation Outline (Table 2)  was developed to organ- 
ize pertinent information on environmental and 
physiological tolerances, ecological aspects, 
growth form, propagation requirements, bio-chem- 
ical characteristics, and biomass fuel aspects 
of eech potential biomass fuel species. 

3everal appropriate infomation dai.a. h~ses (e.g., 
AC;HlCOEA-NtrLiullal Agriiiiliu~al Library 810SIS 
PRWIZUIS - Biological Abstracts and Bioreseerch 
Index; CAB ABSTRACTS - Commonwealth -4griculturel 
aureaus) werc searched for references on the 20 
species of interest. These literature data bases 
include the major journals in biology, ecology, 
forestry, soils, and agricult.ure. Approximately 
3000 'itles of potential interest were collected 
t'rom the combined ruai~ual (pre-1969 ) ard comp~ter- 
ized literature searches. In some instances the 
SSIE CUF.RENT RESEARCH (Smithsonian Science Inior- 
matioo ~xcnange) data base was used to determine 
-.?hetinex- funded research vas in progress. 

In order to sirnplil-y sorti'ng and col,l.ation of 
references, a utility computer progran! has beer! 
developed. Sorting cetegories correspond to our 
Species information Outline so that retrieoal 
be effected using ar.y outline categories :or : 
or more species. such a scheme ficilitates rag (I L 

eccess to available infornacion as well asgcicting 



WOODY SPECIES OF POSSIBLE 

BIOMASS FUEL IMPORTANCE 

EX?ERIMENTAL SPECIES 

Acer negundo - boxelder - Prunus ~ensylvanica - fire cherry 
Ailanthus altissim..- tree of heaven -- Quercu~ laevi~ - turkey oak. 
Albizia julibrissin - mimosa tree Quercus marilandica - blackjack oak 
Mnus B. - alder - Rhus copallina - winged sumac 
Aralia spinosa - Hercules' club - Rhus glabra - smooth sumac 
Catzlaa z. - catalpa -- Robinia his~ida - bristly locust 

Diospyros virginiana - persimmon Salix nigra - black willow 
Gleditsia triacanthos - honey locust Sassafras albiaum - sassafras 
Liquidambar styreciflua - sweet gum Ulmus parvifolia - chinese elm 
Paulownia tomentosa - princess tree --. Zelkova serrata - zelkova 

CONTROLS 

Platanus occidentalis - sycamore Populus deltoides - cottonwood 



TABLE 2 

SPECIES INFORMATION OUTLINE 

1.0 Genus-species, Common name, Family 

2.0 Distribution 
2.1 U.S. 
2.2 World 

3.0 Physiological and Environmental Tolerances 
3.1 rhysiologlcal 
3.1.1 Moisture 
3.1.2 Nutrient Levels 
3.1.3 Soils 
3.1.4 pn 
3.1.5 Temperature 
3.1.6 Pollutants 

4.0 Ecological Aspects 
4.1 Insect damage 
4.2 Fungal damage 
h.3 Allelopathic 
4.4 Escape from cultivation 

5.0 Growth and Propagation 
5.1 Growth 
5.1.1 Seed 
5.1.2 Coppice 
5.1.3 Suckers 
5.1.4 Root System 

6,0 kochemical ~harecteristics 
6.1 Tnxi~~s 
(;.C n c ~ i i i j  
6.3 Other 

3 . 2  Environmental 
3.2.1 311uw 
3.2.2 Ice 
3.2.3 Wind ' 

3.2.4 FSrp 
3.2.5 Frust 
3.2.6 salt water, spray 
3.2.7 Other 

5.2 Propagation 
5.2.1 Sexual 
5.2.2 Asexual 

7.0 Biomass Fuel Production Aspects 
7.1 Commercial use of species 
7.2 Locetion of commercial stands 
7.3 yieldlacre 
7.h Caloric content , 

7.5 Woody density 
7.6 Water retention of logs 
7.7 Rotting/Storage characteristics 



up a lack of information for specific species 
an categories. 

The collected literature plus standard texts pro- 
vidcd t h c  information for completion ot thc 
Species Information Outline, Seed Protocols, and 
Species Sumnaries. The Species Information Out- 
line (Table 2) provides categorization of re- 
search data in a brief summary format sufficient 
to reveal the presence or absence of information 
and the major strengths or weaknesses of a species 
as defined by the outline. The See6 Protocols are 
informational summaries consisting of seed col- 
lection and storage information; pre-germination 
preparation; germination treatments inciuding 
controlled environment, greenhouse, an? field 
methods; preventative disease treatment ; seed- 
iing development; a materials list; and the lit- 
erature on which the Seed Protocol is based. If 
sufficient research has been completed and 
published, then a Seed Protocol is adequate to 
guide a user from seed collection through devel- 
opment of seedlings. The Species Summary is an 
integration of the existing written knowledge 
of these potential woody biomass fuel species 
organized by the Species Information Outline 
in able 2) . 

Our literature analyses, including cur~ent un- 
published research projects, and consisting of 
more than 700 pertinent papers, reveals major 
research deficiencies in the areas of mineral 
nutrition efficiency, pollution tolerance/ 
resistance, and caloric yield for the 20 non- 
commercial woody species under consideration 
for field trials.. It can be assumed that suffi- 
cient caloric measurements will be made on com- 
mercial species of interest in several other 
biomass fuel programs. However, there is a 
paucity of data on nutrient efficiency and pollu- 
tion tolerance of both commercial and non- 
commercial woody species. Nutrient efficiencies 
and pollution tolerance are important and possi- 
bly among the overriding characteristics for 
both species selection and clone developnent.' 
The lack of research results in these areas 
means that scientifically and managerially 
sound decisions on species or clone selection 
cannot be made. There is so little data avail- 
able on nutrient efficiencies and pollution tol- 
erance that we strongly recommend every effort 
be made to initiate such research. 

During 1978-79 we initiated limited studies to 
provide the hasis for the culturing of plants 
in Phase 2 in the second year. Germination pro- 
cedures were tested using Rhus glabra (smooth 
sumac). The locally collected seeds were scari- 
fied and divided into two groups of 500 seeds 
each. One group was germinated in sterilized 
petri plates followed by seedling development in 
peat pellets. The second group of 500 seeds was 
planted in sterilized soi1:sand (3:l) mixture. 
Germination was about 60% in both groups but 
subsequent survival was 30% for the seedlings in 
peat pellets and only 8% for seedlings developed 
in soil. 

Ailanthus altissima, one of the more promising 
plant species for mcrginal habitats, was select- 
ed to test propagation of root cuttings. Root 
cuttings of the lateral and tap roots were cold- 
stratificd for 3 wccko, followcd by culture in 
the greenhouse and growth chamber. The Ailanthus 
were cultured over a period of 3 months with 
the greatest survival (60% vs. 9%) in the growth 
chamber. Under controlled growth conditions 
there was no difference in zap- or lateral- 
root cutting survival. Under greenhouse condi- 
tions, the tap root survival greatly exceeded 
that of lateral roots (31% vs. 9%). 

Peat and soil growth mixtures were compared 
using Acer negundo (boxelder). The media com- 
parisons were initiated with 6-cm seedlings 
which were cultured in the greenhouse and in 
a heated greenhouse germination bed. Over a 
two month period, boxelder cultured on soil 
both in the greenhouse and in the germination 
bed had superior height growth, 68 and 31 cm 
respectively, as compare2 to boxelder cultured 
on peat, which exhibited about 9 cm height 
growth. 

Intensive plant culturing in our greenhouse 
resulted in a continuing infection by white 
flies. Biological controls were subsrituted 
for the chemical insecticides which were in use. 
These controls consisted of "traps" for the 
emerging flies and use of an "insecticide" 
blended from garlic, onion, and peppers. The 
"insecticide" solution was developed by fil- 
tering the preceding ingredients, adding deter- 
gent, and diluting. The traps were yellow- 
painted boards with e heavy oil and vaseline 
coating. Adult flies were trapped on the boards 
and a noticeable decline in adult white fly 
population was observed. The "insecticide" 
was applied routinely and eventually eliminated 
the white fly population by killing the emerging 
adults. These controls have been continued with 
no re-infestation by white flies. 

FUTURE PLANS 

The reemergence of the fuel crisis, the current 
problems surrounding the increased use of nucle- 
ar power, and the energy shortfalls projected 
for the next two decades all point to the need.' 
to develop alternative fuel and energy sources. 
Biomass fuels are an attractive solar energy 
source since they are renewable and at the pre- 
sent time, intensively-managed woody biomass 
fuel farms are favored as a source of continuing 
woody biomass. As suggested earlier in this 
paper, the biomass fuel farm concept requires 
enormous energetic inputs (fuel, fertilizer, 
herbicides, water) to intensively culture.the 
most popular candidates, such as Populus and 
Platanus, in a biomass fuel farm context. Given 
that only agriculturally marginel land may be 
available in the near future for tree culture, 
it seems only reasonable to evaluate those 
woody plant species which are adapted to these 
existing "marginal" soils. These species are 
optimally selected having survived both 



germination and, seedling development. and matura- 
tion to a sexually reproducing stage. We believe 
that it is ecologically sound to consider as 
woody biomass fuel species those.plants which 
already are adapted to these marginal habitats. 
The important questions to be answered regarding 
these species are to'what extent these species 
respond to different levels of fertilization 
and moisture. 

In a recent article stressing the interrelated- 
ness of eco-phjrsiology, genetic suitability, 
and nutrient utilization and efficiencies [15], 
it has been suggested that biomass production 
may be limited more by stress factors than by 
inefficiency of the plant's photosynthetic 
apparatus. Mineral deficiencies and/or toxi- 
cities, temperatwe extremes, mo1st;lu.e limita- 
tions and salinity are noted as-possible stress, 
f ~ c t n r s .  Others (161 also have offered evidence 
which suggests that plants differ markedly in 
their capacity to extract and absorb nutrients 
from relatively unavailable sources as well as 
in the efficiencies with which the nutrients 
are utilized metabolically. In some instances 
differences encountered within a species are as 
great or greater than differences observed be- 
tween different species. These findings coupled 
with our proposal and first year results offer 
a strong argument for basing a species selection 
program around species already adapted to margin- 
al site requirements rather than emphasizing 
species with an expectation of success only when 
grown under optimal soil and moisture regimes. 
Further, credence is given species selection 
based on genotype breadth rather than a selection 
based on specific varieties or hybrids which, 
while they may exhibit excellent germination and 
establishment characteristics, may later in their 
growth .and development'encounter pronounced de- 
ficiencies, toxicities, or pest/disease suscep- 
tibilities. By selecting from species already 
&ttunsd to a wide variety of marginal habitats, 
and making the ?ro~aguie selections within each 
respective species from a variety of seed sources, 
the problem of pre-adaptation to narrow and speci- 
fic site requirements can be largely controlled. 
By additionally comparing, at both optimum and 
marginal sites, the significant ecological and 
biomass-yield parameters of marginal site-adapted 
experimental species against internal controls 
(Populus and Pletanus) , both a performance rank- 
ing for species by site-type and a comparison 
of species performance within sites can be 
effected. Consequently, the expected result of 
'a scientifically and ecologicaily sound biomass 
fuel species screeiilng end selec,Llcrn progr'm will 
have been' achieved. 
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BSTRACT 

he Hardwood Research Cooperative in the School of 
arest Resources at North Carolina State Univer- 
ity is screening and evaluating woody species, 
nd testing spacing and various silvicultural 
echniques for optimizing energy production. Anal- 
sis of 43 existing species-site tests installed 
y the Cooperative snow loblolly pine to out pro- 
uce most hardwoods. Several hardwoods can produce 
igh yields but intensive cultural practices are 
equired and planting must be done on specific soil 
ypes . 
ine new species-site tests have been established 
wing 1978-1979. A bottomland and an upland site 
sing'8 species was planted in North Carolina to 
valuate 3 spacings, fertilization and cultivation 
n growth, biomass and energy yields. Both of 
nese sites are considered marginal for agricul- 
Jre, the bottomland site because of susceptibility 
3 flooding and the upland site because of nutrient 
eficiencies and past exploitation and erosion. 
ney are representative of large acreages in the 
mtheast, and could represent the first sites 
vailable for energy plantations. 

?e use of wood as an energy'source for forest- 
ased industries and residential homes continues 
J accelerate nationally. However, greatest 
~terest in the Southeast for use of wood as a 
sjor energy source is shown by the small and 
edium sized non-forest based industries. Several 
rick and textile plants in the region have con- 
~rted to wood, and Pullman Woodex, a wood pellet- 
zing company, is building a $1.5 million plant 
ear Goldston, North Carolina to supply wood fuel 
>r industrial use. Other industries including 
~bacco processors are considering using gasified 

P replace fuel oil for leaf curing. These 
will intensify as the price of petroleum 

fuels rise. Estimates for North Carolina show that 
twenty percent of the State's energy needs could 
be obtained from wood with no detrimental effect 
on supplies to the wood-using industries. Other 
heavily forested states in the Southeast have 
similar potential. 

The producer and consumer system is not well devel- 
oped in the region and wood shortages are being 
projected'particularly along the Atlantic and Gulf 
Coastal Plain where most of the wood-using indus- 
tries are concentrated and competition is most 
intensive. These projected shortages can be alle- 
viated to a degree by increasing utilization in 
the forest and during processing, increasing yields 
through .intensive management and genetic improve- 
ment and by rising prices for the resource [13]. 

Short rotation energy plantations are likely to 
become an important long term source of woody bio- 
mass in the Southeast. Some industrial members of 
the North Carolina State University Hardwood 
Research Cooperative are considering managing 
existing plantations and establishing new planta- 
tions for energy purposes. For example, Olinkraft 
Corporation in Louisiana has considered establish: 
ing Eucalyptus energy plantations to safeguard 
against precarious natural gas supplies for its 
West Monroe pulp mill. 

These trends make it imperative that we learn more 
about the inventory, availability, utilization, 
and management of the resource in plantations and 
natural stands. 

TASK DESCRIPTION, OBJECTIVES AND APPROACH 

This paper describes the research projeit funded 
by the Department of Energy, National Biomass 
Program, that the North Carolina State Hardwood 
Research Cooperative has initiated to investigate 



the best species and optimum silvicultural system 
to use in short rotation energy,plantations in the 
South. The project began June 1, 1978, and con- . 
sists of two major parts: Division I - proper 
species and source determination and, Division I1 - 
optimum silvicultural systems and quantification 
of energy yields. The two divisions have been 
identified to most efficiently utilize currently 
available research information and the resources 
of the Hardwood Research Cooperative. . 

The N. C. State Hardwood Cooperative is supported 
by 20 industrial forestry organizations and the 
North Carolina Forest Service. These organizations 
own or control about 15 million acres (6 million 
ha) of land from Delaware to Louisiana. A wide 
variety of research projects, encompassing applied 
and basic managemear Objectives, arc cuordinatcd 
hy the staff at N. C. State. Studies are installed 
on Conperator lands using their labor and at their 
expense. Data collected from the trials by Coop- 
erators are analyzed and interpreted by N. C. 
Stace, after which the information is made avail- 
able to the members so they can take advantage of 
accomplishments. Information obtained by the 
Cooperative is not considered priority; it is dis- 
seminated in oral and narrative forms as quickly 
as available. 

Benefits from this cooperative arrangement for 
externally funded projects are substantial. For 
our Department of Energy project, Cooperators are 
providing: planting sites, equipment, and labor 
for site preparation, and some aid in plantation 
aftercare and stand maintenance. A considerable 
amount of supporting equipment and facilities are 
also being made available through N. C. State 
University. These services are exclusive of the 
project budget. 

Division I - Proper Species and Source Determin- 
ation - 
Species selection and screening takes high priority 
in any attempt to evaluate the energy plantation 
concept. Such programs must encompass known fast 
growing commercial tree species, lesser-known "non- 
commercial" species as well as exotics. Desirable 
fuel conversion characteristics, growth and genetic 
improvement potential, and other characteristics 
must be evaluated before long-term committments are 
made in the final selection of species. Both hard- 
woods and conifers have characteristics cur~ducive 
to energy plantation culture and it is likely both 
will be used under certain conditions. A substan- 
tial amount of selectiorl a d  b ~ ~ t e n i n g  work hno 
been done with southern tree species by the Coop- 
erative and although this information is very use- 
ful and supportive, the original intent was not for 
evaluating species energy potential. 

The first oftfour objectives in our project was to 
evaluate nearly 80 species-site plantings that had 
been established by Cooperative members throughout 
a 12-state region of the South. These plantings 
were establishea to elucidate the relationships 
between the performance of numerous commercial 

spccies and site, and i.dentify species best su 
to plantation management. These original objec- 
tives are still compatable with the current 
project nhjectives. Some of the plantings were 
abandoned because of lack of maintenance, poor 
survival, or growth. However, 43 installations 
ranging up to 18 years old and involving 3 pine 
and 22 hardwood species remain intact (Table 1). 
General conclusions based on these studies have 
been summarized [9], and include: (1) loblolly 

Table 1. HARDWOOD SPECIES-SITE STUDIES BY 
FOREST SITE TYPE 

Forest S i t e .  Coasfal 
Type Plain Piedmont Mountain Total 

Red River 11 1 1 13 
Bottom 

Black River 1 , 1 
Bottom 

Branch Bottom 2 2 

Wet Flat 6 6 

Peat Swamp 1 1 

Bottomland 5 4 1 10 

Coves and 2 2 
Gulfs 

Upper Slopes 1 1 1 3 
and Ridges 

Prairie 1 1 

Upland 4 4 

Total 31 7 5 4 3 

pine (Pinus taeda) will grow faster and produce 
more biomass at a younger age than most hardwood 
species on all sites where it can be successfully 
established, (2) intensive silvicultural measures 
including: site preparation, fertilization, and 
cultivation are necessary to successfully grow 
hardwoods, and (3) sycamore (Platanus occidentalis), 
sweetgum (Liquidambar styraciflua), water oak 
(Quercus nigra), uillow oak (Q. Fbhell~~), and 
grcen ash (Fraxinrls pennsylvanica) show greatest 
promise for hardwood plantation establishment and 
management. Hardwoods are very site sensitive and 
must h e  matched fo preferred soil types for accept- 
able production (21. Sweetgum is the nost adapt- 
able species of the commercially important southern 
hardwoods. Although most of the commercially 
important species have been planted in the original 
species-site tests, many were not well represented 
on all sites. Furthermore, numerous noncommercial 
species and exotics had not been tested. 

Our second objective is to screen and identify 
species specifically having potential for inte 
sively managed short rotation biomass producti 



in South. Nine species have been planted in 
ne ials at 5 locations during 1978-79. Con- 
currently, seed has been collected for planting 
bo~;cldcr (I\cor nojiundo), black lacu~t (P.obinia 
pseudoacacia), tree-of-heaven (Ailanthus altissima) 
red maple (A. rubrum), Li.wstrum spp., European 
black alder (e glutinosa), cottonwood (Populus 
deltoids), Virginia pine (Pinus virginiana), and 
Eucalyptus spp. 

All species and sources selected for species-site 
tests are planted at several locations using at 
least 4 replications of 25 tree plots at 4 x 8 
foot (1.2 x 2.4 m) spacing. The interior 3 x 3 
tree block (9 trees) are evaluated and measured at 
intervals for survival, height and basal diameter 
with the border 16 trees serving as a buffer. 
Minimum site treatment includes: site clearing, 
cultivation and fertilization to correct deficien- 
cies. 

In addition to the above measured parameters, our 
new installations will be measured for biomass and 
energy yields, and nutrient content of whole trees 
and components. Coppice production will also be 
measured from sample replications harvested at 
age 5. 

Even though most species adaptability testing has 
been with indigenous species, increased emphasis 
will be placed on exotics. We have found certain 
Eucalyptus spp. to be freeze hardy and show very 
good yield potential particularly on upland sites 
south of latitude 32' N [4]. 

Eucalyptus spp. are particularly promi~ing for 
intensive plantation culture in the South because 
of their fast growth, desirable wood properties, 
energy potential, broad site adaptability, and 
potential for genetic improvement [lo]. There are 
over 550 species of eucalypts worldwide which 
includes some of the fastest growing tree species 
known. The largest scale energy plantation plant- 
ing program in the world, over 200,000 acres 
(80,972 ha) per year, is with Eucalyptus in South 
America [16]. Wood from these plantations is 
converted to charcoal for use in steel mill blast 
furnaces. 

Since the beginning of our Eucalyptus evaluation 
trials in 1971, thirteen Cooperators have screened 
475 lots representing 97 species for survival, 
growth, cold hardiness, pest resistance and suit- 
able wood properties. We are continuing this 
screening and, evaluating new plantings for energy 
potential. During 1979, approximately 40 species 
will be planted. 

Species showing greatest promise for the zone 
between 32O N and 30° N latitudes where freezing 
temperatures are frequently encountered include 
E. vl~ul~rdlls, g. uuva-alrgli~a, g. ~uazai'tliurii and - 
E. camphora [S]. South of latitude 30U N, where - 
freezing temperatures are less common, species 
with good potential include E. grandis, E.robusta, 
E. camaldulensis and 5.  teriticornus [I]. - 

). ss yields of the best species and sources 

equal or surpass those of native hardwoods on com- 
parable soils [4]. Annual height growth rates of 
10 feet (3 m) are being observed for the best 
ndapt~r l  qntlrrpfi nn thp hpttpr sit~s. 
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European black alder is also a promising species 
for energy, as well as timber production, and 
soil stabilization on spoil banks. The species' 
capacity for nitrogen fixation and its adaptability 
to upland sites also gives it advantages over most 
indigenous hardwoods south of latitude 38O N (71. 

We have evaluated numerous sources of black alder 
and find it often performs better than indigenous 
species particularly on fertile soils. On upland 
sites, heavy fruiting at early ages accompanied 
by growth suppression often occurs which we feel 
is a result of using sources from northern loca- 
tions. Over the next few years, selected seed 
from over 100 alder sources from south of 46' N 
latitude in the indigenous range of the species- 
will be planted for evaluation. Seed from these 
sources is being provided by Dr. Richard Hall, 
Iowa State University, who has coordinated a 
range-wide seed collection of the species. 

Genetics Research 

Our third objective is to employ present and 
refined genetics breeding programs to locate and/ 
or develop suitable trees to be grown for fuel. 
Seed source studies of numerous indigenous southern 
hardwoods from across the Southeast have shown that 
local sources are best and considerable variation 
exists among trees from a given region. This 
variation is enough to allow for good genetic gains 
from a selection program [6, 141. Additionally, 
large variation has been found in sweetgum and 
sycamore [ll, 121. This phenomenon offers oppor- 
tunity to make additional genetic gains by select- 
ing the best trees from the best stands. 

Since 1960, 572 selections representing 25 species 
have been made by the Cooperative. Criteria for 
selection have emphasized growth rate, form a* 
wood quality. Trees have been propagated in seed 
orchards and clone banks for use in breeding pro- 
grams. Seed orchards of sweetgum, sycamore, 
water-willow oak, green ash, Eucalyptus and yellow 
poplar (Liriodendron tulipifera) have been estab- 
lished (Table 2). 

Table 2. HARDWOOD SEED ORCHARDS BY SPECIES AND 
ACREAGE IN THE HARDWOOD RESEARCH PROGRAM 

No. Orchards Acreage of 
by Type Orchard by Type 

Species Clonal Seedling Clonal Seedling, 

Eucalyptus 1 2 1 2 
Green ash 1 - 2 - 
Sweetgum 6 1 37 4 
Sycamore 8 2 18 6 
Water-willow oak 5 1 15 3 
Yellow-poplar 1 - 6 - 



He continue to encourage activity in tree selection 
because of the continuing loss of the best pheno- 
types to harvesting, land clearing and natural 
causes. With the additional emphasis on using 
plantation forests for energy and chemicals, some 
additions to the tree selection criteria are needed. 
For example, wood alpha cellulose content 133 and 
caloric or BTU values are useful measures of the 
chemical and energy potentials of wood and have not 
been measured in earlier selections. However, 
traditional growth criteria and the wood properties, 
specific gravity and moisture content are still 
reliable measures of wood energy and chemical 
potential [15]. 

Southern hardwoods rarely occur in stands of single 
species. This phenomenon makes the comparison-tree 
system of phenotype selection (comparing a candi- 
date tree. with others in the immediate vicinity) 
highly inefficient [9]. Consequently, the mother- 
tree or family-comparison approach has been used. 
In this approach, open pollinated seeds are col- 
lected from desirable phenotypic selections tor 
inclusion in family comparison tests. Based on 
half sib progeny performance, clonal first gener- 
ation orchards can be established using the best 
genotypes. Orchards of seedling or clonal origin 
can also be established,from the best trees in the 
best families of the progeny tests. We currently 
recommend second generation orchards for obtaining 
greatest genetic gains in southern hardwoods. 

Considerable variation occurs in tree performance 
within hardwood plantations due to both site vari- 
ation and heterogeneity of plant material. To 
capitalize on that variation, selections are being 
made from progeny and provenance tests of known 
genetic identity for inclusion in seed orchards. 

We feel large genetic gains can be made by select- 
ing superior phenotypes from the large existing 
hardwood plantation acreage in the South. \hat 
kind of gains can we expect in a selection program 
with. hardwoods? Will they be comparable with 
southern pine? Gains in volume producticn from use 
of genetically improved hardwood seed will exceed 
the commercial check by twenty-five percent [17]. 
Significant gains in wood quality including those 
parameters influencing energy and chemical potential 
will also be realized. Perhaps the greatest gains 
will be in adaptability. Variation in tree growth 
and volume production in nearly all hardwood plan- 
tations is highly variable, regardless of apparent 
soil uniformity. By selecting the best performing . 
individuals for establishment of family comparison 
tests and clonal seed orchards, yields at 10 years 
for all species being planted could be doubled by 
using crees with superior performance [a]. 

Division I1 - Optimum Silvicultural Systems and 
Quantification of Energy Yields 

Our fourth and final objective is to test the 
effects of, site preparation, spacing, cultivation, 
and fertilization on survival, growth, and yield of 
species identified for potential use in short-rota- 
tion energy plantations. Two sites, a bottomland 

and an upland, have been planted in North Carolrl~a 
using the most promising species identified in 
species-site tests and genetic selection evalua- 
tions. Prior to planting, both sites were inten- 
sively site prepared to agricultural standards to 
assure plantation survival and growth using tractors 
and heavy disks. Soils were analyzed for nutrient 
status and will be fertilized during the first 6 
months after establishment. Four replications of 
three spacings were used on each site: 2.5 x 5 
feet (.75 x 1.5 m), 5 s 5 feet (1.5 s 1.5 m), and 
8 x 5 feet (2.5 x 1.5 m). After planting, sites 
are being cultivated as needed using a small trac- 
tor which can operate between the 5 foot (1.5 m) 
row width. Spacing, species, and site are the 
major treatment effects. The bottomland site on 
lands of Georgia Pacific Corporation in Bertie 
County was planted to seven species: sweetgum, 
sycamore, green ash, water-willow oak, European 
black alder, cottonwood, and loblolly pine while 
the upland site on lands of Champion International 
Corporation in Granville County was hand planted 
to four specles: sweetgum, black locust, Eurupeall 
black alder, and loblolly pine. 

The experimental planting design fur each species 
allows for four replications of 49 tree blocks to 
be sampled at ages two, four, eight, and twelve 
years after planting. Sampling will consist of 
the interior 25 trees being measured for survival, 
total height, and basal diameter. Trees will be 
cut at ground level for determination of green and 
dry weight of total trees and components. Sub- 
samples will be processed for specific gravity, 
moisture content, nutrient content, and energy 
yields. Nutrient depletion under short-rotations 
may become an important factor in this type of 
intensive culture making nutrient monitoring and 
analysis a very important aspect of this study. 
Extent of coppicing will also be measured at vari- 
ous intervals on all harvested blocks to elucidate 
biomass yields. 

At the termination of the project, all coppice 
plots will be harvested and sprout yields deter- 
mined. These will then be correlated with annual 
heights and basal diameter measurements made during 
intervening years. At this time, specific gravity, 
moisture content, nutrient contents, and energy 
yields will be determined for coppice subsamples. 

Wet conditions delayed planting of these sites 
longer than expected. Site preparation un the 
upland site was not completed until April, 1979, 
due to wet conditions so the planting was not done 
until early May. We had planned to plant the 
bottomland site during December, 1978, however, 
the site was flooded earlier than expected and 
pianting did not occur until late May, 1979. Both 
of these sites are considered marginal for agri- 
culture, the bottomland because of susceptibility 
to flooding and the upland because of nutrient 
deficiencies and past exploitazion and erosion. 
They are representative of large acreages in the 
Southeast, and could represent the first sites 
available if the energy plantation concept beco 
a realicy. 



A p,rez deal of data has been evaluated on species- 
site adaotabilitv in the South and we feel enough - 
is known to make definite recommendations for 
several species. Loblolly pine performs betcer 
than most hardwoods on all but permanent river 
bottom sites. Improved, mechanized planting pro- 
cedures and genetically superior seedlings giving 
high yields may give pine added advantages. How- 
bver, under.short rotations of repeated crops, 
loblolly has serious limitations because of its 
lack of sprouting ability. Based on past and 
bngoing planting trials with indigenous species, 
sycamore, sweetgum, water oak, willow oak, and 
ireen ash show greatest promise for energy planta- 
tion management. Each must be matched to specific 
iites and cultural practices must be intensive for 
good survival and growth. Several additional 
species including boxelder, tree-of-heaven, red 
maple, Ligustrum spp., black locust, cottonwood, 
land Virginia pine may be suitable, however, with 
'the exception of cottonwood, these have not been 
extensively tested under close spacing, short- 
iotation culture. 

The exotics, Eucalyptus spp. and European black 
slder have great potential in the South for energy 
plantations because of rapid growth, desirable 
bood properties, and site adaptability. Our 
species-site trials have indicated this trend and 
our comprehensive genetic source screening trials 
are further substantiating it. 

Selection trials for the indigenous species have 
also demonstrated considerable variation among and 
within families. There is little doubt that desir- 
able energy characteristics can be selected for and 
considerable genetic gains attained. ... : . .*- 
With the completion of the Division I and I1 plant- 
ings, this project is on schedule. First year 
evaluations and measurements will begin during 
1980. Already a considerable amount of experience 
has been gained on the logistics of energy planta- 
tion culture and management. 

FIJTIJRE PLANS 

This project is planned under D.O.E. funding for 
7 years. New species-site plantings will be 
installed in connection with this project for at 
least 5 years. Beyond 5 years, we will continue 
to test species throughout the South under the 
auspicious of the Hardwood Research Cooperative 
using the same experimental design. Results from 
these trials will be made available to D.O.E. 

)ivision I1 plantings will be made during years 2 
and 3 making a total of 6 installations. Plans 
for the second year are for plantings to be on the 
Coastal Plain of Georgia. Third year plantings 
will be on the Gulf Coastal Plain. Beyond the 
D.O.E. funding period, the Hardwood Research 
Cooperative will continue data collection and 

Is as long as this effort i s  judged useful. 
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RefCOM (REFUSE CONVERSION TO METHANE) 

- A PROJECT REVIEW 
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June 7 t h ,  1979 
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In  1975, t h e  U .  S. Department of Energy ( formerly  
3RDA) awarded Waste Management, Inc .  a  c o n t r a c t  t o  
i e s i g n  and c o n s t r u c t  a  "proof-of-concept" exper i -  
nen ta l  f a c i l i t y  t o  demonstra te  t h e  b i o l o g i c a l  
g a s i f i c a t i o n  of urban s o l i d  waste  and sewage s ludge  
t o  produce methane-rich gas .  Named RefCOM, t h e  
f a c i l i t y  w i l l  p rocess  between 50 and 100 tons  p e r  
i ay  of the  o rgan ic  f r a c t i o n  of shredded urban r e -  
fuse .  Jacobs  c o n s t r u c t o r s ,  I n c . ,  a  s u b s i d i a r y  of 
Jacobs Engineer ing Company of Pasadena, C a l i f o r n i a ,  
aas  t h e  engineering/construction management sub- 
= o n t r a c t o r  f o r  t h e  p r o j e c t .  

"ns t ruc t ion  of t h e  f a c i l i t y  was completed by May 
ls t ,  1978, and was followed by a  six-month s t a r t -  
dp phase. The p l a n t  has  been i n  d a i l y  o p e r a t i o n  
s i n c e  November, 1978, and is  being run  i n  accord- 
snce wi th  a  predetermined exper imental  program 
ahich w i l l  b e  of two-to-four y e a r s '  d u r a t i o n .  
; Jas te  Planagement, I n c .  h a s  been awarded a n  opera- 
t i n g  c o n t r a c t  t o  manage t h e  program and o p e r a t e  
t h e  f a c i l i t y .  

The Department of Energy (DOE), a  successor  agency 
~f  ERDA, has  o t h e r  programs underway which suppor t  
t h e  exper imental  progran a t  Pompano Beach. These 
inc lude  mixing exper iments  comparing gas  and 
nechanical  a g i t a t i o n ,  methods f o r  r ecover ing  energy 
from t h e  r e s u l t a n t  s ludge  m a t e r i a l ,  and feeds tock  
p repa ra t ion  by means of h igh  p r e s s u r e  steam explo- 
s ion .  A s  i n fo rmat ion  i s  developed i n  t h e s e  a n c i l -  
l a r y  p r o j e c t s ,  t h e  exper imental  program a t  Pompano 
Beach may be modif ied.  

P r o j e c t  Background 

Recent f o r e c a s t s  of s t e a d i l y  d e c l i n i n g  s u p p l i e s  of 
c l ean  f o s s i l  f u e l s  have focused a t t e n t i o n  on t h e  
need f o r  development of renewable energy resources .  
Bioconversion t o  f u e l s ;  t h e  convers ion of biomass 
( i . e .  t h e  o rgan ic  f r a c t i o n  of urban s o l i d  was tes ,  
a g r i c u l t u r a l  r e s i d u e s ,  and t e r r e s t r i a l  and marine  
energy c rops )  t o  s y n t h e t i c  f u e l s ,  is such a  
resource .  

Bench-scale s t u d i e s  and a n a l y s e s  by D r .  John T. 
P f e f f e r ,  of t h e  U n i v e r s i t y  of I l l i n o i s ,  Urbana 
campus, sponsored by t h e  Environmental P r o t e c t i o n  

and t h e  Na t iona l  Sc ience  Foundation, under 
e sea rch  Applied t o  Na t iona l  Needs (RARN) 

program, i n d i c a t e d  t h a t  methane g a s  produced by 
anae rob ic  f e rmen ta t ion  of t h e  o rgan ic  f r a c t i o n  of 
r e f u s e  could be  compe t i t ive  w i t h  a l t e r n a t e  sources  
of n a t u r a l  gas .  D r .  P f e f f e r  conducced a  s e r i e s  of 
experiments p r i m a r i l y  us ing refuse-der ived f u e l  
(RDF) from S t .  Louis .  Those exper iments  i n d i c a t e d  
t h a t  4.5 t o  5.5 c u . f .  of gas  could be produced per  
pound of v o l a t i l e  s o l i d s  added a t  mesoph i l i c  temp- 
e r a t u r e s  (lOO°F) and wi th  10- to  30-day s ludge  r e -  
t e n t i o n  t imes.  P f e f f e r ' s  p o s i t i v e  f i n d i n g s  l e d  
NSF t o  fund two a d d i t i o n a l  s t u d i e s :  The f i r s t ,  by 
t h e  MITRE Corpora t ion ,  was a  program assessment  
l e a d i n g  t o  a  recommendation t h a t  t h e  nex t  s c a l e  of 
f a c i l i t y  should be  a  50- t o  100-ton-per-day p l a n t .  
The second was a n  economic and s e n s i t i v i t y  
a n a l y s i s  of t h e  p rocess  by t h e  Dynatech Corpora- 
t i o n  who developed a  p re l imina ry  des ign  and an  
economic model f o r  a  f u l l - s c a l e  (1000 tons-per-day) 
d i g e s t i o n  p l a n t .  

T h e i r  economic computations i n d i c a t e d  t h a t  urban 
waste  methanat ion would prove t e c h n i c a l l y  f e a s i b l e  
a t  a  c o s t  compe t i t ive  w i t h  a v a i l a b l e  sources  of 
n a t u r a l  gas .  Most of t h e  equipment necessa ry  f o r  
o p e r a t i o n a l  scale-up of t h e  l a b o r a t o r y  benchtop 
exper iments  upon which t h e s e  p re l imina ry  d e s i g n s  
and c o s t  e s t i m a t e s  were based appeared t o  be  
a d a p t a b l e  from o t h e r  i n d u s t r i a l  p rocesses ,  and t h e  
i n v e s t i g a t i o n  had reached t h e  p o i n t  where p r i c i n g  
of c o n s t r u c t i o n  and o p e r a t i o n  of a  p r a c t i c a l  s i z e  
scale-up was necessa ry  t o  determine a c t u a l  produc- 
t i o n ,  p u r i f i c a t i o n  and d i s t r i b u t i o n  p r i c e s .  

Based on t h e  f a v o r a b l e  f i n d i n g s  of t h e s e  two r e -  
p o r t s ,  a  r e q u e s t  f o r  compe t i t ive  p roposa l s  t o  
c o n s t r u c t  a  50- t o  100-ton-per-day proof-of- 
concept  p l a n t  was i s sued  i n  March, 1975 by t h e .  
Energy Research and Development Agency, who had by 
t h e n  assumed t h e  NSF program. Twenty b i d s  were 
r e c e i v e d .  The c o n t r a c t  was awarded t o  Waste 
Management, I n c .  (WMI) of Oak Brook, I l l i n o i s  i n  
June 1975. 

The g e n e r a t i o n  of p i p e l i n e  q u a l i t y  gas ,  i f  econo- 
m i c a l l y  v i a b l e ,  would have c e r t a i n  advantages  over  
low-BTU g a s  o r  s o l i d  f u e l  p roduc t s .  These advan- 
t a g e s  i n c l u d e  an  e s t a b l i s h e d  market ,  e s t a b l i s h e d  



t r a n s m i s s i o n  and d i s t r i b u t i o n  f a c i l i t i e s ,  a v a i l a b l e  of t h c s e  two machines is fed  t o  load-out  f a c i l i t  
combustion technology and a n  env i ronmen ta l ly  pre- from where i t  is t r a n s f e r r e d  t o  l a n d f i l l  v i a  h i g h  
f e r r e d  f u e l .  As a p r e c u r s o r  t o  commerc ia l i za t ion  capac icy ,  l i v e  bottom t r a i l e r s .  Other e x i s t i n g  
o f  urban waste  methanat ion,  however, a proof-of- f a c i l i t i e s  l o c a t e d  a t  t h e  Pompano Beach s i t e  i n -  
concep t  exper iment  is  needed. T h i s  is  u s u a l l y  c l u d e  d i s t r i c t  r e f u s e  c o l l e c t i o n  o f f i c e s ,  c o l l e c -  

. conduc ted  a t  a "p i lo t " .  o r  "semi-commercial" t i o n  equipment maintenance and s t o r a g e  f a c i l i t i e s ,  
f a c i l i t y .  and a c o n t a i n e r  maintenance shop. 

The U.  S. Department of  Energy funded a "proof-of 
concept"  p l a n t  o f  100  .TPD s c a l e  because s e v e r a l  
p r o c e s s  and eng inee r ing  f a c t o r s  have t o  b e  s t u d i e d  
b e f o r e  l a r g e - s c a l e  commercial  e x p l o i t a t i o n  of  t h e  
sys tem can be  under taken.  The l a r g e s t  s t u d i e s  t o  
d a t e  have been i n  100 g a l l o n  f e rmen te r s ,  where t h e  
d a i l y  r e f u s e  f e e d  v a r i e d  from f i v e  t o  t e n  pounds. 

The s p e c i f i c  g o a l s  of t h e  s o l i d  waste  t o  methane 
ptoof-of-concepl  p ~ u j e s t  are: 

1. To e s t a b l i s h  in fo rma t ion  concerning t h e  g a s  
product  q u a n t i t i e s  and v a l u e s  

2 .  To e v a l u a t e  p rocess  r e l i a b i l i t y  and economics 
3. To de te rmine  optimum d e s i g n  and o p e r a t i o n  

parameter  v a l u e s  f o r  OBCK process  s i i i ge  a d  
method of  o p e r a t i o n  

4 .  To e s t a b l i s h  a b a s i s  f o r  comparing t h e  p r o c e s s  
t o  o t h e r  means of ene rgy  product ion and /o r  
r e s o u r c e  r ecove ry  from urban was te  

5. To e s t a b l i s h  t h e  t e c h n o l o g i c a l  and economic 
b a s i s  f o r  commercial u t i l i z a t i o n  of t h e  
p rocess  

Waste Management, I n c  . Involvement 

Waste Management, Inc .  i s  p r i m a r i l y  a s e r v i c e -  
o r i e n t e d  company, engaged i n  t h e  c o l l e c t i o n ,  
hau lage  and d i s p o s a l  of  was te  m a t e r i a l s .  C l e a r l y  
a technology which r educes  t h e  volume of  was te  t o  
be  d i sposed  o f ,  and a t  t h e  same t i m e  y e i l d s  valua-  
b l e  p roduc t s  would be  of  i n t e r e s t  t o  WMI. 

The i n c e n t i v e  f o r  EM1 t o  commercia l ize  t h e  technol-  
ogy w i l l  s u r f a c e  i f  t h e  p r i c e s  commanded f o r  pro- 
d u c t  g a s  e s c a l a t e  a t  a h ighe r  r a t e  than  g a s  pro- 
d u c t i o n  c o s t s ;  i t  is expected t h a t  t h i s  w i l l  
happen, bu t  t h e  e x a c t  d a t a  is  u n c e r t a i n ,  and 
de te rmin ing  g a s  p roduc t ion  c o s t s  i s  t h e  whole 
o b j e c t  of  t h e  p r o j e c t ' s  expe r imen ta l  e f f o r t .  

S i t e  Locat ion 

The p r o j e c t  i s  l o c a t e d  a t  a n  e x i s t i n g  f a c i l i t y  of  
Waste Hanagement, I n c .  known a s  t h e  S o l i d  Waste 
Reduct ion Cen te r ,  l o c a t e d  i n  Pompano Beach, F l o r i d a .  
Pompano Beach is a community of abou t  40,000 i n -  
h a b i t a n t s ,  s i t u a t e d  1 0  m i l e s  norch o f  F t .  Lauder- 
d a l e ,  i l l  R E  I ~ w n  i.11 County. F l o r i d a .  

The So l id .Was te  Reduction Cen te r ,  i ts  suppor t  
s e r v i c e s ,  and a d j a c e n t  shredded l a n d f i l l  were 
d e d i c a t e d  i n  September, 1971. When i t  went i n t o  
s e r v i c e ,  i t  was t h e  f i r s t  p r i v a t e l y  owned and 
npe ra f sd  f a c i l i t y  of i ts  t y p e  i n  t h e  n a t i o n .  The 
e x i s t i n g  f a c i l i t y  c o n s i s t s  of  a r e c e i v i n g  a r e a ,  
i n c l u d i n g  a t i p p i n g  f l o o r  and two r e c e i v i n g  p i t  
conveyors,  each  f eed ing  a v e r t i c a l - s h a f t  hammer- 
m i l l .  One of  t h e s e  u n i t s  i s  r a t e d  a t  1 5  tons-per- 

. hour ,  wh i l e  t h e  o t h e r ,  i n s t a l l e d  i n  l a t e  1978, 
p rocesses  65 tons-per-hour. The combined d i s c h a r g e  

The Mic rob io log ica l  P r o c e s s  

S ince  t h e  dawn of t ime,  a n a e r o b i c  ( l i v i n g  i n  t h e  
absence of oxygen) and f a c u l a t i v e  ( l i v i n g  e i t h e r  
i n  t h e  p resence  o r  absence of  oxygen) b a c t e r i a  have 
decomposed o r g a n i c  m a t e r i a l  i n t o  s imple r  compounds. 
The p r i n c i p a l  p roduc t s  of  t h i s  p r o c e s s  have been 
methane and carbon d iox ide .  T h i s  g a s  appea r s  
n a t u r a l l y  a s  swamp gas  i n  marshy a r e a s ,  and is  t h e  
vnrmal produc t  of s i m i l a r  a c t i o n  o c c u r r i n g  i n  a l l  
s a n i t a r y  l a n d f i l l s  where mun ic ipa l  s o l i d  was te  and/ 
or  sewage s ludge  is bur i cd .  

The p rocess ,  e s s e n t i a l l y  i n  t h r e e  s t a g e s ,  is  com- 
p lex  and no t  t o t a l l y  unders tood.  I n  t h e  f i r s t  
stage, c c l l u l o o e  and othor cnmpler nrganic.  compounds 
a r e  broken down ro  s imple  s u g a r s  and s o l u b l e  mono- 
mers. I n  t h e  second s t a g e ,  a group of b a c t e r i a  
c o n v e r t  t h e  s imple  s u g a r s  t o  o r g a n i c  a c i d s ,  such a s  
a c e t i c  and p r o p i o n i c  group of b a c t e r i a  t o  methane 
and carbon d i o x i d e .  

Design and Cons t ruc t ion  

S ince  t h e  in-house c a p a b i l i t y  of  Waste Management, 
I n c .  a t  t h a t  t ime l a y  p r i m a r i l y  i n  t h e  a r e a  o f  
waste  c o l l e c t i o n ,  t r a n s p o r t a t i o n ,  and d i s p o s a l  by 
l a n d f i l l ,  Jacobs  C o n s t r u c t o r s ,  I n c .  was r e t a i n e d  
t o  execu te  t h e  d e t a i l e d  mechanical  d e s i g n  under WMI 
s u p e r v i s i o n ,  and t o  manage t h e  c o n s t r u c t i o n  phase .  

Design and c o n s t r u c t i o n  of  t h e  f a c i l i t y  was comule- 
t ed  i n  A p r i l ,  1978 a t  a f i n a l  c o s t  of $3.6 m i l l i o n .  
I n  a d d i t i o n  t o  normal c o n s t r u c t i o n  changes and 
d e l a y s  a s s o c i a t e d  w i t h  any p r o j e c t ,  compl i ca t ions  
of c h i s  e f i o r l  inc luded u n c e r t n i n t i c ~  i n  d e s i g n  
s p e c i f i c a t i o n s ,  changes i n  s u b c o n t r a c t  b i d  packages,  
and complex i t i e s  of  f e d e r a l  procurement r e g u l a t i o n s .  
Problems w i t h  eng inee r ing  management and cons t ruc -  
t i o n  s u p e r v i s i o n  c o n t r i b u t e d  t o  c o s t  e s c a l a t i o n .  

p r o j e c t  Schedule Mi le s tones  

Award of  Proof-of-Concept Contrac: 6-23-75 
S t a r t  Cons t ruc t ion  2-2-77 
Complete Cons t ruc t ion  4-31-78 
Complete Starc-up ( S t a r t  Exper imenta l  

Program) 11-1-78 
Cnmp,,ete Progranj ((Current 25 Month , 

schedu le )  5-31-UO 

P r o j e c t  Budgets 

A - Design and Cons t ruc t ion  
Engineer ing (Jacobs)  
Equipmell~ 
Cons t ruc t ion  
P r o j e c t  Management 
Contingency 

Sub-To t a l  



fi- -- - n t i o n s  (Proposed Est imate)  - 
:-up $ 396,000 

. --. Year Balance (1978) 324,000 
2nd Year (1979, and t o  Play 1980) 1,476,000 

Sub-To t a l  $2,196,000 

P r o j e c t  T o t a l  $5,847,000 

ocess  D e s c r i ~ t i o n  

i e f l y ,  t h e  p rocess  c o n s i s t s  of t h e  shredding of 
e urban waste ,  composed a t  t h i s  p l a n t  predominant- 
of r e s i d e n t i a l  waste  c o l l e c t e d  i n  t h e  l o c a l  

oward County a r e a ,  d e l i v e r e d  by s t andard  packer 
ucks t o  a t i p p i n g  f l o o r  a t  a r a t e  of ove r  1000 
ns-per-day. From t h e  t i p p i n g  f l o o r ,  t h e  was te  
ocessed through t h e  H e i l  v e r t i c a l  sh redders  tn 
nominal 3-in.  s i z e  and f e r r o u s  me ta l  i s  removed 

a Dings magnet. Th i s  p o r t i o n  of t h e  f a c i l i t y  i s  
ned and operated by Waste Management, I n c . ,  with- 
t c o s t  t o  t h e  proof-of-concept RefCOM p l a n t .  The 
redded, f e r r o u s - f r e e  waste  i s  then  s p l i t ,  w i t h  
e bu lk  t r a n s m i t t e d  t o  t h e  Waste-Management- 
g ineered s a n i t a r y  l a n d f i l l  and, depending on t h e  
periment performed, 35 - 100 tons tday  a r e  placed 

a s t o r a g e  b u i l d i n g  f o r  f u r t h e r  use  i n  t h e  RefCOM 
ocess .  The s t o r a g e  b u i l d i n g  w i t h  a maximum 
p a c i t y  of 400 t o n s  of nominal 3-in. s i z e  waste  
r v e s  a s  a su rge  system t o  match t h e  7 daylwerk 
fCON o p e r a t i o n  t o  t h e  5% daylweek primary 
redding opera t ion .  An a r t i c u l a t i n g  front-end 
ade r  is  u t i l i z e d  t o  t r a n s f e r  t h e  shredded 
t e r i a l  from t h e  su rge  p i l e  onto  a 1 0  t o n s t h r .  
p a c i t y  pan conveyor f o r  meter ing t o  t h e  process-  
g l i n e .  

om t h e  s t o r a g e  b u i l d i n g ,  t h e  waste  m a t e r i a l  i s  
d t o  a c l a s s i f i c a t i o n  b u i l d i n g  f o r  pre-process ing 
.d . then t o ,  two d i g e s t e r s  f o r  b i o l o g i c a l  g a s i f i c a -  
on. I n  t h e  c l a s s i f i c a t i o n ' p r o c e s s ,  t h e  shredded 
s t e  passes  through a trommel sc reen  t o  remove 
.organic  g r i t  and f i n e s ,  such a s  g l a s s ,  s i l i c a  
nds ,  a sh ,  e t c .  The m a t e r i a l  then  undergoes 
.condary shredding t o  a c h i e v e  a sma l l e r  p a r t i c l e  
.ze ,  and a i r  c l a s s i f i c a t i o n ,  t o  s e p a r a t e  t h e  l i g h t  
g a n i c  f r a c t i o n  from t h e  heavy, g e n e r a l l y  inorgan- 

f r a c t i o n .  T l ~ e  l i g h t  m a t e r i a l ,  which i n  o t h e r  
.source recovery systems i s  sometimes r e f e r r e d  t o  

Refuse Derived Fue l  (RDF) i s  o f t e n  used a s  is. 
. t h i s  system i t  i s  int roduced i n t o  a pre-mix t ank  
. e re  i t  is  blended w i t h  sewage s ludge ,  r ecyc led  
. I t r a t e  wa te r ,  n u t r i e n t s  and steam f o r  t e m p e r a t u r e  
n t r o l .  Th i s  s l u r r y  i s  then  metered i n t o  two 
c h a n i c a l l y  a g i t a t e d  anae rob ic  d i g e s t e r s  i n  which 
.e b i o l o g i c a l  ( b a c t e r i a l  ) process  c o n v e r t s  
proximately  h a l f  of t h e  o r g a n i c  f eed  s o l i d s  i n t o  
product  g a s  composed of approximately  50 pe rcen t  
thane  and 50 p e r c e n t  carbon d iox ide .  I n  f u l l -  
a l e  commercial o p e r a t i o n s ,  t h i s  gas  can then  be 
.graded t o  p i p e l i n e  q u a l i t y ,  u s ing  demonstrated 
s clean-up o r  p u r i f i c a t i o n  techniques .  The g a s  

c u r r e n t l y  being f l a r e d  t o  atmosphere f o r  d i s -  
b u t  WlI has  p l a n s  t o  i n s t a l l  a p a t h o l o g i c a l  
a l )  waste  i n c i n e r a t i o n  f a c i l i t y  t o  s e r v i c e  

t h e  Broward County a r e a ,  which w i l l  u t i l i z e  approxi-  
mately  30% of t h e  maximum gas  product ion a s  
a u x i l i a r y  f u e l .  

The a n t i c i p a t e d  optimum d i g e s t e r  p rocess  c o n d i t i o n s  
. w i l l  be  5 days d e t e n t i o n  and 140°F. ,The  d i g e s t e r  
r e s i d u e  is  dewatered, and t h e  water  so  sepa ra ted  i s  
recyc led  back t o  t h e  d i g e s t e r s  a s  make-up f o r  t h e  
feed s l u r r y .  Feed s o l i d s  concen t ra t ions  on t h e  
o r d e r  of 1 0  pe r  c e n t  a r e  contemplated. The dewater- 
ed residue--occupying on ly  30 pe rcen t  of the  volume 
of raw re fuse - - i s  r e l a t i v e l y  s t a b l e ,  and can be . 
depos i t ed  i n  a l a n d f i l l ,  o r  burned t o  a s t e r i l e  a s h  
wi th  t h e  p rocess  h e a t  recovered f o r  use  i n  t h e  . 
o p e r a t i o n  of t h e  d i g e s t e r s .  Expected f u e l  consump- 
t i o n  f o r  t h e s e  c o n d i t i o n s  i s  of t h e  o r d e r  of 15% of 
t o t a l  g a s  p roduc t ion ,  s o  f u r t h e r  energy recovery of 
t h i s  type  is h igh ly  d e s i r a b l e .  

Laboratory-scale  s t u d i e s  performed t o  d a t e  by D r .  
John P f e f f e r  of t h e  U n i v e r s i t y  of I l l i n o i s ,  who i s  
a l s o  t e c h n i c a l  c o n s u l t a n t  on t h i s  p r o j e c t ,  i n d i c a t e  
t h a t  approximately  6,000 cub ic  f e e t  of mixed methane 
and carbon d i o x i d e  g a s  a r e  produced pe r  i n p u t  ton 
of raw r e f u s e ;  thus ,  3,000 cub ic  f e e t  of methane 
(equ iva len t  t o  p i p e l i n e  q u a l i t y  gas)  per inpu t  ton  
could be  produced by t h i s  p rocess .  Based on an  
average home gas  consumption of 100,000 cubic  f e e t  
pe r  y e a r ,  a 1 ,000  ton-per-day p l a n t  could s e r v e  t h e  
g a s  needs of ove r  10,000 homes. 

P l a n t  Capaci ty  (See a t t a c h e d  f low s h e e t  - E x h i b i t  1 )  

The f a c i l i t y  i s  designed t o  o p e r a t e  w i t h i n  t h e  
range of 50-100 tons-per-day. 

Most of t h e  p r o j e c t  exper iments  c e n t e r  on t h e  
d i g e s t e r  performance. S ince  they a r e  designed t o  
run  w i t h  a f i x e d  volume, v a r i a t i o n  of p rocess  
c o n d i t i o n s ,  such a s  r e s i d e n c e  time and s o l i d s  
load ing  w i l l  v a r y  t h e  a c t u a l  throughput w i t h i n  t h i s  
range.  

Exper imental  Program 

A d e t a i l e d  exper imental  program has  been developed 
f o r  t h e  f a c i l i t y  t o  e v a l u a t e ,  i n  phases ,  s e v e r a l  
independent v a r i a b l e s .  The most s i g n i f i c a n t  a r e a s  
t o  b e  s t u d i e d  a r e :  (1) methane p roduc t ion  pe r  u n i t  
of o r g a n i c  s o l i d s  f ed  (2) r e d u c t i o n  i n  s o l i d s  r e -  
maining f o r  u l t i i u a l e  d i s p o s a l  ( 3 )  mixing c h a r a c t e r -  
i s t i c s  of t h e  urban waste/sewage s ludge  s l u r r y  
(4) dewater ing c h a r a c t e r i s t i c s  of t h e  r e a c t o r  
s l u r r y  (5) p rocess  s t a b i l i t y  (6 )  energy requ i re -  
ments f o r  o p e r a t i o n ,  and (7)  chemical c o s t  f o r  
n u t r i e n t s  and pH c o n t r o l .  

The v a r i o u s  phases  of exper imentat ion w i l l  i n c l u d e  
de te rmina t ion  of optimum fe rmen ta t ion  t empera tu res  
(mesophi l ic  and the rmophi l i c ) ,  e v a l u a t i o n  of f eed  
p r e p a r a t i o n ,  e v a l u a t i o n  of f eed  s o l i d  c o n c e n t r a t i o n  
and r e s i d u e  r e c y c l e ,  e v a l u a t i o n  of pH and n u t r i e n t  
requirements ,  r e s i d u e  dewater ing,  and r e s i d u e  
d i s p o s a l .  

The schedu le  of t h e s e  a c t i v i t i e s  i s  a t t a c h e d  a s  
E x h i b i t  2 .  



OPERATIONS 

s t a r t - u p  

The i n i t i a l  phase was necessa ry  t o  f a m i l i a r i z e  t h e  
o p e r a t i n g  personnel  w i t h  t h e  v a r i o u s  subsystems, t o  
check o u t  equipment under l o a d ,  and t o  i n i t i a t e  t h e  
anae rob ic  d i g e s t e r s .  T h i s  included f a m i l i a r i z a t i o n  
wi th  t h e  c o n t r o l s ,  pumps, and v a l v e s ,  w i t h  t h e  bio- 
chemical  requirements  such  a s  pH, temperature ,  and 
n u t r i e n t s ,  and f i n a l l y  w i t h  t h e  proposed experimen- 
t a l  program. During t h i s  pe r iod ,  t h e  d i g e s t e r s  
were f i l l e d  and an  anae rob ic  f e rmen ta t ion  e s t a b l i s h -  
ed i n  a  s u i t a b l e  s u b s t r a t e .  Th i s  a l lowed f i n a l  
t e s t i n g  of t h e  performance of a l l  equipment and 
a l s o  allowed t h e  o p e r a t o r s  t o  p r a c t i c e  t h e  v a r i a -  
t i o n s  of o p e r a t i o n a l  c o n t r o l s  p r i o r  t o  experimenta- 
t i o n .  

 his a c t i v i t y  a l s o  se rved  t o  Iden t iLy  uiany of t h e  
shortcomings of t h e  eng inee r ing  des ign ;  alC11ough 
' s t a t e -o f - the -a r t '  i n fo rmat ion  was incorpora ted ,  
t h e  i n i t i a l  o p e r a t i o n  of t h e  p l a n t  provided new 
in fo rmat inn  r e l a t i n g  t o  t h e  t iandling and p rocess ing  
of shredded r e f u s e  which has  been r e f l e c t e d  i n  
e x t e n s i v e  p l a n t  modi f i ca t ions  throughout t h e  system. 
Such c h a r a c t e r i s t i c s  a s  bu lk  d e n s i t y  ( p a r t i c u l a r l y  
dur ing  conveying),  and p a r t i c l e  s i z e - d i s t r i b u t i o n  
( p a r t i c u l a r l y  of t e x t i l e  and p l a s t i c  m a t e r i a l s )  
have r e s u l t e d  i n  r e d e s i g n  of t h e  conveying, a g i t a -  
t i o n  and feed  systems. Environmental c o n t r o l s ;  
p a r t i c u l a r l y  of d u s t  genera ted  i n  t h e  secondary 
sh redder ,  was ano the r  problem t h a t  was r e so lved  
dur ing  t h e  s t a r t - u p  phase. 

By l a t e  September 1978, most of t h e  obvious 
r e s t r i c t i o n s  had been i d e n t i f i e d  and reso lved ,  and 
t h e  p l a n t  was deemed capab le  of d a i l y  ope ra t ion .  
It h a s  been f e d  wi th  r e f u s e  and h a s  generated 
product  g a s  on a  d a i l y  b a s i s  ever  s i n c e .  

The Exper imental  Phases  

Hesoph i l i c  Diges t ion  Phase  

Cur ren t ly ,  a  s e r i e s  of exper iments  a r e  being 
conducted a t  1000F temperature  t o  e v a l u a t e  
c o n s t a n t  c o n d i t i o n s  of s l u r r y  f eed  concen t ra t ion  
and s o l i d s  load ing .  The v a r i a b l e  t o  be  ad jus ted  
i s  t h e  r e t e n t i o n  t ime,  and s u f f i c i e n t  d a t a  p o i n t s  
a r e  needed t o  develop a c c u r a t e  r e l a t i o n s h i p s .  The 
exper imental  n a t r i x  is  g iven  i n  Tab le  1 and i n d i -  
c a t e s  a  t o t a l  of f o u r  exper imental  c o n d i t i o n s ,  
conducted two a t  a  t ime i n  t h e  a d j a c e n t  d i g e s t e r s .  

Although i t  i s  expected t h a t  optimum p e r f u r ~ ~ l a n c e  
w i l l  occur a t  t h e m o p h i l i c  temperature  c o n d i t i o n s ,  
i t  i s  important ,  none the less ,  t o  e s t a b l i s h  t h e  
b a s e l i n e  c o n d i t i o n  a t  t h e  mesoph i l i c  range. These 
exper iments  w i l l  s e r v e  a s  a  check on t h e  range of 
o p e r a t i n g  c o n d i t i o n s  t h a t  were e s t a b l i s h e d  (pll, 
a l k a l i n i t y ,  a c i d i t y ,  n u t r i e n t s ) ,  i l l u s t r a t e  t h e  
e f f e c t  of r e t e n t i o n  time on g a s  product ion and 
show ne t  b e n e f i t s  a s  a  f u n c t i o n  of reLent ion time, 
and provide an  oppor tun i ty  t o  f u r t h e r  shake down 
t h e  t o t a l  system a n a l y t i c a l  procedures .  S p e c i a l  
a t t e n t i o n  w i l l  b e  g iven  t o  t h e  degree  and 
e f f i c i e n c y  of mixing. 

A t  t h e  lOOOF mesophi l ic  temperature ,  t h e  d a t a  
D r .  P f e f f e r ' s  exper iments  i n d i c a t e  t h a t  gas  p r ~ u u c -  
t i o n  ranges  from approximately  4.5 s tnadard  c u . f t . 1  
l b .  of v o l a t i l e  s o l i d s  added f o r  1 0  days  re ter ic ion 
time t o  approximately  5 .5  s t andard  c u . f t . / l l .  
v o l a t i l e  s o l i d s  added f o r  30 days  r e t e n t i o n  time. 
The primary purpose of t h i s  experiment i s  t o  
determine g a s  product ion w i t h i n  t h e s e  r e t e n t i o n  
times a t  t h e  c o n d i t i o n s  shown i n  Tab le  1. T h i s  
experiment,  e s s e n t i a l l y ,  w i l l  e s t a b l i s h  t h e  degree  
t o  which t h e  r e s u l t s  ob ta ined  by P f e f f e r  on a  
l a b o r a t o r y  s c a l e  can b e  reproduced on a  l a r g e  s c a l e .  

Thermophilic Diges t ion  Phase  

A s e r i e s  of exper iments  w i l l  b e  conducted a t  t h e  
thermophi l ic  t enpera  t u r e  range of 1 3 0 ' ~  t o  140°F 
a t  v a r i o u s  r e t e n t i o n  t imes.  Constant  c o n d i t i o n s  o f  
s i z e ,  s l u r r y  f eed  conceneracion,  a l ~ d  r e c y c l e  w i l l  
b e  mainralned. 

Tab le  1. Mesophi l ic  Experiments (100'~) 

1 1A 2 2A 
S l u r r v  f eed  c o n c e n t r a t i o n  % 1 0  1 0  10 1 0  ,, - -  

Temperature OF 100 100 100 100 
Recycle r a t e  % 50 50 50 50 
Re ten t ion  time/days 30 20 1 5  1 0  
P a r t i c l e  s i z e l i n c h e s  ' 1 .5  1 .5  1 .5  1 .5  

Thermophilic Experiments (135'~) 

3  3 A 4  4 A 5  6 
P a r t i c l e  s i z e l i n c h e s  1 . 5  1 . 5  1 . 5  1 . 5  1 .5  1 . 5  
S l u r r y  f eed .conden t ra t ion% 1 0  1 0  10  1 0  10  1 0  
Re ten t ion  time/days 20 1 5  1 0  5  5  5  
Temperature OF 135 135 135 135 135 135 
Recycle % 50 50 50 50 50 50 

Other Experiments 

Having eva lua ted  t h e  performance of the  system a t  
thermophi l ic  l e v e l s ,  under cons tan t  cond i t ions ,  
v a r i o u s  changes i n  o t h e r  p rocess  v a r i a b l e s  w i l l  be  
c f f c c t e d  t o  e v a l i ~ a t e  the system response.  

Experiments 7  and 8  w i l l  cons ide r  feed s l u r r y  
concen t ra t ion  a t  h igher  l e v e l s :  

Tab le  2. Feed S l u r r p  Concentra t ion Experiment 

Experiments 
7  6 

P a r t i c l e  s i z e l i n c h e s  1 . 5  1 . 5  
Re ten t ion  t imeldays  5  5 
Temperature 140 140 
Recycle % 5 0 5 0  
Feed s l u r r y  c o n c e n t r a t e  % 1 5  2 0 

Remaining experiments w i l l  address  the impact of 
varying r e c y c l e  r a t i o n s  of t h e  f i n a l  f i l t r a t e  
l i q u o r  i n t o  t h e  p rocess : .  

Table  3 .  Recvcle Ra t ios  
9 1 0  11 

S i z e / i n c h e s  ' 

S l u r r y  concen t ra t ion  
Re ten t ion  t imeldays  
Temperature 
Recycle X *  



*X of make-up wa te r  from r e c y c l e  l i q u o r .  

k concur ren t  s e r i e s  of exper iments  w i l l  b e  c a r r i e d  
) u t  throughout t h e  exper imental  phase t o  exp lo re  
:he e f f e c t  of p a r t i c i e  s i z e  on t h e  p rocess .  At t h e  
)ptimum c o n d i t i o n s  e s t a b l i s n e d ,  t h e  p a r t i c l e  s i z e  
g i l l  be  inc reased  t o  70% minus 3 i n .  Fo1;owing 
:his experiment and a t t a inment  of s t e a d y - s t a t e  
:ond i t ions ,  we w i l l  under t ake  an e v a l u a t i o n  of 
l n i t  o p e r a t i o n s  of t h e  a i r  c l a s s i f i e r  and t h e  
:rommel sc reen .  

it a l a t e r  d a t e ,  depending upon r e s u l t s  of t h e  
lrogram, a s e r i e s  of a d d i t i o n a l  exper iments  a r e  
:onternplated t o  f u r t h e r  r e f i n e  t h e  p rocess .  These 
are t o  e v a l u a t e  pH and n u t r i e n t  requirements  and 
:o s tudy  r e s i d u e  dewater ing and u s e s .  Inc reased  
i c t i v i t y  f o r  c e l l u l o l y t i c  organisms has  been r e -  
)o r t ed  a t  inc reased  pH (up t o  7.5). Experimenta- 
:ion w i l l  b e  under taken t o  exp lo re  t h e  b e n e f i t s  of 
l i e h e r  pH l e v e l s  and t o  compare them t o  t h e  c o s t s  
lf ma in ta in ing  t h e s e  h igher  pH l e v e l s .  S i m i l a r l y ,  
rl~r a d d i t i o n  of n u t r i e n t s  ( n i t r o g e n  and phosphorus) 
 ill be optimized and t h e  n u t r i e n t  and o t h e r  
2 f f e c t s  of sewage s ludge  eva lua ted .  Residue 
: h a r a c t e r i s t i c s  and t h e  p o t e n t i a l  of o t h e r  dewater- 
Lng d e v i c e s  w i l l  be  explored.  The p o t e n t i a l  v a l u e  
)f l i q u i d  r e c y c l e  has  a l r e a d y  been mentioned and 
2xperimentation conducted. I f  t h e  s o l i d s  con ten t  
lf t h e  f i l t e r  cake can approach 35%, t hen  t h e  cake 
:an be  used a s  a f u e l  t o  power t h e  p rocess .  I n  
i d d i t i o n ,  t h e  v a l u e  of t h e  r e s i d u e  as a f e r t i l i z e r  
and s o i l  c o n d i t i o n e r  w i l l  be  eva lua ted .  

l a t a  Generated t o  Date 

is of t h i s  d a t e  of t h i s - p a p e r ,  on ly  exper iments  1 
and 1A have been s t a r t e d .  The d a t a  generated is  
?x tens ive ,  b u t ,  of course ,  can s e r v e  on ly  a s  a 
, a s e l i n e  f o r  c u r r e n t  and f u t u r e  exper iments ,  
r a the r  than p r e d i c t  optimum c o n d i t i o n s .  

' r e s e n t  i n d i c a t i o n s  a r e  t h a t  gas  i s  being produced 
it a r a t e  of 4500 sc f  p e r  i n p u t  t o n  of raw r e f u s e ,  
xnd h a s  a t y p i c a l  composition of 55% methane 
i51 carbon d iox ide .  The n e x t  few months w i l l  
~ r o v i d e  more s u b s t a n t i a l  c l u e s  a s  t o  t h e  p o t e n t i a l  
~f t h e  p rocess ,  a s  t h e  the rmophi l i c  system is 
2xplored. 



REFCOM - REFUSE CONVERSION T O  METHAWE 

URBAN SOLID WASTE . 4 5 0  TO 8 5 0  TPD 

DELIVERY 6 0 0  TO 1 0 0 0  TPD TO LANDFILL 

OF FACILITY 

21 TPD 

FUTURE Is TPD 

- - -- - - - - 

RECYCLE FILTRATE H20 
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DESIGN AND EVALUATION OF A METHANE GAS SYSTEM FOR A HOG FARM 
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'he o b j e c t i v e  of t h e  s tudy was t o  
.etermine t'he economic f e a , s i b i l i t y  of 
, ons t ruc t ing  and ope ra t ing  anaerobic  
. i g e s t i o n  systems on small  hog farms. 
. 200-gallon (760 l i t e r )  p i l o t  d i g e s t e r  
:as opera ted  on hog waste,  bu t  t h e  
. o l a t i l e  a c i d s  never s t a b i l i z e d  and t h e  
.un was te rmina ted .  The cause of t h e  
. i g e s t i o n  f a i l u r e  appeared t o  be an 
n t i b i o t i c  which i s  fed  t o  t h e  hogs a s  

c o n t r o l  f o r  swine dysentery .  However, 
farm system was s i zed  t o  provide  t h e  

qu iva l en t  of  $300 pe r  month of propane. 
he t o t a l  r equ i r ed  investment was $112,8 
e s u l t i n g  i n  a  gas product ion c o s t  of  
16.50 p e r  m i l l i o n  Btu ($15.64 p e r  
. i l l i o n  kJ). To approach economic 
e a s i b i l i t y ,  a  small  farm anaerobic  
i g e s t i o n  system would have t o  be 
wner-bui l t .  

NTRODUCTION 

he o b j e c t i v e  of t h i s  s tudy  was t o  
s t i m a t e  t h e  amount of  methane t h a t  
ould be produced by anaerobic  d iges-  
ion  from t h e  hog wastes  of t h e  
e e  P i n e l l o ,  Half a  H i l l  Hog Farm i n  
t .  Morgan, Colorado, f o r  t h e  purpose of  
v a l u a t i n g  t h e  economic f e a s i b i l i t y  of 
o n s t r u c t i n g  and ope ra t ing  anaerobic  
i g e s t i o n  systems f o r  t h e  many smal l  hog 
arms i n  Colorado. Gas ou tpu t ,  c a p i t a l  
equirements  and ope ra t ing  c o s t s  were 
eveloped t o  e v a l u a t e  economic 
e a s i b i l i t y .  Gas ou tpu t  was determined 
y  a  two-month l a b o r a t o r y  p i l o t  p l a n t  
un i n  t h e  Bio-Gas 200-gallon (760 
i t e r )  d i g e s t e r .  C a p i t a l  c o s t s  were 
etermined by o b t a i n i n g  quo te s  and 
s t ima teb  on a  des ign  and drawings 
eveloped by Bio-Gas of  Colorado. The 
p e r a t i n g  c o s t s  were a l s o  developed from 
he des ign  and e s t i m a t e s  of  o p e r a t i n g  
a rameters .  

ABORATORY STUDY 

l a b o r a t o r y  s tudy  was 
te rmine  t h e  a c t u a l  gas  y i e l d  t h a t  

from t h e  hog wastes .  

Exce l l en t  ga s  product ion  r e s u l t s  were 
obta ined  by a  group from t h e  Un ive r s i t y  
of Missouri1 d i g e s t i n g  hog wastes  and 
we had hoped t o  d u p l i c a t e  t h e i r  success .  
They had obta ined  a y i e l d  of  8.8 cub ic  
f e e t  of gas  p e r  pound of o rgan ic  mat te r  
added (0.55 cub ic  meters  pe r  Icilogram) 
o r  5.2 cub ic  f e e t  of methane pe r  pound 
of v o l a t i l e  s o l i d s  added (0.32 m 3 / ~ g ) .  
The h ighes t  y e i l d  obta ined  i n  t h e  
Bio-Gas s tudy  was 4.2 f t 3  methane p e r  
l b .  V S  added (0.26 m 3 / ~ g ) ,  and t h i s  
f i g u r e  was used i n  t h e  system des ign .  

Fresh  hog manure was c o l l e c t e d  a t  t h e  . 
00 farm i n  November 1978. The waste was 

analyzed f o r  mois ture  and v o l a t i l e  
con ten t  and a  feed  des ign  was c a l c u l a t e d .  
The system was ope ra t ed  a t  a  r e t e n t i o n  
time o f  25 days ,  a  loading  r a t e  of 
0.15 l b .  v o l a t i l e  so l id s / cu .  f t .  (2.4 g  
VS/l) and a  s o l i d s  concen t r a t i on  of 
7.5 pe rcen t .  The d i g e s t e r  had been 
s t a r t e d  on seed m a t e r i a l  from a  previous  
s tudy on f e e d l o t  'manure. By November 
16 ,  t h e  d i g e s t e r  was on a  f u l l  d a i l y  
f eed ing  of hog manure. The concent ra-  
t i o n s  of  calcium, magnesium, 
potassium and sodium were a l l  a t  
a ccep tab l e  l e v e l s .  

During November, t h e  d i g e s t e r  appeared 
t o  be s t a b i l i z i n g ,  gas  product ion  was 
high and t h e  a l k a l i n i t y  t o  v o l a t i l e  
a c i d s  r a t i o  was a l s o  high.  However, 
t h e  v o l a t i l e  a c i d s  began a  s u b s t a n t i a l  
r i s e  i n  December, s ee  F igure  1, and by 
January exceeded t h e  sys t em ' s  a l k a l i n i t y .  
From November t o  December, t h e  v o l a t i l e  
a c i d s  had inc reased  by a lmost  twenty 
t i m e s .  The v o l a t i l e  a c i d s  were e x h i b i t -  
i ng  a  b i o l o g i c a l  upse t  cons id ion  which 
r e s u l t e d  i n  a  s tuck  o r  sour  d i g e s t e r .  

The major cause  o f  t h e  sys t em ' s  f a i l u r e  
appears  t o  be an a n t i b i o t i c  feed  
i n g r e d i e n t  used t o  c o n t r o l  swine 
dysentery .  Lincomycin hydrochlor ide  
monohydrate is  inc luded  i n  t h e  corn- 
.soybean r a t i o n  a t  40,grams p e r  t on  of 
feed . '  A t  t h i s  dosage, t h e  concen t r a t i on  
i n  t h e  d i g e s t i o n  feed s l u r r y  a t  7.5 
pe rcen t  t o t a l  s o l i d s  was es t imated  a t  



a p p r o x i m a t e l y  f o u r  p a r t s  p e r  m i l l i o n  
l incomycin .  Samples o f  t h e  manure and 
d i g e s t e r  e f f l u e n t  were s e n t  t o  t h e  
m a n u f a c t u r e r s  o f  t h e  d r u g ,  Upjohn.Company, 
t o  d e t e r m i n e  t h e  a c t u a l  c o n c e n t r a t i o n s .  
The manure a t  21.7 p e r c e n t  t o t a l  s o l i d s  
had a  c o n c e n t r a t i o n  o f  5.2 ppm l incomycin  
and t h e  d i g e s t e r  e f f l u e n t  a t  3 .1  p e r c e n t  
t o t a l  s o l i d s  had a  c o n c e n t r a t i o n  o f  
4 .5  ppm. S i n c e  t h e  manure was d i l u a t e d  
w i t h  t a p  w a t e r  t o  a p p r o x i m a t e l y  
7 .5  p e r c e n t  b e f o r e  b e i n g  f e d  t o  t h e  
d i g e s t e r ,  it i s  s u r p r i s i n g  t h a t  t h e  
d i g e s t e r  c o n c e n t r a t i o n  was n o t  a  t h i r d  
o r  less o f  t h e  manure c o n c e n t r a t i o n .  
However, t h i s  d o e s  show t h a t  t h e  
a n t i b i o t i c  i s  p r e s e n t  i n  t h e  was te .  

R e s e a r c h e r s  a t  t h e  U n i v e r s i t y  o f  ~ i s s o u r i ~  
have  e x p e r i e n c e d  d r a s t i c  r e d u c t i o n s  i n  
b i o l o g i c a l  a c t i v i t y  i n  two s e p a r a t e  . 
o c c a s i o n s  when w a s t e s  from hogs f e d  
l incomycin  were i n t r o d u c e d  t o  a d i g e s t e r .  
Both t i m e s  t h e  d i g e s t e r s  want s o u r  and 
c o u l d  n o t  be  r e v i v e d .  The s i m i l a r i t y  
between o u r  sys tem f a i l u r e  and t h e  
f a i l u r e s  i n  M i s s o u r i  s t r o n g l y  s u g g e s t  
t h a t  t h e  p i l o t  p l a n t  u p s e t  was d u e  t o  
t h e  p r e s e n c e  o f  t h e  a n t i b i o t i c  l incomycin .  

Lee P i n e l l o  h a s  i n d i c a t e d  t h a t  t h e  
l incomycin  is  v e r y  e f f e c t i v e  on  h i s  farm 
and  h i s  v e t e r i n a r i a n  d o e s  n o t  recommend 
t r y i n g  t o  s w i t c h  t o  a n o t h e r  drug.  There  
a l s o  is  no g u a r a n t e e  t h a t  a n o t h e r  d r u g  
f e d  f o r  swine d y s e n t e r y  c o n t r o l  would 
n o t  i n h i b i t  d i g e s t e r  o p e r a t i o n .  A s  l o n g  
a s  l incomycin  i s  f e d  t o  t h e  hogs,  it 
a p p e a r s  f u t i l e  t o  a t t e m p t  a n a e r o b i c  
d i g e s t i o n  f o r  t h e  p r o d u c t i o n  o f  methane 
g a s .  

DXGESTFR EFFLUENT 

An i m p o r t a n t  c o n s i d e r a t i o n  is  t h e  u s e  
o f  t h e  d i g e s t e r  e f f l u e n t  and i t s  v a l u e .  
H i s t o r i c a l l y ,  an imal  manures have been 
used  a s  f e r t i l i z e r s  o r  s o i l  c o n d i t i o n e r s .  
T h i s  i s  t h e  c a s e  a t  t h e  Lee P i n e l l o  
fa rm,  where t h e  manure i s  t a k e n  from t h e  
l a g o o n s  and s p r e a d  o n . n e i g h b o r s '  f i e l d s .  
Even though  P i n e l l o  d e l i v e r s  and s p r e a d s  
t h c  w a s t e ,  t h e r e  i s  no c h a r g e  a s  bo th  
p a r t i e s  b e n e f i t :  P i n e l l o  g a i n s  by 
g e t t i n g  h i s  l a g o o n s  d r a i n e d  and t h e  ne igh-  
b o r s  g a i n  from t h e  f e r t i l i z i n g  and s o i l  
amendment a d v a n t a g e s  or Lhe hog wactle. 
Eowever, due  t o  t h e  n i t r o g e n ,  phosphorus  
and  p o t a s s i u m  (NPK), t h e  was te  d o e s  have 
a  v a l u e  t h a t  c a n  be de te rmined .  T h i s  
c a l c u l a t i o n  was done f o r  t h e  d i g e s t e r  
e f f l u e n t  and r e s u l t s  i n  a  d a i l y  v a l u e  o f  
$9.24 and a n  a n n u a l  v a l u e  o f  $3,370.  The 
c o n c e n t r a t i o n  o f  t h e  NPK i n  t h e  d i g e s t e r  
e f f l u e n t  was 4500, 1100 and 2300 ppm, 
r e s p e c t i v e l y ,  and  t h e  n u t r i e n t s  were 
v a l u e d  a t  t w e n t y ,  t e n  and e i g h t e e n  c e n t s  
r e s p e c t i v e l y .  The amount o f  d i g e s t e r  

e f f l u e n t  a v a i l a b l e  e a c h  day was 
1 , 5 6 5  g a l l o n s  (5920 l i t e r s ) .  Over 
e i g h t y  p e r c e n t  o f  t h e  n i t r o g e n  was i n  
t h e  form o f  ammonia which w i l l  t e n d  
t o  v o l a t i l i z e  o f f  when t h e  d i g e s t e r  
r e s i d u e  is  i n  t h e  l a g o o n s .  The method 
o f  a p p l i c a t i o n  t o  t h e  f i e l d s  w i l l  a l s o  
r e s u l t  i n  some l o s s  o f  n i t r o g e n .  
Consequen t ly ,  it was e s t i m a t e d  t h a t  
t h i r t y  p e r c e n t  o f  t h e  n i t r o g e n ,  
s i x t y  p e r c e n t  o f  t h e  phosphorus  
and n i n e t y  p e r c e n t  o f  t h e  p o t a s s i u m  
would e f f e c t i v e l y  r e a c h  t h e  f i e l d s .  
The f e r t i l i z e r  v a l u e  was c a l c u l a t e d  
f o r  o n l y  t h e  amount o f  NPK which would 
r e a c h  t h e  f i e l d s .  

The d i g e s t . a r  e f f l u e n t  c a n  a l s o  be used 
a s  a f e e d  p r o d u c t .  G e n e r a l l y ,  t h e  
e f f l u e n t  is  dewate red  arid t h e  r e s i d u e  
mixed w i t h  t h e  normal f e e d  r a t i o n .  
Refeeding o f  manures t o  c a t t l e  h a s  
been employed f o r  q u i t e  a  w h i l e ,  a l t h o  
it d o e s  n o t  a p p e a r  t o  be  a s  p o p u l a r .  
w i t h  hog fa rms .  "Hog Farm Management," 
a  t r a d e  magazine,  had t h r e e  a r t i c l e s  on  
r e f e e d  i n  1978. It a p p e a r s  t h a t  t h e  
r e c l a i m e d  was te  is  f e d  o n l y  t o  t h e  
sows and n o t  t o  t h e  f e e d e r  p i g s  which 
go t o  marke t .  Feed b i l l  s a v i n g s  were 
r e p o r t e d 3  a s  $75,000 t o  $100,000 a  y e a r  
from u s i n g  what was c a l l e d  " r e c l a i m e d  
a n t i b o d y  f e e d "  (RAF) which was dewaterec 
manure. Obviously ,  t h e r e  i s  g r e a t  
p o t e n t i a l  i 'n t h e  r e f e e d i n g  o f  t h e  
d i g e s t e r  r e s i d u e  b u t  n o t  enough is  
known a t  t h i s  t i m e  t o  e s t i m a t e  a  
v a l u e  f o r  t h e  . r e s i d u e .  

CURRENT ENERGY USAGE 

The f a r m ' s  e n e r g y  u s e  i s  a  combina t ion  
of  propane and e l e c t r i c i t y .  The 
propane i s  s u p p l i e d  by VanGas and t h e  
e l e c t r i c i t y  by Morgan County Rura l  
E l e c t r i c .  The p ropane  i s  used f o r  
h e a t i n g  t h e  home and f a r r o w i n g  b u i l d i n g .  
Al though t h e r e  a r e  two s e p a r a t e  t a n k s  
f o r  t h e  home and fa rm,  s e p a r a t e  r e c o r d s  
a r e  n o t  k e p t .  The a c t u a l  propanc 
c h a r g e s  f o r  1977 a r e  shown i n  Tab le  I 
where h e a t i n g  d e g r e e  d a y s  w e r e  used t o  
smooth and e s t i m a t e  t h e  g a l l o n s  o f  
p ropane  r e q u i r e d  e a c h  month a t  a  p r i c e  
o f  38C/gal lon ($4.06 p e r  m i l l i o n  k J )  . 
The t o t a l  p ropane  b i l l  f o r  home and 
farm f o r  1977 was $2,452.96.  The 
e l e v e n  hundred s q u a r e  f o o t  home car111l:lt 1 
removed from t h e  propane usage  e s t i m a t e  
and it shou ld  be r e a l i z e d  t h a t  t h e  home 
is  n o t  i n s u l a t e d .  E l e c t r i c a l  u s e  a l s o  
is a  combined t o t a l  f o r  t h e  home and 
farm. E l e c t r i c a l  consumption was 
43,638 k i l o w a t t  h o u r s  (157,100 M J )  f o r  
1977 a t  a  c o s t  o f  $1,475.72.  T h i s  
r e p r e s e n t s  a  c o s t  o f  3 . 4  c e n t s  p e r  
k i l o w a t t  hour ( 0 . 9  cen t s /MJ) .  



TABLE I: ENERGY USE AND REQUIREMENTS 
Energy Use and Requirements 

1977 
Month 

Jan 
Feb 
Mar 
APr 
Ma Y 
J un 
Jul 
Aug 
SeP 
Oct 
Nov 
Dec 

Total 

Denver 
Degree 
Days 

Aotual 
Propane 
Charges 

Estimated 
Gallons 
of Propane 

1245 
845 
690 
895 
340 
3 3.0 
265 
270 
275 
295 
530 
475 - 
6455 

FIGURE 1 : 
ALKALINITY & VOLATILE ACIDS 

Estimated 
EII~L y y 
Consump ion S Btu (10 ) 

111 
7 5 
61 
8 0 
3 0 
2 9 
24 
2 4 
2 4 
2 6 
4 7 
4 2 - 
573 

Available 
Energy 
Btu X. lo6 

SYSTEM DESIGN 

Design Parameters 

Additional 
Required 
or (Excess) 
Btu X 106 

5 0 
14 
0 

19 
(31) 
(32) 
(37) 
(37) 
(37) 
(35) 
(14) 
(19) 

83 MMBtu add ' 1 
required 

(242) MMBtu 

OOb 

am. 

$00 ' 

$9 
wo - 

;loo- 

'00 ' 

o 4 

System component sizing is determined P by the amount of gas to be produced. 
In this case, the system was designed 
to produce the energy equivalent of 
$300 worth of propane per month. Based 
on an average 30-day month and consider- 
ing a 70% boiler efficiency, the 
required rate of bio-gas production is 
3.67 ft3/min (1.73 X 10-3 m3/s). This 
bio-gas production rate plus a yield 
of 4.2 ft3 methane/lb. VS added 
(0.26 m3/~g) and a loading rate of 
0.14 lb. vs/ft3 (2.24 ~g/m3) set the 

I 
/ 

size of the digester at 40,000 gallons 
/ (151,400 1). The use of a conservative 

/ loading rate is desirable because it 

d ' allows some flexibility in digester 
operation. Selection of all other 

P' Components relating to digester opera- 
tion was based on digester size and 

d ' gas production. 
w ' 

-,a Eigester-heating component sizes were 

% Cb/a +:/a 4c ;k set by the requirement of maintaining 
/ a constant digester temperature of 95OF 
/ (350C) on a -15O~ (-26OC) ambient day 

&---A and a total heat loop loss of 160 Btu/hr 
-O F (99 kJ/hr -OC). A figure of 

Nov. h e .  Ted. 139 Btu/hr -OF was calculated by 
~ c o t o ~ e ~  for tank heat loss only, for 
a similar system. Under these condi- 
tions, the digester temperature would 
drop   OF (from 9 5 O ~  to 94O~) in 18.93 
hours. A 75,000 Btu/hr (79,000 kJ/hr) 
output heat exchanger would raise the 
temperature of the digester 1°F (from 



94OF t o  95OF) i n  5.80 hours .  This  
r e s u l t s  i n  a  t o t a l  c y c l e  time  O OF l o s s  
and 1°F g a i n )  of  24.73 hours. It  i s  a  
s imple m a t t e r  t o  c o n t r o l  tempera ture  t o  
O.S°F and reduce  t h e  c y c l e  t i m e  t o  
approximately 12 hours. Con t ro l l i ng  t h e  
d i g e s t e r  tempera ture  t h i s  c l o s e l y  is  
very ' impor tan t  i n  main ta in ing  gas  
product ion  and d i g e s t e r  h e a l t h .  There- 
f o r e ,  a  75,000 Btu/hr.  ou tpu t  h e a t  
exchanger was s e l e c t e d  f o r  d i g e s t e r  hea t  
maintenance. 

The hot  water  b o i l e r  was s i z e d  t o  
supply  h e a t  t o  ma in t a in  t h e  d i g e s t e r ' s  
o p e r a t i n g  tempera ture  and t o  r a i s e  t h e  
tempera ture  of  t h e  incoming feed  
m a t e r i a l  t o  d i g e s t e r  temperature.  A s  
p r ev ious ly  d i s c u s s e d ,  t h e  hea t  exchanger 
f o r  d i g e s t e r  h e a t  maintenance was sized 
f o r  75,000 Btu/hr ou tpu t .  Assuming a  
75% e f f i c i e n t  h e a t  t r a n s f e r  i n  t h e  h e a t  
exchanger, a  b o i l e r  ou tpu t  of  100,000 
Btu/hr.  (105,000 kJ /h r )  i s  r equ i r ed  
f o r  d i g e s t e r  h e a t  maintenance. 

The d i g e s t e r  r e q u i r e s  a  t o t a l  of 1610 
g a l l o n s  (6090 1) of feed  pe r  day. Th i s  
feeding  i s  t o  be done ove r  an 8-hour 
pe r iod  r e s u l t i n g  i n  an average f low t o  
t h e  d i g e s t e r  of 200 g a l l o n s  p e r  hour 
(757 l / h r ) .  Assuming t h e  feed  m a t e r i a l  
i s  a t  ground water  tempera ture  (55OF), 
t hen  an a d d i t i o n a l  66,640 Btu/hr i s  
r equ i r ed  t o  b r ing  it t o  d i g e s t e r  
ope ra t ing  tempera ture  (95OF). This  
b r i n g s  t h e  t o t a l  b o i l e r  hea t ing  r equ i r e -  
ment t o  166,640 Btu/hr .  A b o i l e r  was 
s e l e c t e d  t o  provide  175,000 S tu /h r  
(104,600 kJ /h r )  o u t p u t  r e s u l t i n g  i n  
about  a 10,000 Btu/hr margin above t h e  
t o t a l  h e a t  demand. 

Due t o  t h e  exces s ive  gas  consumption 
of  t h e  d i g e s t e r  h e a t i n g  system on 
extremely c o l d  days ,  it was decided t o  
des ign  t h e  system t o  supply a l l  o f  t h e  
farm and home hea t ing  requi rements  on 
days  of 400F ( 4 0 C )  ambient o r  warmer days.  
Propane back-up would be r equ i r ed  on 
c o l d e r  days .  A t  an ambient temperature 
of 40°F, t h e  gas  demand f o r  d i g e s t e r  
h e a t  maintenance and feed  h e a t i n g  is  
1.35 f t3/min of  bio-gas.  Since t h i s  
f i g u r e  i s  such a  l a r g e  percentage  of 
t h e  t o t a l  gas product ion ,  an i n f l u e n t /  
e f f l u e n t  hea t  exchanqe is cons idered  
e s s e n t i a l  t o  reduce  hea t ing  gas  
consumption. A f i f t y  percent  r educ t ion  
of t h e  feed-hea t ing  requirement  would 
r e s u l t  i n  hea t ing  gas  demand o f  0.91 
f  t3/min of  bio-gas. This  is approximately 
twenty-f ive pe rcen t  o f  t h e  t o t a l  gas 
product ion.  

Diges te r  mixing i s  r equ i r ed  t o  main ta in  
gas  product ion  a t  t h e  s p e c i f i e d  r a t e .  
Three methods of mixing were i n v e s t i g a t e d .  

They were gas  r e c i r c u l a t i o n ,  mechanical ,  
and pump a g i t a t i o n .  A gas  r e c i r c u l a -  
t i o n  mixing system was s i z e d ,  quoted 
and immediately d i s ca rded  due t o  t h e  
high p r i c e .  A 30 Hp paddle-type mixer 
was cons idered  next .  P r i c e  of  t h e  
mixer and roof mod i f i ca t i ons  r equ i r ed  
t o  suppor t  it made t h e  c o s t  of t h i s  
method p r o h i b i t i v e  a l s o .  

The most economical method i n v e s t i g a t e d  
was pump a g i t a t i o n .  This  i s  accom- 
p l i s h e d  by mounting fou r  pumps 
equa l ly  spaced around t h e  d i g e s t e r  v e s s e l  
and r e c i r c u l a t i n g  t h e  d i g e s t e r  c o n t e n t s  
w i th  s u f f i c i e n t  v e l o c i t y  t o  p u t  t h e  
s o l i d s  i n  suspension.  I n  t h i s  c a s e ,  
t h e  pumps, r a t e d  a t  600 g a l l o n s  p e r  
minute each,  draw m a t e r i a l  from t h e  
Lup oi the digester  and dinaharge it 
t a n g e n t i a l l y  a t  t h e  bottom t o  achieve  
a  s w i r l i n g  e f f e c t .  This  method of  
mixing i s  used on h igh  d i g e s t i o n  r a t e  
sewage p l a n t  d i g e s t e r s  from 35 f a c t  
t o  100 f e e t  i n  d iameter .  

Descr ip t ion  of  P l o t  Plan and Schematic 

The system l o c a t i o n  i s  shown on t h e  
p l o t  p l a n ,  drawing No. 10042. A 
l o c a t i o n  approximately half-way between 
t h e  f i n i s h i n g  bu i ld ings  and t h e  lagoons 
was s e l e c t e d  t o  minimize t h e  l e n g t h  
of  p ip ing  from t h e  d i g e s t e r  t o  t h e  
manure r ecep t ion  p i t  and t o  t h e  lagoons.  
A r ecep t ion  p i t  between t h e  two 
f i n i s h i n g  bu i ld ings  would have t o  be 
i n s t a l l e d  t o  c o l l e c t  manure f o r  f eed ing  
t h e  d i g e s t e r .  A wei r  arrangement 
between t h e  manure p i t  and t h e  recep-  
t i o n  p i t  would a l l ow t h e  s o l i d s  t o  
e n t e r  t h e  reoopt ion  p i t .  L i - q u i d s  
c o l l e c t e d  i n  t h e  manure p i t s  would 
e x i t  t o  t h e  lagoons through t h e  e x i s t i n g  
s t and  p ipes .  The d i g e s t e r . e f f l u e n t  
p ipe  would connect  wi th  e x i s t i n g  manure 
p&pe from a l l  o t h e r  farm bu i ld ings  
upstream of t h e  lagoons.  The open a r e a s  
01 t h e  f - l n l s l ~ i n g  b u i l d i ~ l g s  njuat be 
covered t o  prevent  f r e e z i n g  of t h e  
manure p i t s .  The r ecep t ion  p i t  would 
be provided wi th  a  cover  t o  prevent  
f r e e z i n g  and provide  a  walkway. 

A l l  e l e c t r i c a l  appa ra tus  on t h e  gas- 
handling equipment must be explos ion  
proof whereas t h e  d iges t e r -hea t ing  
equipment e l e c t r i c a l  appa ra tus  need no t  
be,  un l e s s  it is  housed i n  an enc losure  
wi th  t h e  gas-handling equipment. 
Therefore ,  two s e p a r a t e  enc losu re s  were 
provided.  These enc losu re s  would be 
only  l a r g e  enough t o  cover  t h e  equipment 
and would be removed f o r  maintenance. 
The equipment enc losu re s  p r o t e c t  t h e  
equipment from t h e  weather and e l imina  
t h e  n e c e s s i t y  of f r e e z e  p r o t e c t i o n  
dur ing  t h e  w in t e r .  







Th rstem schematic ,  Drawing No. 10041, 
s h  t h e  arrangement of equipment i n  
che s y s l n a .  t?lonurc i n  t h e  reccptinn 
p i t  i s  a g i t a t e d  by a  paddle mixer. 
>lanure i s  pumped from t h e  r ecep t ion  
p i t  t o  t h e  d i g e s t e r  by a  p o s i t i v e  
displacement  pump. The e f f l u e n t  from 
t h e  d i g e s t e r  f lows by g r a v i t y  through 
a concen t r i c  p ipe  i n f l u e n t / e f f l u e n t  
heat  exchanger where it t r a n s f e r s  h e a t  
t o  t h e  d i g e s t e r  feed m a t e r i a l .  From 
t h i s  hea t  exchanger, t h e  d i g e s t e r  
e f f l u e n t  f lows  by g r a v i t y  t o  t h e  lagoons.  

Fhe d i g e s t e r  hea t ing  c i r c u i t  i s  a  c lo sed  
loop system wi th  hea t  being supp l i ed  
3y an 84 g a l l o n ,  175,760 Btu/hr ou tpu t  
~ a t e r  h e a t e r .  This  water  h e a t e r  s u p p l i e s  
~ o t  water  t o  a  c e n t r i f u g a l  pump which 
f o r c e s  t h e  water  through t h e  s h e l l  s i d e  
>f a  shel l -and-tube hea t  exchanger and 
2ack t o  t h e  ho t  water  h e a t e r .  D iges t e r  
zontents  a r e  drawn o f f  t h e  bottom of  
rhe d i g e s t e r  by a  p o s i t i v e  displacement  
?ump, forced  through t h e  t ube  s i d e  of  
:he hea t  exchanger, and r e tu rned  t o  t h e  
:en ter  of t h e  d i g e s t e r  near  t h e  top .  

;as i s  c o l l e c t e d  i n  t h e  hea t  space 
~ b o v e  t h e  l i q u i d  l e v e l  a t  a  maximum 
I r e s s u r e  of one-quarter  p s ig .  This  
naximum p r e s s u r e  i s  s e t  by t h e  s t anda rd  
:ank roof des ign .  A higher  p r e s s u r e  
~ o u l d  r e q u i r e  a  new roof des ign  which 
~ o u l d  s i g n i f i c a n t l y  i n c r e a s e  t h e  c o s t .  
i r e l i e f  va lve  on t h e  t ank  roof i s  
lecessary  t o  prevent  t h e  i n t e r n a l  
j ressure  from exceeding one-quar te r  
) s ig .  Gas i s  piped from t h e  d i g e s t e r  
lead space t o  a  blower which boos t s  
:he p r e s s u r e  t o  a  maximum p r e s s u r e  of  
: i gh t  p s i g .  Operat ing p r e s s u r e  i s  
l a i n t a m e d  by a p re s su re  r e g u l a t i n g  
ralve which b l eeds  gas  back t o  t h e  
l i g e s t e r  head space. The gas  is 
x e s s u r i z e d  t o  f o r c e  it through a 
iponge i r o n  scrubber  f o r  hydrogen 
i u l f i d e  removal and a meter.  The p re s su re  
' egu la t i ng  valve can  be a d j u s t c d  t o  
.ch ieve  t h i s  p r e s su re .  

'he gas  compressor boos t s  t h e  gas  
r e s s u r e  t o  one hundred ps ig .  The gas  
.hen goes t o  an a f t e r  c o o l e r  t o  be 
fooled  down t o  approximately 1 0 o O ~ ,  t hen  
.o a  d rye r  t o  be d r i e d  t o  a  -40°F 
l ressure  dew p o i n t ,  and f i n a l l y  t o  a  
cOO-gallon propane t a n k  f o r  s t o r a g e .  The 
.egenera t ion  gas  l i n e  o f f  t h e  d r y e r  
s piped back t o  t h e  d i g e s t e r  head 
,pace s o  t h a t  no gas  i s  wasted. Excess 
l a t e r  i n  t h i s  gas  s tream w i l l  condense 
u t  i n  t h e  head space a s  it c o o l s  s i n c e  
he g a s  t h e r e  i s  s a t u r a t e d  wi th  water  
t 9s0r. 

r e s s u r e  i s  reduced t o  l i n e  p r e s s u r e  
gas  p r e s s u r e  r e g u l a t o r  a s  t h e  gas  

l eaves  t h e  500-gallon s t o r a g e  tank .  
This  gas  goes t o  t h e  farm and t o  t h e  
hot  water  hea t e r  through gas  meters .  
The gas  i s  s t o r e d  i n  a  5UU-gallon 
propane tank  t o  provide  enough surge  
c a p a c i t y  t o  g e t  through peak gas  use 
pe r iods  wi thout  going on propane back-up. 

I f  propane back-up i s  r equ i r ed  because 
of peak gas  use  demand o r  extremely 
co ld  weather o r  bo th ,  then  propane i s  
mixed wi th  a i r  i n  a  propane/a i r  mixer 
t o  reduce t h e  energy va lue  t o  t h a t  
of bio-gas (approximately 500 ~ t u / f t ~ )  
and p u t  i n t o  t h e  p ip ing  system feeding  
t h e  farm and house and t h e  hot  water  
h e a t e r .  

ENERGY PRODUCTION AND CONSUMPTION . 

The system w i l l  p rovide  3.17 m i l l i o n  . 
Btu p e r  day (3.34 m i l l i o n  kJ/day) 
and w i l l  consume an average of t h i r t y -  
seven pe rcen t  of  t h e  energy produced 
f o r  system hea t  demands. There w i l l  
be j u s t  over  two m i l l i o n  Btu a v a i l a b l e  
f o r  use  o r  61 m i l l i o n  Btu p e r  month 
(64 m i l l i o n  kJ/mo). Table I shows 
how t h e  a v a i l a b l e  energy impacts  on 
t h e  energy requirements:  f o r  t h r e e  
months a d d i t i o n a l  f u e l ,  propane, i s  
r equ i r ed ;  f o r  one month product ion  
matches use;  and f o r  e i g h t  months 
an exces s  of bio-gas i s  produced. The 
n e t  r e s u l t  i s  t h a t  an a d d i t i o n a l  
83 m i l l i o n  Btu (88 m i l l i o n  k J )  w i l l  
have t o  be purchased and 242 m i l l i o n  Btu 
(255 m i l l i o n  k J )  a r e  produced i n  
excess  o f  farm demands. 

1 

System e l e c t r i c a l  consumption was 
es t imated  by de termining  a du ty  c y c l e  
f o r  t h e  pumps, blowers,  mixers ,  
compressors, and a f t e r - c o o l e r ,  and 
then  c a l c u l a t i n g  t h e  energy usage from 
t h e  horsepower hours .  Dai ly  e l e c t r i c a l  
consumption was 123 Kw h r  (443MJ) an 
a t  3.4 c e n t s  pe r  Kw h r  t h e  annual  
e l e c t r i c a l  consumption would be $1520. 

System Components 

Major i tems  a r e  l i s t e d  and desc r ibed  i n  
Table 11, M a t e r i a l s  and Cost  L i s t .  It 
has  been ou r  exper ience  t h a t  t h i s  
equipment works we l l  and r e l i a b l y  i n  
handling and d i g e s t i o n  of manure. We 
have never  used an A.O. Smith s l u r r y -  
s t o r e  t a n k  a s  a  d i g e s t e r .  However, 
t h e s e  t a n k s  a r e  designed and have been 
i n  use  f o r  s e v e r a l  y e a r s  s p e c i f i c a l l y  f o r  
manure s to rage .  The Ecotope ~ r o u ~ ~  used 
an A.O. Smith s l u r r y s t o r e  t ank  almost  
i d e n t i c a l  t o  t h e  one s p e c i f i e d  i n  Table I1 
a s  a  p i l o t  d i g e s t e r  i n  Washington s t a t e .  
The s i d e  w a l l s  and t o p  of  t h i s  v e s s e l  
would be covered wi th  f o u r  i nches  of  
ure thane  foam i n s u l a t i o n  t o  minimize 



.- -.- -- h e a t  l o s s ;  t h e  c o s t  o f  t h i s  i n s u l a t i o n  i s  
i n c l u d e d  i n  t h e  $7,500 f i g u r e  f o r  h e a t  
t r a c i n g  and i n s u l a t i o n .  The remainder  o f  
t h i s  c o s t  is  f o r  p r o v i d i n g  f r e e z e  
p r o t e c t i o n  f o r  t h e  f o u r  d i g e s t e r  r e c i r c u -  
l a t i o n  pumps anti p i p i n g  f o r  d i g e s t e r  mix- 
i n g .  

  he c o s t  o f  t h e  equipment  i n  T a b l e  I1 
r e s u l t s  i n  a  t o t a l  m a t e r i a l s  c o s t  o f  
$64,900. About s e v e n t y  p e r c e n t  o f  
t h i s  c o s t  is  from s u p p l i e r s '  q u o t e s .  

T a b l e  11: 
MATERIALS AND COST LIST 

1 41,300 g a l l o n  A.O. Smith  S l u r r y a t o r e ,  
w i t h  t o p  + $2,000 f o r  pump c o n n e c t i o n s :  
$21,446. 

1 Hot Water Heater: A.O. Smith  model 
BT251, 84 g a l l o n ,  175 ,760  Btu/hr  o u t :  
SR76, 

1 Heat Exchanger:  $2,275. 

1 Pump, Goulds  model 3642: $185. 

4  R e c i r c u l a t i o n  Pumps, Goulds  model 
3196 MT: $8,248. 

1 Blower, Roots  model 315Xa g a s  pump: 
$1,800. 

1 Sponge I r o n  Scrubber :  $750. 

1  omp pressor, Corken model DA190K4FBABI 
5  Hp, 5  CFM a t  100  p s i g :  $3,850. 

P 

1 A i r  Cooled A f t e r  C o o l e r ,  Wi lkerson  
model 1/12 Hp: $550. 

1 Gas Dryer ,  Wi lkerson  model DOlAE, 
-40° dew p o i n t  o u t :  $800. 

1 P i t  Mixer ,  P h i l a d e l p h i a  model MT-02, 
r i g h t  a n g l e  d r i v e ,  2  Hp, 30" diam: $1,975. 

1 Diyesker  Feed Pump, Moyno model 
1L6 CDQ, r e v e r s e  r o t a t i o n ,  1 Hp: $1,055.  

1 Propane/Air  Mixer:  $3,000 

1 Pump ( t o  pump manure t h r o u g h  h e a t  
e x c h a n g e r ) ,  Moyno 1L6, 30 gpm a t  20 p s i :  
$1,100. , . 

3  Gas Meters, Singer-American meter, 
model AL-250: $300. 

1 G a s  P r e s s u r e  R e g u l a t o r  ( f o r  Bio-Gas 
t o  , farm) F i s h e r  Type S301, 100 p s i g  t o  
5" 1,120: $70. 

L G a s  P r e s s u r e  R e g u l a t o r ,  F i s h e r  Type 
S301: $70. 

Misc.  Hand Valves :  $1,000.  

Misc. P i p e  and  F i t t i n g s  ( i n c l u d i n g  
h e a t  e x c h a n g e r ) :  $1,500.  

M i s c .  M a t e r i a l  f o r  equipment  
e n c l o s u r e :  $1,500. 

M i s c .  Heat T r a c i n g  and I n s u l a t i o n :  
$7,500. 

Manure P i t  ( c o n c r e t e  and f o r m s ) :  $1,000. 

Misc. C o n t r o l  Equipment: $2,000. 

4  Va lves ,  Rovang 4" M20A: $950. 

4  Va lves ,  Roveng 6" M20A: $1,100. 

T o t a l  Material Cos t :  $64,900. 

Tab le  111: 
CONSTRUCTION COST ESTIMATE 

M a t e r i a l s  64,900 
Cont ingency ( 1 0 % )  6,500 
S a l e s  Tax ( 3 . 5 % )  2,300 

S u b t o t a l  . 73,700 

I n s t a l l a t i o n  
Labor ,  92 d a y s  @ 
$lO/hr  7 ,400 
F r i n g e  (10%)  700 
S u b s i s t a n c e ,  T r a v e l  4 ,000 

S u b t o t a l  12,100 

TOTAL C o n s t r u c t i o n  C o s t  85,800 

T a b l e  IV: 
CAPITAL COSTS 

C o n s t r u c t i o n  Cos t  85,800 
Cont ingency @ 5% 4,300 
E n g i n e e r i n g ,  300 h r s  
@ S15/hr 4 ,500 
C Q n s t r u c t i o n  Management. 
@ 9% 7,700 
A d m i n i s t r a t i v e  C o s t s  4,500 

T o t a l  F a c i l i t y  Cos t  106,800 
S t a r t - u p  3,000 
B u i l d i n g  M o d i f i c a t i o n s  3,000 

T o t a l  Requ i red  
Invcc~tmenf. ' 112,800 

c o s t s  

From t h e  m a t e r i a l s  c o s t  o f  $64,900, 
a  c o n s t r u c t i o n  c o s t  e s t i m a t e  was 
developed.  T h i s  is  wresen ted  i n  Tab1.e 
111. A t e n  p e r c e n t  c o n t i n g e n c y  and 
3 .5  p e r c e n t  s t a t e  sales t a x  were added 
t o  t h e  m a t e r i a l s  c o s t .  The i n s t a l l a -  
t i o n  l a b o r  w a s  e s t i m a t e d  a t  9 2  man da 
and t h e  l a b o r ,  f r i n g e ,  s u b s i s t a n c e  a n  
t r a v c l  r e s u l t s  i n  a n  a d d i t i o n a l  $12 ,1  



1 brings the total construction cost 
t 35,800. 

From the total construction cost,'a 
total rsquired investment was developed 
and this is presented in Table IV. k 
similar cost development in a Bio-Gas 
of Colorado final report to the Four 
Corners Regional ~ominission~ was used 
as a guide. Estimates were made for a 
contingency, engineering, construction 
management and administrative costs, 
which, when combined with the construc- 
tion cost, gave a total facility cost 
of $106,800. Biological start-up and 
mechanical shakedown were estimated 
at $3,000. The building modifications 
are specific to this site and are the 
extension of the roof and the 
enclosing of the finishing buildings 
to keep the pits from freezing. These 
modifications were estimated at $3,000. 
The bottom line total required invest- 
ment becomes $112,800. 

The annual operation.and maintenance 
costs were estimated to be $3,045 
and include electrical charges, $1,520, 
mechanical equipment replacement, $750, 
insurance, $400, and auxiliary fuel 
costs, $375. The mechanical equipment 
replacement cost was estimated at one 
percent of the total of materials cost 
plus contingency and sales tax. It was 
assumed that the facility would increase 
insurance costs and a $400 per year 
estimate was included. The yearly 
auxiliary fuel requirement had been 
estimated at 83 million Btu in Table I. 
Using a propane cost of 40 cents per 
gallon, or $4.50 per million Btu 
($4.27 per million kJ), results in an 
annual cost of $375. 

Principal and interest payments were 
calculated at nine percent interest 
for twenty years. This results in an 
annual payment of $12,400 and, combining 
this with the annual operation and 
maintenance costs of $3,045, yields a 
total annual production cost of $15,445. 
The gas production cost of $12,075 is 
obtained by subtracting the fertilizer 
value from the total annual production 
cost. Dividing this cost by tne annual 
energy production of 732 million Btu 
results in a gas production cost of 
$16.50 per million Btu. Since the 
propane cost is included in the annual 
production cost, its energy value can 
be added tn  that prodi~ced, which lowers 
the production cost to $14.82 per 
million Btu. Both of these unit costs 
are extremely high when compared to 
propane at $4.50 per million Btu. 

the gas were considered to be worth 
50 per million Btu, then the annual 

revenue would be $3,290. Including the 
fertilizer value gives a total revenue 
of $6,660. With this analysis, the 
system would have an annual loss Of 
$8,785. 

Low Technology Approach 

Since the gas cost for the system 
designed came out so high, $16.50 per 
miliion Btu, a look at a low technology 
approach is warranted. The major 
portion of the total annual production 
costs was principal and interest on the 
total required investment and, if the 
total required investment could be 
lowered significantly, then the 
production costs could be lowered. 

The low technology approach considered 
is usually some form of a pit where 
the wastes may gravity flow with little 
or no mixing. The gas is not cleaned 
nor compressed. Generally, 
dependability and gas pr0,duction are 
sacrificed by this approach. 

Without going through another design, 
a few estimates can be made and a 
total required investment developed 
for a low technology approach. If 
the gas production remained the same, 
which is doubtful, and the gas was 
valued at a propane worth of $4.50 
per million Btu, then the gas revenue 
would be $3,290. Along with the 
ferilizer value, the total revenue 
would be $6,660. If annual operation 
and maintenance costs could be reduced 
to $1,000, mainly by drastically 
reducing the power requirements, then 
a principal and interest payment of 
$5,660 could be justified. At nine 
percent interest for twenty years, this 
could justify a total required invest- 
ment of $51,600. 

For this total required investment to 
be a realistic buiiding figure, all ' 

start-up, administrative, construction 
management and installation costs will 
have to behandled by the farm labor 
and not charged to the project. An 
engineering package would have to be 
available, possibly from the state or . 
federal government, which would supply , 

the system design. In short, this 
would have to be a "do it yourself" 
project with basically free or--l-o-w-cqst . ' -- 
outside assistance for the system design. 

CONCLUSIONS 

In summary, it appears to be futile to 
try and operate an anaerobic digestion 
system where ,the antibiotic lincomycin 
is utilized. Also, from the economic 



a n a l y s i s  pe r formed ,  t h e  g a s  c o s t  is  
p r o h i b i t v e l y  h i g h  i f  a company were t o  
d e s i g n  and c o n s t r u c t  a system f o r  a 
c l i e n t .  It a p p e a r s  t h a t f i n  o r d e r  f o r  
a system t o  approach  economic f e a s i b i l i t y ,  
it w i l l  have t o  b e  owner b u i l t .  I n i t i a l  
d e s i g n  and proof  of  c o n c e p t  w i l l  have 
t o  b e  p r o v i d e d  a t  a low c o s t  t o  t h e  
fa rmer  and may have t o  be accomplished 
by s t a t e  o r  f e d e r a l  government. 
A d d i t i o n a l  economic i n c e n t i v e s  a r e  
r e q u i r e d  i f  s m a l l  f a rm a n a e r o b i c .  
d i g e s t i o n  sys tems  a r e  t o  be .deve loped .  
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autohydrolysis of a  white  f i r  chip s l u r r y  from 150' 
:o 22S°C without  oxygen and a t  an autogenic pH of 
!.5 r e s u l t e d  i n  the p a r t i a l  hydrolysis  of ce l lu lo-  
s ic  cornpulleats and an increasc  i n  anaerobic biode- 
gradabi l i  t y  t o  me thane. Excessive temperature o r  
:ime resu l ted  i n  the formation of tox ic  mate r ia l s  
and/or degradation of biodegradable mate r ia l s  i n t o  
refractory residues.  Staged autohydrolysis  pre- 
:reatment f o r  maximizing conversion of f o r e s t  pro- 
iuc t  res idues  t o  biodegradable mate r ia l s  o f f e r s  a  
~ o t e n t i a l  f o r  conversion of 40 percent  of the com- 
,us t ion  energy i n t o  methane. Studies  on biodegra- 
i a t i o n  of products from thermochemical treatment of  
Lignin a t  pH 1 3  demonstrated t h a t  the  lower molecu- 
bar weight f r a c t i o n s  and s ing le - r ing  aromatic com- 
~ o u n d s  a r e  b ioconver t ib le  t o  methane. Studies  on 
thermochemical pretreatment  of  ni t rogenous mate r ia l s  
Lndicate t h a t  while  mild treatment increases  bio- 
i e g r a d a b i l i t y ,  the biodegradat ion of amino ac ids ,  
DNA and RNA a r e  hindred through formation of refrac-  
tory and tox ic  products. Conditions which minimize 
these adverse e f f e c t s  a r e  being sought. 

INTRODUCTION 

The ob jec t ive  of  t h i s  study i s  t o  eva lua te  thermo- 
chemical pretreatment  a s  a  method f o r  increas ing  the  
anaerobic b iodegradabi l i ty  of organic mate r ia l s  s o  
t h a t  they can be more r e a d i l y  fermented t o  methane 
gas, a  p o t e n t i a l  source of  f u e l .  The s tudy has f i v e  
s p e c i f i c  phases: 1 )  b i o l o g i c a l  conversion of ligno- 
c e l l u l o s e  t o  methane, 2) biodegradat ion of aromatic 
compounds, 3) biodegradat ion of  l i g n i n  and l i g n i n  
f r a c t i o n s ,  4) pretreatment  of nitrogenous organics  
f o r  increas ing  b iodegradabi l i ty ,  and 5)  biochemical 
methane p o t e n t i a l  and t o x i c i t y  t e s t i n g .  This r e p o r t  
covers  r e s u l t s  f o r  t h e  f i r s t  four  phases. 

BIOLOGICAL CONVERSION OF LIGNOCELLULOSE TO M E T I W E  

Lignoce l lu los ic i ,  the  cel l -wall  mate r ia l s  of vascu- 
l a r  land p l a n t s ,  a r e  the  most abundant renewable 
source of  chemical energy on e a r t h ,  y e t  t h e i r  poten- 
t i a l  remains highly under-ut i l ized,  p r imar i ly  
because. of t h e i r  complex s t r u c t u r e  . Anaerobic 
d i g e s t i o n  has the  a b i l i t y  of  capturing up t o  90 per- 
cen t  of the  hea t ing  va lue  (hea t  of combustion) of 
l i g n o c e l l u l o s i c s  i n  t h e  form of methane gas. How- 

, i n  p r a c t i c e ,  only a  small  f r a c t i o n  i s  conver- 
t o  methane due t o  t h e  i n a b i l i t y  of anaerobic,  

to  a t t a c k  the i n t r i c a t e  matrix. 

Lignocellulose,biodegradability i n  general  (by 
aerob ic  and anaerobicorganisms) i s  l imi ted  by i t s  
complex s t r u c t u r e  which phys ica l ly  r e s t r i c t s  t h e  
a c c e s s i b i l i t y  of hydro ly t ic  enzymes. 

Aqueous h e a t  treatment without  chemical add i t ion  
(autohydrolysis)  was inves t iga ted  a s  a  p r e t r e a t -  
ment means f o r  phys ica l ly  separa t ing  l ignocel lu-  
l o s e  c o n s t i t u e n t s  from t h e  matrix i n  order  t o  im- 
prove bioconversion e f f i c i e n c y  .to methane i n  anaer- 
ob ic  d i g e s t e r s .  Oxidative and nonoxidative h e a t  
t reatments ,  ranging from 150 t o  250°C, were evalu- 
.a ted f o r  r e l a t i v e  e f f e c t  on represen ta t ive  complex 
l i g n o c e l l u l o s i c s  and ind iv idua l  components of 
l i g n o c e l l u l o s e  ( c e l l u l o s e ,  hemicel lulose,  and 
l i g n i n )  . 
Laboratory-scale s t u d i e s  were used f o r  assess ing  
pretreatment  p o t e n t i a l .  Heat treatment was con- 
ducted i n  a  two-l i ter ,  bomb-type autoclave. The 
biochemical methane p o t e n t i a l  (BMP)' of samples was 
monitored wi th  ba tch ,  anaerobic serum-bottle tech- 
niques which employed long-term incubat ion periods 
( t h i r t y  days) t o  permit accl imation t o  t o x i c  o r  
uncommon products. [ I ]- .  S imi la r  techniques were 
used f o r  t h e  anaerobic t o x i c i t y  assay (ATA) t o  
measure adverse e f f e c t s  of a  compound, o r  sample, 
on t h e  r a t e  of t o t a l  gas production from an e a s i l y  
u t i l i z e d ,  methanogenic s u b s t r a t e .  

Prel iminary s t u d i e s  were conducted t o  compare oxi- 
d a t i v e  and nonoxidative autohydrolysis .  Autohy- 
d r o l y s i s  occurs a s  a  r e s u l t  of a  low autogenic pH 
of about 2.5 due t o  formation of organic ac ids  
from concentrated s l u r r i e s  a t  e leva ted  temperatures. 
Rto l i g n o c e l l u l o s e  s o u r c e s ~ s e l e c t e d  f o r  s tudy were 
pea t  and non-inked newsprint.  Peat  i s  enriched i n  
l igneous substances and contains few carbohydrates. 

,Non-inked newsprint was se lec ted  a s  a  model com- 
p lex  l i g n o c e l l u l o s i c .  A four-percent t o t a l  s o l i d s  
(TS) s l u r r y  was employed f o r  hea t  treatment o f p e a t ,  
and 1.5-percent TS s l u r r y  f o r  newsprint.  Heat 
t reatments  were f o r  one-hour dura t ion .  

Without h e a t  treatment and because of t h e  high l i g -  
n i n  con ten t ,  pea t  was not  biodegradable anaerobi- 
c a l l y  and newsprint was r e l a t i v e l y  nonbiodegradable 
(bioconversion e f f i c i e n c y  = 3 percen t ) .  Autohy- 
d r o l y s i s ,  ox ida t ive  and nonoxidative, improved t h e  
bioconversion e f f i c i e n c y  of these  mate r ia l s  by 
s o l u b i l i z i n g  ( i  . e . hydrolyzing) o r  r e l e a s i n g -  orga-- - - 

n i c s  from the  matr ix.  A comparison of o x i d a t i v r a n d  
n o n o ~ d a t i v e  hydro lys i s  of .newsprint ,  i l l u s t r a t e d  



i n  Fig .  1, shows t h e  r ecove rab le  p e r c e n t  of ' t he  
i n i t i a l  energy c o n t e n t ,  r e p r e s e n t e d  by chemical  
oxygen demand (COD), a s  a  f u n c t i o n  o f  p r e t r e a t m e n t  
temperature .  For o x i d a t i v e  t r ea tmen t ,  t h e  f r a c t i o n  
o x i d i z e d  was added t o  t h a t  which was b i o c o n v e r t i b l e  
t o  methane, s i n c e  t h e  o x i d i z e d  p o r t i o n  is l i b e r a t e d  
a s  h e a t  and i s ,  t h e r e f o r e ,  p o t e n t i a l l y  r ecove rab le .  
The p e r c e n t  of  r e c o v e r a b l e  energy was p ropor t ion -  
a l l y  g r e a t e r  f o r  o x i d a t i v e  than nonox ida t ive  t r e a t -  
ment, b u t  most o f  t h i s  energy was r e p r e s e n t e d  by 
h e a t  l i b e r a t e d  through combustion o f  p roduc t s .  The 
b iodegradab le  f r a c t i o n ,  however, was a c t u a l l y  lower  
f o r  o x i d a t i v e  p r e t r e a t m e n t  which i n d i c a t e s  t h a t  
b iodegradab le  p roduc t s  were  s e l e c t i v e l y  combusted 
under  o x i d a t i v e  c o n d i t i o n s .  S o l u b i l i z a t i o n  of 
o r g a n i c s  was determined t o  b e  t h e  primary mechanism 
f o r  i n c r e a s i n g  b ioconver s ion  e f f i c i e n c y .  Biode- 
g r a d a b i l i t y  o f  t h e  r e s i d u a l  p a r t i c u l a t e  f r a c t i o n  
was n o t  improved by t r ea tmen t .  

The e f f e c t  o f  oxygen on s o l u b i l i z a t i o n  was evalu-  
a t e d  a s  a  f u n c t i o n  o f  t empera tu re  and r e a c t i o n  t ime 
i n  a  b u f f e r e d  sys tem.  The aim was t o  t e s t  t h e  po- 
t e n t i a l  o f  oxygen f o r  i n c r e a s i n g  t h e  r ecove ry  o f  
s o l u b l e  o r g a n i c s  a t  a  normal au togen ic  pH s i n c e  
oxygen c a t a l y s i s  had been r e p o r t e d  by Scha lege r  and 
Br ink  [ 2 ] .  R e p r e s e n t a t i v e  c o n s t i t u e n t s  o f  l i gno-  
c e l l u l o s e  were  s t u d i e d  ( c e l l u l o s e ,  h e m i c e l l u l o s e  , 
and l i g n i n )  a s  w e l l  a s  a  complex l i g n o c e l l u l o s i c ,  
w h i t e  f i r .  The r e s u l t s  showed t h a t  t h e  presence 
o f  oxygen dec reased  t h e  r ecove ry  o f  s o l u b i l i z e d  
o r g a n i c s  f o r  a l l  c o n d i t i o n s  e v a l u a t e d ,  i n c l u d i n g  
c i r cums tances  where oxygen had been r e p o r t e d  as 
c a t a l y t i c  f o r  h y d r o l y s i s  of c e l l u l o s e  [ 2 ] .  

F u r t h e r  a u t o h y d r o l y s i s  s t u d i e s  were conducted w i t h  
w h i t e  f i r  a t  6.5 p e r c e n t  TS t o  a s s e s s  t h e  p o t e n t i a l  
f o r  improving t h e  b ioconver s ion  e f f i c i e n c y  and a l s o  
t o  t e s t  p o s s i b l e  format ion o f  t o x i c  products  a s  
sugges t ed  by o t h e r s  [ 3 ] .  The b ioconver s ion  e f f i -  
c i ency  of  w h i t e  f i r  was s i g n i f i c a n t l y  improved by 
s i n g l e - s t a g e ,  nonox ida t ive  t r ea tmen t  p rov id ing  
methane y i e l d s  more than  s i x  t imes  t h a t  of  t h e  

OXIDIZED + 
BIOCONVERTED 

REACTION TEMPERATURE, OC 

Fig .  1. F r a c t i o n  of  newspr in t  COD ox id ized  and/or  
determined b i o c o n v e r t i b i l i t y  to  methane a t  
v a r i o u s  h e a t  t r ea tmen t  c o n d i t i o n s  w i t h  one- 
hour  c o n t a c t  t ime. Ox ida t ive  r e a c t i o n s  
used a i r  a s  f eed  and off -gas  flow r a t e  of  
0 .42  ~ ? ( s T P )  /h r /kg  feed COD. 

u n t r e a t e d  c o n t r o l .  However, condensat ion re 
t i o n s  were found t o  reduce y i e l d s  of  b iodegradab le  
o r g a n i c s ,  and i n  o r d e r  t o  minimize t h e s e  e f f e c t s  
and maximize o v e r a l l  b ioconver s ion  e f f i c i e n c y ,  
s t a g e d  t r ea tmen t  was deemed necessa ry .  

The r e s u l t s  of  t h ree - s t age  h e a t  t r ea tmen t  o f  w h i t e  
f i r  a r e  summarized i n  Table 1. Mild h e a t  t r e a t -  
ment was employed i n i t i a l l y  f o r  s o l u b i l i z a t i o n  o f  
t h e  e a s i l y  hydrolyzed po lysaccha r ides  w h i l e  mini- 
mizing condensat ion r e a c t i o n s .  Then, more s e v e r e  
c o n d i t i o n s  fo l lowed i n  o r d e r  t o  a t t a c k  r e s i s t a n t  
po lysaccha r ides  , such a s  c e l l u l o s e .  The p a r t i c u -  
l a t e  y i e l d  o f  t h e  f i n a l  r e a c t i o n  product  ( 4 1  per- 
c e n t )  c l o s e l y  approximated t h e  t h e o r e t i c a l  40pe r -  
c e n t  chemical  oxygen demand (COD) r e p r e s e n t e d  by 
t h e  l i g n i n  f r a c t i o n  of  t h e  o r i g i n a l  s o l i d s ,  and 
t h e  s o l u b l e  y i e l d  (51  pe rcen t )  r e p r e s e n t e d  approx- 
i m a t e l y  85 p e r c e n t  of  t h e  t h e o r e t i c a l  carbohydrate  
COD. (Note: llg11111 wvuld nut be  ~?x.~c?cLuJ tu be 
s o l u b i l i z e d  under t h e s e  c o n d i t i o n s . )  Thus, a 
complex l i g n o c e l l u l o s i c  was t ransformed i n t o  two 
e a s i l y  s e p a r a b l e  f r a c t i o n s :  a s o l u b l e  f r a c t i o n  
t h a t  o r i g i n a t e d  predominantly from ca rbohydra te s ,  
and a  p a r t i c u l a t e  r e s i d u e  comprised p r i m a r i l y  of  
l i g n i n  condensat ion p roduc t s .  Data from BMP as- 
s a y s  f u r t h e r  showed t h a t  about  40 p e r c e n t  o f  t h e  
i n i t i a l  h e a t i n g  v a l u e  of wh i t e  f i r  was r e c o v e r a b l ~  
a s  methane through th ree - s t age  t r ea tmen t  w i t h  f e r -  
menta t ion o f  t h e  s o l u b l e  p roduc t s .  I n  such a  
scheme, t h e  p a r t i c u l a t e  r e s i d u e  could be  wet oxi- 
d i zed  t o  r e c o v e r  energy f o r  h e a t i n g  t h e  p r e t r e a t -  
ment r e a c t o r .  

However, t o x i c  p roduc t s  were p r e s e n t  i n  a l l  hea t -  
t r ea tmen t  p roduc t s  and a r e  a t t r i b u t e d  t o  s o l u b l e  
dehydra t ion  p roduc t s  ( f u r a n  compounds) formed fro1 
h e a t  t r ea tmen t  of  po lysaccha r ides .  Representative 
r e s u l t s  from t o x i c i t y  a s s a y s  a r e  i l l u s t r a t e d  i n  
F ig .  2. ATA d a t a  a r e  shown h e r e  f o r  two pure  corn 
pounds ( f u r f u r a l  and hydroxymethy l fu r fu ra l )  which 
have been r e p o r t e d  a s  major dehydra t ion  p roduc t s  
from h e a t  t r ea tmen t  of  po lysaccha r ides ,  a i d  the  
s o l u b l e  product  from nonox ida t ive  a u t o h y d r o l y s i s  
o f  w h i t e  f i r .  Other  r e a c t i o n  p roduc t s  behaved 
s i m i l a r l y .  The lowes t  c o n c e n t r a t i o n s  of a l l  sam- 
p l e s  t e s t e d  d i d  no t  a f f e c t  r e s u l t s  r e l a t i v e  t o  
c o n t r o l s ;  t h e r e f o r e ,  c o n t r o l  gas  p roduc t ions  a r e  
omi t t ed  from Yig. 2 t o r  c l a r i t y .  SPgar f l can t  i n -  
h i b i t i o n  occur red  a t  t h e  i n t e r m e d i a t e  sample con- 
c e n t r a t i o n s  (2.5-3 g / l  COD), and s e v e r e  i n h i b i t i o  
was p r e s e n t  a t  h i g h e r  c o n c e n t r a t i o n s .  Anaerobic 
c u l t u r e s  were a b l e  t o  acc l ima te  to  t h e s e  compound 
provided t h e  s o l u b l e  COD c o n c e n t r a t i o n  was kep t  
l e s s  than  3  g / l ,  a s  would be  expected i n  c y p i c a l  
f e rmen ta t ion  sys tems.  Therefore .  t o x i c i t y  is  riot 
a n t i c i p a t e d  t o  r e p r e s e n t  a  major problem it ade- 
q u a t e l y  accounted f o r .  

I n  summary, t hese  s t u d i e s  showed t h a t  a  r e l a t i v e 1  
nonbiodegradable  f o r e s t  product  r e s i d u e  can be 
s e p a r a t e d  i n t o  two t r a c t i o n s  by au tohydro lys i s :  
1) a s o l u b l e  f r a c r i o n  char  Is hlgli ly I r l u d u g ~ d d ~ l l  
and 2) a  p a r t i c u l a t e  r e s i d u e  t h a t  i s  no t  bioae- 
g radab le .  Furthermore,  about  40 pe rcen t  of t h e  
i n i t i a l  h e a t  con ten t  is p o t e n t i a l l y  r e c o v e r a b l  
b ioconver s ion  t o  methane. The remaining pa r  
l a t e  f r a c t i o n  could b e  wet ox id ized  t o  recove 

a c t o r  i n  t h i s  system. 

4 
a s s o c i a t e d  energy f o r  h e a t i n g  t h e  pretreatment re 



INCUBATION TIME, day 

TABLE 1 

Summary of 3-Stage Nonoxidative Heat Treatment of White F i r  

Fig.  2. Anaerobic t o x i c i t y  r e s u l t s  f o r  
a )  f u r f u r a l ,  b )  h y d r ~ x y m e t h y l f u r f u r a l ,  
and c )  the  s o l u b l e  product from nonoxi- 
d a t i v e  h e a t  t reatment  of white  f i r  a t  
225V, 2 hr .  Incubat ion temperature: 35-C. 
and fed con t ro l  35-day cumulative gas , 

product ion:  32.6 m l .  

One conceptual a p p l i c a t i o n  f o r  autohydrolysis-  
bioconversion technology f o r  energy recovery from 
woody res idues  i s  presented i n  F ig .  3. I n  e f f e c t ,  
the  scheme employs: 3-stage, nonoxidative auto- 
hydro lys i s  f o r  s o l u b i l i z a t i o n  of polysaccharides ,  
anaerobic  fermentat ion f o r  bioconversion of t h e  
s o l u b l e  product t o  methane, and wet ox ida t ion  f o r  
energy recovery a s  h e a t  from nonbiodegradable orga- 
n i c s .  The general  theme is t o  minimize water  use 
and h e a t  t r a n s f e r  i n  o rder  t o  l i m i t  a s soc ia ted  en- 
ergy l o s s e s .  Therefore ,  a l l  l iqu id-so l id  separa- 
t i o n s  would be conducted a t  processing tempera- 
t u r e s ,  and water  would be reused a s  poss ib le .  
D e t a i l s  of t h i s  system a r e  presentqd elsewhere [4].  

Stage 

I 
2 
3 

Reaction 
Sum 

A cursory energy and mass a n a l y s i s  f o r  processing 
1.0 kg of woody res idue  wi th  t h i s  scheme a r e  as 
fol lows : 

a ~ c t u a l  COD concentrat ion f o r  each r e a c t i o n .  F i r s t  s t a g e  employed 1 - l i t e r  l i q u i d  volume; f o r  s t a g e s  two 
and t h r e e ,  a p o r t i o n  of recovered p a r t i c u l a t e s  from preceding s t a g e  was resuspended i n  0 .75- l i t e r  
l i q u i d  volume and assayed f o r  COD concentrat ion.  

b ~ e s p e c t i v e  f r a c t i o n  referenced t o  the  o r i g i n a l  feed COD of s t a g e  one, and based 02 percent  particulate 
recovery of preceding s t a g e  a s  reLerenced t o  feed.  

Percent  o f  Or ig ina l   COD^ 

INPUTS : 

Loss 

o.o 
3.1 
5.3 
- 

8.4 

Feed Residue 1.0 kg 20,000 k J  
Makeup Water 2.0 kg a t  20°C 
Compressed Air 4.1 kg a t  34 arm 
Nut r ien t s  3.0 g Nitrogen 

0.7 g Phosphorus 

I Reaction 
Conditions 

Energy f o r  mixing, c e n t r i f u g a t i o n ,  . 
mass t r a n s f e r ,  e t c .  (conservat ive ' 

es t imate )  2,500 k J  

I 

I ~ e e d ~  
COD, g / l  

i 82.6 
63.4 
49.8 

P a r t i c u l a t e  

82.7 
55.9 
41.0 
- 

41.0 

Temp. O C  

200 
225 
225 

OUTPUTS : 

Soluble  

17.3 
24.0 
9.6 

50.9 

Time, h r  

o.o 
2.0 
2.0 

Ash Residue 0.05 kg s o l i d s  1,500 kJ 
0.5 kg water  

- 

I 
Product COD, g / l  

' Biogas 0.11 kg CH4 
0.20 kg C07 - 

Off-Gas (Wet 1 .4  kg C02 
Oxidation) 3.1 kg Nq 

1.6 kg steam a t  

P a r t i c u l a t e  

68.3 
42.8 
36.6 

Tota l  

82.6 
61.2 
45.1 

25 atm 4,700 kJ 
Heat a s  low-pressure 
steam 8,900 kJ 

Soluble  

14.3 
18.4 

8.51 
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Fig.  3. Schematic diagram o f  p o s s i b l e  a p p l i c a t i o n  of  a u t o h y d r o l y s i s ,  b ioconver s ion  and wet 
o x i d a t i o n  f o r  r ecove ry  o f  energy from wood r e s i d u e s .  Nota t ion,  . HE - Heat Exchanger, 
S - S e t t l i n g ,  W Heat. .T rans fe r .  

While t h i s  a n a l y s i s . c o n t a i n s  many s i m p l i f i c a t i o n s ,  
i t  is c l e a r l y  p o s s i b l e  t h a t  t h e  o v e r a l l  sys tem 
cou ld  produce a  n e t  p o s i t i v e  energy, and, i n  t h i s  
r e g a r d ,  i t  r e p r e s e n t s  a  s i g n i f i c a n t  improvement 
o v e r  o t h e r  p r e t r e a t m e n t  and b ioconver s ion  schemes, 
s i n c e  they t y p i c a l l y  have n e t  energy l o s s e s .  Acon- 
s e r v a t i v e  e s t i m a t e  of  sys tem p o t e n t i a l  would b e  
t h a t  t h e  n e t  sys tem r e c o v e r a b l e  energy is t h e  6.000 
kJ con ta ined  i n  t h e  b iogas ,  i . e . ,  a 30-percent con- 
v e r s i o n  e t t i c i e n c y  o t  t h e  t e e d  r e s i d u e  t o  a n  e a s i l y  
t r a n s p o r t e d ,  c lean-burning s o u r c e  of  f u e l .  The 
s i g n i f i c a n t  advantage of  a u t o h y d r o l y s i s  i s  t h a t  
chemical  requirements  a r e  low. 

BIODEGRADATION OF AROMATIC COMPOUNDS 

While l i g n i n  does  n o t  appear  t o  y i e l d  b iodegradab le  
p roduc t s  under a u t o h y d r o l y t i c  c o n d i t i o n s ,  it is 
s o l u b i l i z e d  and t o  some degree  f r a c t i o n a t e d  b y t h e r -  
mochemical t r e a t m e n t  a t  pH 13.  Our p rev ious  s t u d i e s  
have  shown :hat a  wide v a r i e t y  of  aromat ic  conpounds 
r e l e a s e d  under t h e s e  c o n d i t i o n s  a r e  complete ly  b io-  
deg radab le  t o  methane and ca rbon  d iox ide .  F u r t h e r  
s t u d i e s  on a r o m a t i c  decomposi t ion t o  methane has  
con t inued  t o  focus  on f e r u l i c  a c i d  a s  a  model com- 
pound. For d e t e r m i n a t i o n  of  impor t an t  in termedi-  
a t e s  formed d u r i n g  f e r u l i c  a c i d  conver s ion ,  methane 
i n h i b i t i o n  exper iments  were c a r r i e d  o u t  w i t h  2- 
bromoethane s u l f o n i c  a c i d  (BESA), an  analogue o f  

Coenzyme M (CoM) and a  s p e c i f i c  i n h i b i t o r  o f  meth- 
ane format ion.  This  procedure  r e s u l t e d  i n  3ucccss- 
f u l  i n h i b i t i o n  o f  gas  format ion t o  20 p e r c e n t  o f  
t h a t  i n  a n  u n i n h i b i t e d  c u l t u r e  and a  c l e a r  bu i ldup  
o f  a c e t a t e  t o  l e v e l s  f o u r  t imes  h i g h e r  than  normal.  
I n  a d d i t i o n ,  d e t e c t a b l e  l e v e l s  of  f o u r  o t h e r  vola-  
t i l e  f a t t y  a c i d s  were a l s o  observed (Fig .  4 ) .  

I d e n t i f i c a t i o n  o f  a d d i t i o n a l  i n t e r m e d i a t e s  was con- 
duc ted  on  e s t e r i f i e d  e t h e r  e x t r a c t s  by gas  chroma- 
tographylmass spec t romet ry .  A number of r i n g  com- 
pounds were  d e t e c t e d  a s  fo l lows:  3-phenylpropionate, 
c innamic  a c i d ,  p h e n y l a c e t a t e ,  benzoate ,  and cyclo- 
hexanecarboxyla te .  These colupou~~ds were IIU t d e t e c t -  
a b l e  i n  u n i n h i b i t e d  c u l t u r e s  o r  i n  background con- 
t r o l s ,  and t h e i r  c o n c e n t r a t i o n s  were n o t  determined.  
I n  a d d i t i o n ,  t h c  mcthyl cotcrci o f  pimclic and adigic 
a c i d s . w e r e  a l s o  d e t e c t e d  i n  samples,  bo th  w i t h  and 
wi thou t  BESA i n h i b i t i o n .  The l e v e l s  were two t o  
t h r e e  t imes  h i g h e r  i n  i n h i b i t e d  samples and co r re -  
sponded t o  approximately  10  rogll. 

Based on  t h e  i n t e r m e d i a t e s  observed,  F ig .  5 i l l u s -  
t r a t e s  a  t e n t a t i v e  concep tua l  model d e s c r i b i n g  
methanogenic degrada t ion  of  f e r u l i c  a c i d .  A l l  t h e  
i n t e r m e d i a t e s  d e p i c t e d  on t h e  top p o r t i o n  have been 
observed i n  o u r  c u l t u r e s .  I n  a d d i t i o n ,  t h e  d e t e  
t i o n  o f  benzoa te ,  p rop iona te ,  and a c e t a t e  i n  ou a c u l t u r e s  c l 'ear ly  s u p p o r t s  t h e  proposed o v e r l a p  a  
merging o f  t h e  f e r u l i c  a c i d  degrada t ion  scheme w i t h  
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Fig. 4 .  Buildup of v o l a t i l e  a c i d s  i n  BESA-inhibited 
c u l t u r e .  A) Ace ta te  bui ldup.  B) Temporary 
bui ldup of  p rop ion ic  a c i d  and appearance of 
i s o b u t y r i c ,  b u t y r i c ,  and i s o v a l e r i c  a c i d s .  

t h a t  of benzoate .  These d a t a  suggest  t h a t  o t h e r  
aromatic  d e r i v a t i v e s  can a l s o  be converted i n  a 
s i m i l a r  manner and' t h a t  such anaerobic  degradat ion . 
mechanisms f o r  methane format ion may be common f o r  
aromatic  compounds. 

BIODEGRADATION OF LIGNIN AND LIGNIN FRACTIONS 

While the  previous s e c t i o n  i n d i c a t e d  t h a t  aromatic  
subun i t s  of  l i g n i n  a r e  r e a d i l y  fermentable  t o  meth- 
ane and carbon d iox ide ,  the  p o t e n t i a l  f o r  t h e  meth- 
anogenic degradat ion of  t h e  more complex,molecules 
fol lowing high pH thermochemical t reatment  of 
l i g n i n  i s  unknown. 

I n  i n i t i a l  s t u d i e s ,  a l k a l i n e  hea t - t r ea ted  p e a t  l i g -  
n i n  was f r a c t i o n a t e d  by g e l  f i l t r a t i o n  chromatogra- 
phy [ 6 .7 ] .  E l u t i o n  of t h e  pea t  l i g n i n  was by de- 
scending chromatography i n  a dioxane-water s o l v e n t  
system ( 1 : l  by volume) i n  which t h e  pea t  was so l -  
uble .  Lignin e l u t i o n  p a t t e r n s  were determined by 
record ing  t h e  o p t i c a l  d e n s i t y  (OD) of each sample 
a t  280 nm. Frac t ions  of  s i m i l a r  molecular weight 
were pooled and d r i e d  under vacuum by r o t a r y  evapo- 
r a t i o n  a t  50-55OC t o  be  used as s u b s t r a t e  f o r  
b iodegrada t ion  s t u d i e s .  

F r a c t i o n a t i o n  on Sephadex LH-20 g e l  (Pharmacia F ine  
C h e m i c a l s ,  Uppsala, Sweden), r e s u l t e d  i n  t h r e e  major 

f r a c t i o n s :  two low molecular  weight peaks (MW 200 
and MW 600) ,  and one l a r g e ,  h igh molecular weight 

Fig.  5.  Proposed conceptual  model f o r  t h e  convers ion of f e r u l i c  a c i d  t o  methane 
i t ~ c o r p o r a t i n g  p rev ious ly  r e p c r t e d  benzoate pathways. Top h a l f  of  f i g u r e  
shows proposed f e r u l i c  a c i d  degradat ion s t e p s .  Bottom h a l f  of f i g u r e  shows 

' proviouoly repor ted  benzoate  pathways n6 r l~p l , r t~?d  hy.f.vans [ S ] .  



f r a c t i o n  (MW 800-1400) (Fig.  6 ) .  Sephadex LH-60 
was used to f u r t h e r  e l u t e  Frac t ion  1, and although 
t h i s  revealed t h e  presence of a broad range of 
h igher  molecular weight compounds, t h e  major i ty  of 
mate r ia l s  was s t i l l  e l u t e d  i n  one major peak. 

BMP assays were performed on t h e  th ree  f r a c t i o n s .  
The prel iminary d a t a  suggest  t h a t  Frac t ions  1 a n d ' 2  
a r e  more r e a d i l y  converted t o  methane (3@% and 38% 
conversion e f f i c i e n c y ,  respec t ive ly)  a s  compared t o  
Frac t ion  3 (7% conversion e f f i c i e n c y ) .  It appears 
t h a t  t h e  observed i n c r e a s e  i n  biodegradation follow- 
i n g  a l k a l i n e  h e a t  t reatment  o f  l i g n i n  r e s u l t s  from 
formation of lower molecular weight compounds. 

BIODEGRADATION OF NITROGENOUS ORGANICS 

Nitrogen-containfnp organ ic  mate r ia l s  a r e  p reva len t  
i n  animal manure, municipal wastewater,  s ludges,  
res idues  from s l a u g h t e r  houses and from t h e  grow- 
ing ,  harves t ing ,  and processing of vegetables  and 
f r u i t .  Organic res idues  from aquacul ture such ati' . 
a lgae  and a q u a t i c  p l a n t s  a r e  a l s o  high i n  ni t rogen.  
Nitrogenous m a t e r i a l s  a t e  a l s o  minor components of 
most l i g n o c e l l u l o s i c  mate r ia l s .  

P ro te ins  and t h e i r  bu i ld ing  blocks, the amino ac ids ,  
a r e  major forms of ni t rogenous organics .  Other 
major forms a r e  t h e  n u c l e i c  ac ids  DNA and RNA and 
t h e i r  purine and pyrimidine bases.  I n  add i t ion ,  
nitrogenous organics  a r e  genera l ly  components of 
l a r g e r  b i o l o g i c a l  s t r u c t u r e s  such as c e l l  wal l s  and 
c e l l  membranes. Analyses of organics  remaining 
a f t e r  methane fermentat ion i n d i c a t e  t h a t  many 
nitrogenous organics  a r e  no t  r e a d i l y  biodegradable. 
Some nitrogenous mate r ia l s  a r e  no doubt p ro tec ted  
from biodegradat ion by o t h e r  organics  j u s t  a s  l i g -  
n i n  p r o t e c t s  c e l l u l o s e  from a t t a c k  i n  l ignoce l lu lo-  
s i c s .  I n  add i t ion ,  some nitrogen-containing 
molecules a r e  probably s u f f i c i e n t l y  complex t o  defy 
microbial  a t t a c k .  This phase of the  o v e r a l l  study 
is  being conducted t o  determine the  degree to  which 
thermochemical pretreatment  can increase  o r  other-  
wise change the  b iodegradabi l i ty  of such mate r ia l s ,  
and t o  assess  whether o r  not  the  r e s u l t i n g  ni t roge-  
nous organic products a r e  tox ic .  

Both complex and pure ni t rogenous organics  were 
evaluated. The complex organics  were b a c t e r i a l  

WME (mll 

Fig. 6 .  Elut ion p a t t e r n  of a l k a l i n e  heat- t reated 
p e a t  on Sephadex LH-20 i n  1:l dioxane- 
water .  

c e l l s  (waste a c t i v a t e d  s ludge,  o r  WAS) from a 
municipal activated-sludge p lan t .  Some evidence 
suggests  t h a t  under thermophilic condit ions orga- 
n i c s  a r e  more completely degraded than under 
mesophilic condit ions.  Experiments were c a r r i e d  
ou t  on thermochemically p re t rea ted  WAS t o  eva lua te  
t h i s  d i f fe rence .  BMF assays were conducted using 
seed from separa te  mesophilic (35'C) and thermo- 
p h i l i c  ( 5 5 ' C )  d i g e s t e r s  fed WAS. 

Data obtained with 8 1  day BMPs (Fig. 7) revealed 
the  previously determined t rends  with temperature 
of treatment and NaOH addi t ion ,  with maximum bio- 
degradabi l i ty  occurr ing wi th  pretreatment a t  t e n r  
pera tures  of 175OC. The d a t a  a l s o  ind ica ted  -so- 
p h i l i c  condit ions l ed  t o  higher  d e g r a d a b i l i t i e s .  
These d a t a  should be  i n t e r p r e t e d  with c a u t i o n s i n c e  
i t  is poss ib le  t h a t  t h e  thermophilic seed used may 
not  have been a "balanced" population. 

I n  another  experiment, a d i f f e r e n t  flow scheme was 
t r i e d  t o  improve b iodegradabi l i ty .  The e f f l u e n t s  
from both mcoophilic and t h e m p h i l i c  d i g e s t e r s  
rece iv ing  WAS were h e a t  t r e a t e d  a t  175OC f o r  one 
hour without  chemicals, and BMPs were c a r r i e d  out  
over a 44-day period t o  determine the  increase  i n  
degradabi l i ty  of t h e  digested mate r ia l s .  This 
two-stage flow scheme allows e a s i l y  degradable 
organics  t o  be  consumed before sub jec t ing  t h e  re- 
maining r e f r a c t o r y  compounds t o  hea t  treatment. 
The d a t a  obtained ind ica ted  an o v e r a l l  degradabil- 
i t y  of  t h e  two-stage process of  75 percent ,  an 
increase  from 62 percent  without  hea t  t reatment .  

Thermal treatment of  WAS l e a d s  t o  an increase  i n  
degradabi l i ty ,  followed by a p rec ip i tous  d e c l i n e  
with temperature a f t e r  an optimum. 1n .order  t o  
understand t h i s  phenomenon, the  b i o d e g r a d a b i l i t i e s  
a f t e r  thermal treatment of the following common 
nitrogenous organic components were s tud ied :  
p r o t e i n s ,  amino s c i d s ,  RNA, and DNA. Toxici ty  by 
t h e  ATA procedure was a l s o  evaluated.  

Two pro te ins ,  col lagen and a l b M n ,  were evaluated 
f o r  t o x i c  e f f e c t s ,  while only the  former was used 
i n  b iodegradabi l i ty  t e s t s .  The concentrat ions 

O 2 H .  -I;', 1;s ;00 A 5  2k 
PRETREATMENT TEMPERATURE, 'C 

Fig.  7. Ef fec t  of  hea t  treatment with and w i t  
chemical add i t ion  on b iodegradabi l i ty  
WAS under mesophillc and thermophilic 
condit ions.  



sel e approximately the  same as  f o r  WAS (40 g 
ID, -, . However, s ince  col lagen is  a f ib rous  pro- 
:in and very ge la t inous ,  a s o l u t i o n . o f  only 20 g / l  
s used. The albumin used was 34 g / l .  

e amino a c i d  s o l u t i o n  t r e a t e d  contained 2 g / l  of 
ch of the  twenty common amino ac ids .  The DNA 
ed was ex t rac ted  from salmon sperm and conrained 

g / l .  The RNA was ex t rac ted  from yeas t  and con- 
ined 57  g / l .  

e percent  b ioconver t ib le  t o  methane a s  determined 
mesophilic BMP ana lys i s  f o r  each mate r ia l  i s  

amnarized i n  Fig.  8. The cont ro l s  ( i . e . ,  no pre- 
reatment) i n d i c a t e  t h a t  a l l  the  b a s i c  components 1 ere  highly degradable a s  expected. The high val-  

e s  f o r  col lagen a r e  probably i n d i c a t i v e  of low 
easured COD values f o r  the  feed s o l u t i o n  due t o  
ncomplete oxidat ion of the highly bound pro te in .  

nermochemical pretreatment  i n  a l l  cases b u t  one 
owcrcd the  BMP. It is  hypothesized Lhat t h i s  was 
ue t o  a thermally catalyzed complexation and poly- 
e r i z a t i o n  reac t ions  where the simple components 
e r e  converted to  more complex n a t e r i a l s ,  which 
e r e  l e s s  suscep t ib le  t o  biodegradation. Tne excep- 
i o n  t o  t h i s  i s  col lagen where there  appears t o  be 
o s ignif ican:  decrease with pretreatment .  

he r e s u l t s  of an anaerobic t o x i c i t y  assay (ATA) on 
he hea t - t rea ted  b a s i c  components a r e  l i s t e d  i n  
ab le  2 .  Given a r e  t h e  maximum r a t e  r a t i o  (MRK) as Fig.  8. 

func t ion  of d i l u t i o n .  MRR values l e s s  than 1.0 
nd ica te  i n h i b i t i o n .  Under mesophilic condit ions 

125 2 0 0 ° C +  300 meq/l NaOH 
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O AMINO RNA DNA COLLAGEN 
ACIDS 

Comparison of b iodegradabi l i ty  f o r  
var ious nitrogenous chemicals without  
and with h e a t  treatment f o r  one hour. 

TABLE 2 

ATAs of Heat-Treated Nitrogenous Componentsa 

I 

Compound 

Amino ac ids  

DNA 

RNA 

Collagen 

Albumin 

Heat 
Treatment 
(One Hour) 

Control 
200°C 
200°C NaOHb 

Control 
200" C 
200°C N ~ O H ~  

Control 
200°C 
200°C N ~ O H ~  

Control 
200°C 
200°C hiaOHb 

~ e s o ~ h i l i c  - MRR ( 3  Days) I/ Thermophilic - MRR ( 3  ~ a y s )  

Figures i n  parentheses i n d i c a t e  time i n  days t o  accl imate.  

..-I--- 



only  the  amino a c i d  mixture  was t o x i c  a t  a t h i r -  
t i e t h  d i l u t i o n ,  whi le  a t  a f i f t h  d i l u t i o n  most 
compounds were t o x i c ,  excep t  f o r  t h e  p r o t e i n s .  At 
the  h i g h e s t  concen t ra t ion ,  t h e  p r o t e i n s  were s t i l l  
cons ide rab ly  l e s s  t o x i c  than t h e  o t h e r  components. 

These r e s u l t s  i n d i c a t e  t h a t  somewhat mild (175OC) 
thermochemical t r ea tment  can i n c r e a s e  t h e  biode- 
g r a d a b i l i t y  o f  complex ni t rogenous m a t e r i a l s  such 
a s  b a c t e r i a l  c e l l s .  However, h igher  temperatures ,  
wi th  and wi thou t  chemical a d d i t i o n  r e s u l t  i n  chem- 
i c a l  degrada t ion  of p r o t e i n s ,  amino a c i d s ,  and 
n u c l e i c  a c i d s  forming l e s s  biodegradable  and a l s o  
i n h i b i t o r y  products .  This  sugges t s  t h a t  i f  thermo- 
chemical t r ea tment  is t o  b e  used f o r  i n c r e a s i n g  
b i o d e g r a d a b i l i t y ,  then a two-stage process  is de- 
s i r a b l e .  Here, t h e  biomass would be  t r e a t e d  t o  
o b t a i n  methane from t h e  r e a d i l y  biodegradable  mate- 
r i a l s .  The r e s i d u e  would then be t r e a t e d  thermo- 
chemical ly  t o  conver t  remaining p e r s i s t e n t  o rgan ics  
i n t o  biodegradable  m a t e r i a l s .  Prel iminary s t u d i e s  
w i t h  such a scheme . ind ica ted  an i n c r e a s e  i n  biode- 
g r a d a b i l i t y  of b a c t e r i a l  c e l l s  from 62 pe rcen t  w i t h  
s ing le - s t age  b iodegrada t ion  t o  75 percen t  wi th  t h e  
two s tages .  

FUTURE STUDIES 

The au tohydro lys i s  process  f o r  i n c r e a s i n g  biode-. 
g r a d a b i l i t y  of f o r e s t  r e s i d u e s  has  good p o t e n t i a l  
because i t  r e q u i r e s  no chemical a d d i t i o n s .  The 
o rgan ic  a c i d s  produced a r e  biodegradable  and by 
proper  des ign  of  a methane fermenter ,  n e u t r a l i z i n g  
o f  these  a c i d s  can be  avoided. Future  s t u d i e s  w i l l  
be  concerned wi th  op t imiz ing  the  s t aged  t reatment  
process  w i t h  r e s p e c t  t o  number of s t a g e s ,  t ime of  
each,  and temperature,;  Evaluat ion o f  chemical 
products  produced a t  each s t a g e  i s  a l s o  planned i n  
o r d e r  t o  understand. t h e  t ransformat ion which t akes  
p lace .  Th i s  w i l l  h e l p  n o t  only i n  t h e  op t imiza t ion  
of t h e  p rocess  b u t  may l e a d  t o  des ign  of  a p rocess  
t o  produce va luab le  by-products o the r '  t han  methane. 

Lignin is no t  transformed i n t o  biodegradable  pro- 
d u c t s  by au tohydro lys i s .  Products  of a l k a l i n e  
thermochemical t r ea tment  w i l l  cont inue t o  b e  
~ q l o r e d  and analyzed i n  a n  e f f o r t  t o  seek r r e a t -  
ment cond i t ions  which w i l l  y i e l d  a maximum of  
fermentable  products .  S imi la r ly ,  products  from 
pre t rea tment  of ni t rogenous m a t e r i a l s  w i l l  cont inue 

t o  be explored i n  an e f f o r t  t o  f i n d  the  b e s t  ~ ~ ~ t d i j  
t i o n s  f o r  convering r e f r a c t o r y  m a t e r i a l s  i n t o  bio-1 
degradable  products  whi le  reducing the  e x t e n t  of ; 
convers ion of  biodegradable m a t e r i a l s  i n t o  e i t h e r  
r e f r a c t o r y  o r  t o x i c  m a t e r i a l s .  
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ii s r e p o r t  summarizes the research being conducted 
: the Roman L. Hruska U.S. Meat Animal Research 
m t e r  t o  assess t i le techn icd l  ar~d economic feas i -  
i 1 i t y  o f  recover ing methane and h igh p r o t e i n  
iomass from the anaerobic fermentat ion o f  beef 
3 t t l e  and crop residue. To accomplish t h i s  objec- 
i ve, a  p i l o t - s c a l e  fermentor was operated and an 
:onomic assessment was performed based on the 
i l o t - s c a l e  resu l t s .  

i e  h ighest  methane product ion r a t e  (4.65 L CH4/L 
?rmentor.d) was produced at  a  r e t e n t i o n  t ime o f  5  
3ys? load ing  r a t e  o f  16.8 kg  ~ ~ / m 3 . d ,  hour l y  
?eding, and fermentat ion temperature o f  5s0C. 

i economic assessment o f  the thermophi 1  i c  , anaer.0- 
i c  fermentat ion process f o r  beef f e e d l o t s  was per- 
~ r m e d  w i t h  various biogas hand1 i n g  and use 
~ t i o n s .  Option A consis ted o f  C02, H2S and Hz0 
?inoval, compression, storage and use i n  an i n t e r -  
n l  combustion engine/generator t o  produce e l e c t r i -  
i t y  w i t h  waste engine heat being used t o  heat the 
2rmentor. Option B resembl ed A, except C02 was 
)t removed from the biogas. Option C resembled 
~ t i o n  B, except the biogas was not compressed o r  
;ored. Opt ion D resembled B, except the biogas. 
i s  used as f u e l  f o r  a  b o i l e r ,  r a t h e r  than used i n  
I engine/generator. Opt ion E resembled D, except 
le  biogas was not  compressed o r  stored. 

le  fermentat ion p l a n t  s i z e  a t  which the e l e c t r i c a l  
-0duct ion costs  equals the  cu r ren t  ra tes  o f  $12.50 
?r g i g a j o u l e  (GJ) f o r  e l e c t r i c i t y  and $2.50/GJ f o r  
t t u r a l  gas would be 24, 54, 29, 91 and 36 mega- 
-ams o f  t o t a l  s o l i d s  per day (Mg TS/d) f o r  Options 
, B, C, D and E, re'spect ively. However, when a 
!feed c r e d i t  o f  $60/Mg d r i e d  e f f l u e n t  i s  appl ied 
) t h i s  analys is ,  the  p l a n t  s i ze  a t  h i c h  energy 
-oduct ion costs  equals cu r ren t  energy p r i ces  are 
, 6, 4, 5  and 3.5 Mg/d f o r  Options A, B, C, D and 
, respec t i ve ly .  

 is r e p o r t  summarizes the research being conducted 
: the  Roman L. Hruska U.S. Meat Animal Research 
!n ter  t o  assess the  techn ica l  and economic feas i -  

o f  recover ing methane and h igh p r o t e i n  
s  from the thermoph i l i c  fermentat ion o f  beef 

and crop residues. S p e c i f i c  ob jec t i ves  are 

1. Develop design c r i t e r i s  f o r  optimum product ion 
o f  biomass and/or methane from anaerobic f e r -  
mentat ion o f  l i v e s t o c k  and crop residues, 

2. Develop e f f i c i e n t  methods t o  i-ecover h igh  pro- 
. t e i n  biomass from the fermented residue, 

3. Evaluate the n u t r i t i o n a l  value o f  the biomass 
as a l i v e s t o c k  feed, 

4. Determine the c a p i t a l  and operat ional  costs; 
and energy, manpower and sa fe ty  requirements 
f o r  methane fermentat ion systems associated 
w i t h  l i v e s t o c k  operat ions. 

Th is  p r o j e c t  i s  j o i n t l y  funded by the U.S. 
Department o f  Agr i cu l tu re ,  Science and Education 
Admin is t ra t ion ,  A g r i c u l t u r a l  Research ($150,00O/yr) 
and the U.S. Department o f  Energy, D i v i s i o n  o f  
D i s t r i b u t e d  Solar  Technology, Fuels from Biomass 
Branch ($60,00O/yr) .. The s p e c i f i c  ob jec t i ves  o f  
i n t e r e s t  t o  DOE are Object ives 1 and 4 l i s t e d  , 

above. 

APPROACH 

The approach used t o  accomplish Object ives 1 and 4 
above, was t o  operate a p i l o t - s c a l e  fermentor and 
make an economic assessment o f  the system based 
upon the p i l o t - s c a l e  resu l t s .  De ta i led  d e s c r i p t i o n  .- 
o f  the p i l o t - s c a l e  system and procedures used i n  
opera t ing  the system have been repor ted p rev ious ly  
r .  1 

P i 1  ot-Scale Fermentor Operat ion 

A p i1  ot -scal  e  (5.7 I$), thermophi l  i c  (55°C) fermen- 
t o r  has been i n  opera t ion  f o r  over 2 years  a t  the 
Roman L. Hruska U.S. Meat Animal Research Center-  
conver t ing  beef c a t t l e  manure i n t o  methane (CH4) 
and p r o t e i n  [I]. Table 1 sumnarizes the  operat ing 
parameters o f  the p i l o t  fermentor under steady- 
s t a t e  condi t ions.  Steady-state was assumed a f t e r  
th ree  hydrau l i c  r e t e n t i o n  t imes ( 0 ) ;  t h e r e f o r e ,  the 
r e s u l t s  i n  Table 1 a r e  averages * 1 standard 
d e v i a t i o n  o f  the data dur ing the f o u r t h  o r  longer  
r e t e n t i o n  times. The r e s u l t s  i n  Table 1 a r e  not 
complete ly  comparable f o r  the various r e t e n t i o n  



TABLE 1. SUMMARY OF OPERATING PARAMETERS FOR PILOT-SCALE FERMENTORa 

PARAMETER 2ob 12 6 4 7 5 5 (once lh r )  

TOTAL SOLIDS 
INF., g / l  83.126.0 70.125.4 74.427.3 67.7k4.7 92.4k2.7 92.8k8.9 94.7k5.9 
EFF., g / l  50.4t0.7 36.6k2.7 43-023.8 43.8k1.7 47.020.8 46.421.9 51.622.0 

' CHANGE, % -39.4 -47.8 -42.2 -35.3 ' -49.1 -52.0 -45.5 

VOLATILE SOLIDS 
INF., g / l  68.526.1 61.8k5.3 68.7t8.7 59.5k4.5 82.6k2.1 84.94.4 83.8k5.1 
EFF., g / l  38.221.0 29.2k2.8 37.0k4.6 35.8k1.5 37.1k0.5 39.8k1.7 41.5k1.7 
CHANGE, % -44.2 -52.8 -46.1 -39.8 -55.1 -53 1 -50.5 

FIXED SOLIDS 
INF., g / l  14.6 8.3 5.7 8.2 9.8 7.9 10.9 
EFF., g / l  12.2 7.4 ' 6.0 7.9 9.9 6.6 10.1 
CHANGE, % -16.4 -10.8 +5.3 -3.3 +1. 0 -16.5 -7.3 

COD 
INF., g / l  77.1511.3 74.Yk13.2 73.8k3.1 73.0i3.6 93. l r l l  93.7211 96.1*13.1 
EFF., g / l  54.8k3.8 40.2k7.1 47.2k3.5 47.8k2.4 55.0k3.6 52.9k5.2 56.929.2 
CHANGE, % -28.9 -46.3 -36.0 -34.5 -40.9 -43.5 -40.8 

. - 
TOTAL NITROGEN - 

INF., g / l  3.76k0.33 4.32t0.37 3.69k0.41 3.81k0.10 4.25k0.32 3.62k0.31 4.25k0.20 
EFF., g / l  4.20k0.12 3.9320.38 3.82t0.03 4.1420.23 4.19k0.03 3.8820.29 4.27'0.18 
CHANGE, % +11.7 -9.0 +3.5 +8.7 -1.4 +7.2 4 . 5  

AMMONIA-N 
INF., g / l  0.76k0.08 1.13k0.12 1.02k0.28 1.505'0.26 0.93k0.07 0.94kO. 13 1.12k0.16 
EFF., g / l  1.97t0.01 1.89k0.05 . .1.82*0.07 1.90k0.07 1.61k0.16 1.44k0.03 1.85k0.14 

VOLATILE AC IDS 
INF., g / l  7.87t0.50 6.95k0.79 6.75'0.74 4.56'0.85 7.8520.66 6.89k0.34 7.7021.14 
EFF., g / l  1.95k0.10 1.15'0.23 1.8220.21 2.55'0.19 1.27k0.07 1.6420.12 2.39'0.33 

ALKALINITY 
INF., g / l  4.79k0.84 4.0621.18 3.26k0.54 5.43k0.45 3.7320.48 2.95k0.59 4.37t0.25 
EFF., g / l  11.91k0.44 8.59'0.42 8.5320.55 9.23r0.11 8.26k0.51 6.12+0.32 8-63'0.63 

PH 
INF. 
EFF. 

METHANE, % . 58 55 53 50 92 52 55 

METHANE PRODUCTION 
L/L'.day 0.75 1.59 2.73 3.14 3.57 4.23 4.65 
L/g VS added . 0.22 0.31 0.23 0.21 0.30 0.25 0.28 
L / g ' V S u t i l i z e d  0.50 0.58 0.50 0.53 0.55 0.47 0.55 
L / g C O D u t i l i z e d  0.68 0.55 0.59 0.43 0.66 0.52 0.59 

aOata presented as mean + 1 standard dev la t lon  
 NO mechanical m ix ing  

t imes because o f  several necessary mod i f i ca t ions  i n  
hardware and procedures. The s l u r r y  volume i n  the 
fermentor was maintained 'at 5.4 m3 f o r  0 o f  20, 12 
and 6 days and a t  5:l m3 f o r  0 o f  4, 7 and 5 days. 

Mechanical m ix ing  was not used dur ing (3 o f  20 days, 
which probably accounted f o r  the lower v o l a t i l e  
s o l i d s  reduc t ion  a t  t h i s  r e t e n t i o n  t ime versus 
those at  12 and 6 days. During (3 o f  12 days, a 

mixer w i t h  two 0.267-m-diameter (0)  p r o p e l l e r s  
spaced 2.5 0 apar t  on a s i n g l e  shaf t  was i n s t a l l e d .  
This  arrangement d i d  not prov ide enough mixing t o  
prevent scum formation. Before 8 was reduced t o  6 
days, the fermentor was emptied and cleaned, and 
two 0.381-m-diameter propel 1 e r s  spaced 2.5 0 ap 
were i n s t a l  led. The fermentor was then r e f i l l  a w i t h  the o r i g i n a l  contents, except f o r  the scum. 



1st th6 data in Table 1 are  for  a daily 
tl r-feed cycle, where a designated volume 

lepenoing on the retention time) was withdrawn 
-om the fermentor then replaced by a similar 
~lume of fresh manure slurry. The exception is  
1e l a s t  column where the fermentor was operated at  
5-day retention time and fed hourly. 

ble 1 shows that  the fixed sol ids and total  
' trogen did not decrease during fermentation, and 1 e to ta l  gas and CHq production increased as 0 
ecreased. The CHq production was about 0.50 L 
Hq/g VS ut i l  ized, as reported by Morris [2]. 
owever, the CHq production re la t ive  to the COD 
t i 1  ized was about 70% higher than the theoretical 
ie ld  of 0.35 L CH4Ig COD ut i l ized.  A possible 
eason for th i s  discrepancy i s  that  the COD of the 
iomass produced during the fermentation i s  
eflected as effluent COD. 

able 1 compares the results  of operating the fer- 
entor at  5 days retention time and being fed once 
a i l y  and once hourly. The effluent concentrations 
f the various parameters were s l ight ly  hi,gher when 
he fermentor was fed hourly. This was expected 
ince the effluent sample was taken about 22 hours 
f t e r  feeding for  the once daily feeding scheme, 
hereas the sample was taken less than one hour 
f t e r  feeding for the hour1 y wi thdraw-feed scheme. 
hus, the daily-fed system approximated a semi- 
ontinuous system, whereas the hourly-fed system 
pproximated a continuously fed system. 

he vol umetric CHq production ra te  was about 10% 
igher during the hourly feeding (4.65 vs. 4.23 L 
Hq/L fermentor.d). This steady-state production 
a te  of 4.65 L CH41L fermentor-d i s  comparable to 
he highest previously reported rate for  
aboratory-scale systems fermenti ng of animal resi- 
ue (4.5 L CHq/L.fermentor.d [3]) and is  a t  least  
our times higher than any reported rate for  p i lo t  
r full-scale systems fermenting animal residue. 
ossible reasons for  the lower CHq production rates 
f other systems may be the inhibit ion caused by 
n t ib io t i c s  and growth stimulants used in commer- 
ial  livestock enterprises,  and the age and degree 
f contamination of the manures used in other 
ystems. 

eef Feedlot Economic Assessment 

t i s  general 1 y assumed that beef' c a t t l e  manure 
i l l  be the most economically feas ib le  substrate 
or  systems fermenting agricultural residues 
ecause large amounts of manure are generated in 
arge confinement feedlots. Based upon resul ts  
rom the pi 1 ot-scale operation of the thermophil i c ,  
naerobic fermentation system, an economic 
ssessment was .performed for  beef feedlots. 

stem Description and Design: In the general' flow 
!heme of the  ~ r o ~ o s e d  fermentation system. manure 
rom the feedlot \ s  being scraped into a mixing 
a n k  where i t  i s  di1uted:with water to the desired 
onsistency. The mixing tank i s  equipped with a 
ixer and mechanism to remove sand and g r i t  from 

The slurry i s  then pumped to the 
t o r ,  which i s  equipped with a mechanical 
and heat exchangers for temperature control. 

Effluent from the fermentor i s  direct1 y incor- 
porated w i t h  other ration ingredients and fed to 
1 ivestock. Thermophil ic fermentation was selected 
because of the higher CH4 production rates and pre- 
sumed advantage of lower pathogen transmissibil i ty .  
We selected a temperature of 55OC because of our 
experience with the pilot-scale system operated at 
t ha t  temperature. 

Several biogas hand1 ing and use options here used 
in th i s  assessment, depending on the ultimate use 
of the gas. Option A consisted of C02, H2S and 
moisture removal by the water str ipping,  iron 
sponge and glycol absorption processes. The 
cleaned gas, predominantly CH4, was then canpressed 
to  860 kPa (125 psi ) and stored in prysurized 
tanks with a capacity to store 1 days CHq produc- 
t ion.  The CHq was then used as fuel to run an 
internal combustion engine/generator to produce 
e l e c t r i c i t y  and the waste heat from the engine was 
used to heat the fermentor. Option B resembled 
Option A, except the C02 was not removed from the 
biogas. Option C resembled Option 0, except the 
biogas was used di rec t ly  a f t e r  H2S and moisture 
removal and was not compressed or stored. Option D 
resembled Option B, except the biogas was used as 
fuel for  a boiler rather than used in an 
enginelgenerator. Option E resembled Option C, 
except the biogas was used as fuel for a boiler. 

The fol 1 owing assumptions based upon our pi 1 ot- 
plant experience were used in sizing the 
fermentors: loading rate of 16 kg vs/m3.d, VS:TS 
r a t i o  of 0.85: 1, 5-day retention time, and CH4 
production rate of 3.7 L CH4/Led. Note that  the 
assumed methane production rate i s  80% less than 
the  maximum methane production rate achieved by the 
pilot-scale fermentor (4.65 L CH4/Lad, Table 1 ). 
The methane concentration was assumed to be 50% of 
the biogas. The fermentor volume was calculated by 
multiplying the plant size (Mg TS/d) by the VS:TS 
ra t io  and dividing by the loading rate. The total 
energy production was cal cul ated by mu1 t i  plying the 
CH4 production ra te  by the fermentor volume and by 
the  en rgy content of CHq (37.3 M J / ~  or 1000 S BTU/ft ). 

The fermentors were designed assuming that the tank 
height to diameter ra t io  was 1 : l  up t a tank 
height of 10 m ( to ta l  volume of 785 9). Tanks 
larger than 785 IT? were designed with a maximum 
tank height of 10 m and suff ic ient  diameter to 
accomodate the volume. The maximum tank diameter 
was assumed to b 80 m,  resulting in a maximum tank 
volume of 5027 3. Systems requiring volumes 
greater than 5027 $ were designed w i t h  multiple 
tanks. 

Table 2 sumnarizes the fermentor volume, energy 
requirements, and net energy production for the 
various options and fermentation plant sizes. 
Procedures used to cal cul a t e  these energy require- 
ments have been presented previously [4]. The net 
fermentor heating requi rement was cal cul ated 
assuming that  50% of the fermentor effluent heat 
was recovered and used to heat the influent slurry. 

Table 2 shows the calculated electrical  power 
requirements in descending order of size:  gas 



TABLE 2. ENERGY PRODUCTION AND REQUIREMENTS FOR VARIOUS 
FERMENTATION PLANT SIZES AN0 ENERGY USE OPTIONS. . 

PLANT SIZE, Mg/d 

PARAMETER 3.5 3 5 175 350 

volume, m3 186 1,860 9,300 18,600 

Gross energy product ion,  GJ/y 9,400 94,000 470,000 940,000 

Net hea t ing  requirementa, GJ/y 1,070 9,870 48,600 97,100 

E l e c t r i c a l  power requirementb, kW 

Fermentor mixerb 
InY l  uent mixerb 
I n f  1 uent pumpC 
E f f 1 uent pumpc 
Gas ~ o i i l ~ r e s s o r ~  
Scrubber pumpb 

E l e c t r i c a l  generator e f f i c i e n c y ,  % 

Opt ion A 
Opt ion B & C 

Net e l e c t r i c a l  product iond, GJ/y 

Opt ion A 
Opt ion B 
Opt ion C 

Net methane product ione, Gl/y 

i ~ s s u m e s  50% recovery o f  e f f l u e n t  heat 
Assumes 24 h r / d  operat ion 

:~ssumes 10 h r / d  operat ion 
Gross c l c c t r i c a l  product ion minus e l e c t r i c a l  req l~ i rement  

' ~ r o s s  energy product ion minus net  heat ing requirement 

compressor, scrubber pump, i n f l  uent pump, e f f  1 uent 
pump, fermentor mixer and i n f l u e n t  inixer. For 
p l a n t  sizes o f  35 Hg TS/d drld larger ,  the gas 
compressor, scrubber pump and i n f l  uent pump account 
f o r  about 40, 25 and 20%, r e s p e c t i v e l , ~ ,  o f  the 
t o t a l  e l e c t r i c a l  energy requirement. The energy 
requ i red  t o  mechanical ly mix the fermentor i s  on1 y 
about 5% o f  the  t o t a l  requirement. 

Since the e f f i c i e n c y  o f  the engine/generator t o  
conver t  CHq I n t o  usefu l  work irlcr.eases as the 
engine s i z e  increases, the  e f f i c i e n c y  was est imated 
by the  f o l l o w i n g  equation based on the data o f  
P e r r y  and Chi 1 t o n  [5]: 

Generator e f f i c i e n c y  ( % )  = -13.05 + 4.18 I n  (E)  (1 )  . 

o f  t h a t  ca lcu la ted  from Equat ion 1, since the use- 
f u l  work output per energy inpu t  o f  a h igh 
compression engine r e c e i v i n g  gas conta in ing 50% 
CH4 i s  55% o f  an engine rece iv ing  100% inethane [6]. 

The net e l e c t r i c a l  product ion, shown i n  Table 2, 
was ca lcu la ted  by sub t rac t ing  the e l e c t r i c a l  energq 
requirements from the e l e c t r i c a l  energy produced b j  
t h e  engine/generator. Option A produced the rnost 
n e t  e l e c t r i c a l  energy s ince the increased engine/ 
generator e t f  i c i e n c y  was S u f f l c l e n t  t o  o f f s e t  Lt~e 
increased energy requi red t o  ccmpress and scrub the 
biogas. Option C produced more net energy than 
Opt ion B, s ince the same amount o f  gross e l e c t r i c a l  
energy was produced and Option 6 requi red Illore 
energy f o r  compressing and s t o r i n g  the biogas. 

where E i s  the gross energy consumed by the engine The waste heat from the i n t e r n a l  combustion engine 
(GJ/y) (i.e., the energy produced i n  the was assumed t o  be s u f f i c i e n t  t o  s a t i s f y  the heatins 
fermentor). Equation 1 i s  app l i cab le  on ly  t o  requirements o f  the fermentor. This assumption i s  
Opt ion A, s ince  the e f f i c i e n c i e s  are f o r  engines J u s t i f i e d  since the net heating requirement i s  
fue led w i t h  100% CH4. The engine/generator e f f  i - about 10% o f  the t o t a l  energy product ion, and 4 
c ienc ies  f o r  Options B and C were assumed t o  be 55% ween 20 t o  3 0 U f  the gross energy consunled by ttie 



gG-- ,an be recovered from the jacket  coo l ing  
si Considering t h a t  an add i t i ona l  26 t o  30% 

 eat can be recovered from the engine 
haust gases, Options A, B and C can be a source 
low t e ~ ~ ~ p e r a t u r e  (75 t o  85°C) process water, as 

11 as e l e c t r i c i t y .  

e  net  CH4 p roduc t ion  shown i n  Table 2 was calcu- 
t e d  by sub t rac t ing  the net heat ing requirement 
om the gross energy product ion. There was no 

i n  net CH4 p roduc t ion  between Options D 

Table 3 shows the i n s t a l l e d  equip- 
major components o f  a 35 Mg/d f e r -  

e n t a t i o n  system. The t o t a l  i n s t a l  l e d  equipment 
lost would vary depending upon the opt ions 
e lec ted .  For  example, the  most c a p i t a l  i n t e n s i v e  
,ystem (Opt ion A) cost 6680,000. The leas t  c a p i t a l  
n tens ive  systems (Options C & E) each cost 
t380,000. 

' o ta l  c a p i t a l  costs were est imated using engi- 
~ e e r i  ng and inspec t i  on fees, contingency, escal a- 
: i o n  and s ta r t -up  costs o f  20, 10, 12 and 10% o f  
n s t a l l  ed c a p i t a l  costs, respect ive ly .  To est imate 

:he t o t a l  c a p i t a l  costs f o r  d i f f e r e n t  s i ze  p lan ts ,  
;he scale-up f a c t o r  o f  fermentor volume t o  the 0.7 
,ewer, as shown i n  F igure 1, was used. Since the 
'ermentor volume o f  the 35 Mg/d p l a n t  i s  1860 n? 
:Table 3 ) ,  the t o t a l  c a p i t a l  costs (TCC) f o r  the 
~ a r i o u s  opt ions can be est imated by: 

TCCA = 5320 ( v ) ~ .  f o r  Opt ion A (2 ) 

TCCB,D = 4140 (v)Os7 f o r  Options B and D (3 )  

TCCC,E = 2970 (v)0a7 f o r  Options C and E (4 )  

dhere: 

TCC = t o t a l  c a p i t a l  costs, d o l l a r s  
V = fermentor  volume, m3 

Table 4 shows the c a p i t a l  costs f o r  the various 
op t ions  and fermentat ion sizes of  3.5, 35, 175 and 
350 Mg TSlday. 

Annual Costs: Annual costs, c o n s l j t  i n g  at labor, 
f i x e a  and u t i l i t y  costs w r e  estimated f o r  the 
var ious p l a n t  sizes (Table 4).  Sa la r ies  f o r  the 
p l a n t  operators were assumed t o  range from 
$20,00O/yr f o r  the 3.5 Mg/d p l a n t  up t o  
$80,00O/year f o r  the 350 Mg/d planr. F r inge  bene- 
f i t s ,  operat ional  suppl i e s  and miscei laneous expen- 
ses were estimated t o  be 15, 10 and 20% o f  
s a l a r i e s ,  respect ive1 y. Labor costs w r e  assumed 
t o  be the same f o r  a l l  opt ions a t  the same p lan t  
s ize.  

Fixed costs were ca lcu la ted  assuming an i n t e r e s t  
r a t e  o f  11% on ths  t o t a l  c a p i t a l  costs, and a 20- 
y e a r  s t r a i g h t - 1  i n e  deprec ia t ion  o f  the t o t a l  capi - 
t a l  costs. Taxes, insurance, and r e p a i r  and 
maintenance were est imated t o  be 3, 1.5 and 3% o f  
t h e  i n s t a l  l e d  equi,pment costs, respec t i ve ly .  

U t i l  i t y  costs were ca lcu la ted  based upon the energy 
requirements i n  excess o f  t h a t  produced (i.e., 
e l e c t r i c i t y  and/or heat).  U t i l i t y  ra tes  w r e  
assumed t o  be $12.5/GJ (4.5glkWh) f o r  e l e c t r i c i t y ,  
and $0. 10/rn3 f o r  make-up water. The on ly  u t i l  i t y  
cos t  charged t o  Options A, 6 and C was f o r  make-up 
water since the engine/generator produced more 
e l e c t r i c i t y  and waste heat than t h a t  needed f o r  the . 
fe rmenta t ion  system. The u t i l  i t y  costs shown f o r ,  
Options D and E r e f l e c t  the make-up water and 
e l e c t r i c i t y  costs. 

Table 4 shows the t o t a l  annual costs f o r  the 
vz r ious  options. Options A and D, the h igher  cost 
systems, have almost i d e n t i c a l  t o t a l  annual costs 
and c o n s t i t u t e  the higher cost systems, whereas 
Options C and E, the lower cost systems, have simi- 
l a r  t o t a l  annual costs. Option 6 has t o t a l  annual 
costs  between the two extremes. 

TABLE 3. INSTALLED EQUIPMENT COSTS FOR MAJOR COMPONENTS OF A 
35 Mg/d THERMOPHILIC, ANAEROBIC FERMENTATION SYSTEMa 

COMPONENT 

Prernixing and d e g r i t t i n g  
Pumps 
Fermentor wlmixer 
Heat exchanger 
P i  p ing  
H2S and Hz0 removal 
Cop, H2S and Hz0 removal 
Gas compression and storage 
B o i l e r  
Engine/generator w/heat exchangers 

TOTAL INSTALLED EQUIPMENT COST 

COST ( i n  $1000) FOR EACI1 OPTION 

'A B C D E - ---- 
50 50 50 50 50 
30 ' 30 30 30 30 

250 250 250 250 250 
15 15 15 15 15 
10 10 10 . 10 10 --- 50 50 50 50 

200 --- --- --- --- 
100 100 --- 100 --- --- --- --- 2 5 25 
25 2 5 25 --- --- - ---- 

680 530 380 530 380 

a~empera tu re  = 55"C, r e t e n t i o n  t ime = 5 days,, loading r a t e  = 16 kg/m3-d, 
volume = 1860 m3 



TABLE 4. COSTS FOR PRODUCING METHANE AND ELECTRICITY 
FOR VARIOUS FERMENTATION PLANT SIZES 

PLANT SIZE, Mg/d 

PARAMETER 3.5 35 175 350 

C a p i t a l  costs, $1000- 
Opt ion  A 206 
Opt ions B & D , 161 
Opt ions C & E 115 

Labor costs, $1000/y 33.9 

F ixed  costs, $1000/y 
Opt ion  A 
Opt ions B & D 
Opt ions C ti -E 

U t l l l t y  costs, 31000/y 
Options A, B & C 0.51 
Opt ion D 5.83 
u p t t  on E 3.33 

- .. . To ta l  annual costs, $1000/y 
Opt ion A 

- . 
77.7 

Opt ion  B 68.1 
. . Opt ion C 58.6 

--. .. Opt ion D 73.4 
.. - Opt ion E 61.4 

E l e c t r i c a l  product ion costs, $/GJ 
Opt ion  A 42.7 
Opt ion A w/refeed c r e d i t  20.3 

Opt ion B 77.8 
Opt ion B w/refeed c r e d i t  31.2 

Opt ion C 54.4 11.3 5.73 4.97 
np t i on  C w/refeed c r e d i t  16.6 -12.7 -14.1 -13.5 

Metl~ane p roduc t ion  costs, $/GJ 
- .  .- - . Opt ion  D 9.21 3.43 2.35 2.25 

Opt ion D w/refeed c r e d i t  4.10 -1.61 -2.68 -2.78 

Opt ion  E 7.70 2.53 1.59 1.49 
Opt ion E w/ refeed c r c d i t  2.59 -2.51 -3.43 -3.53 

Energy Product ion Costs: The e l e c t r i c a l  and 
CHn oroduct ion costs  are a lso shown i n  Table 4. 

e f f i c i e n c y  o f  e l e c t r i c i t y  generat ion by scrubbing 
C02 f rom the biogas makes Option A the most cost 
e f f e c t i v e  system. The sl  i g h t  increase i n  cost a t  ' 

about 95 Mg/d was caused by , l i m i t i n g  the s i ze  o f  
each fermentor to.5027 I$. The fermentat ion p lan t  
size .at \41icl1 the el e r t r i c a l  product ion costs equal 
the  cu r ren t  e l e c t r i c i t y  r a t e  o f  $12.50/GJ would be 
24, 54 and 29 Mg TS/d f o r  Options A, B and C, 
respec t i ve ly .  

~ h z s b  costs  were ca lcu la ted  by d i v i d i n g  the t o t a l  
annual costs fo r  each op t ion  by the  annual net 

, energy el ~ r t r l c i t y  o r  methane) produced by each 
o p t i o n  i shown i n  Table 2 ) .  Product ion cos lb  ~ i t h  
re feed  c r e d i t  were ca lcu la ted  by sub t rac t ing  the 
re feed  c r e d i t  from the t o t a l  annual costs  and 
d i v i d i n g  the d i f f e r e n c e  by the annual net energy 
product ion.  The refeed c r e d i t  was ca lcu la ted  by 
assuming t h a t  the e f f l u e n t  TS concen t ra t ion  was 5%, 
t h e  refeed value was S60/Mg TS, and a l l  o f  the 
e f f l u e n t  s o l i d s  could be recovered and used. 

The e f f e c t s  o f  fermentat ion p l a n t  s ize on the CH4 
p roduc t ion  costs f o r  Options 0 and E are shown i n  
F igure  3. The p l a n t  s i ze  a t  h i c h  CHq p roduc t ion  
costs  eaual the cu r ren t  natura l  qas ra te  o f  

The e f f e c t s  o f  fe rmenta t ion  p l a n t  s i ze  on the 
e l e c t r i c a l  energy p roduc t ion  costs f o r  Options A, B 
and C are shown i n  F igure 2. Even though Option A 
i s  the most c a p i t a l  i n t e n s i v e  system, t h e  increased 

$ 2 . 5 0 / ~ J  would be 91 and 36 Mg/d-for Options D 
E, respec t i ve ly .  

Based on these r e s u l t s ,  the best energy product ion 



Fermentor Volume, b13 

Figure 1.  Effect o f  Fermentor Volume on I n s t a l  l e d  ~ ~ u i ~ m e n t  Cost (0. [ lo] ;  . [Ill; ffl , [121; 
V, C131; 9 , 1141; A, [151; $ , [161; B ,  Plug-flow, C161; A, 1173; 0 ,  [18]; 0 ,  
[193). 

opt ions, i n  descending order, are Options A, C, E, 
B and D. However, when the refeed c r e d i t  i s  
a p p l i e d  t o  t h i s  analys is ,  the  p l a n t  s i ze  a t  r h i c h  
energy p roduc t ion  costs  equal cu r ren t  energy p r i ces  
a r e  5, 6, 4, 5  and 3.5 Mg/d f o r  Options A, B, C, D 
and E, respec t i ve ly .  The reason f o r  the small d i f -  
ference between the various opt ions w i t h  the refeed 
c r e d i t  i s  due t o  energy product ion costs  decreasing 
a t  a  f a s t e r  r a t e  f o r  those opt ions t h a t  have lower 
t o t a l  annual costs. 

I m p l i c a t i o n s  o f  t h i s  Assessment: Th is  assessment 
has ill u s t r a t e d  the s i a n i f i c a n t  i m ~ a c t  t h a t  the  
re feed  c r e d i t  has on the o v e r a l l  &onomics o f  the 
fe rmenta t ion  systems. We assumed a feed value o f  
$60/Mg TS OT the  fermentor e f f l u e n t ,  which i s  about 
one-hal f  t o  one- th i rd  the value est imated by Smith 
and Wheeler [6] f o r  f resh  beef c a t t l e  manure. 
Unpublished data from our Center shows t h a t  the 
fermentor e f f l u e n t  conta ins about tw ice  as much 

acids, on a d r y  mat te r  basis, as f resh  beef 
re. Thus, the  feed value a t t r i b u t e d  t o  the 

e f f l u e n t  seems t o  be conservat ive. However, enough 
feeding t r i a l s  using the fermentor e f f l u e n t  have 
n o t  been completed t o  f u l l y  assess i t s  economic 
value. Research i n  t h i s  area i s  c u r r e n t l y  being 
conducted a t  the Roman L. Hruska U.S. Meat Animal 
Research Center and a t  o ther  locat ions.  

L ipper  e t  a l .  C83 repor ted t h a t  the u t i l i t y  
requirements f o r  energy in tens ive ,  commercial beef 
f e e d l o t s  i n  Kansas were 2.2 GJ/headay f o r  natura l  
gas and 0.32 GJ/headSy f o r  e l e c t r i c i t y .  Assuming 
t h a t  i n  a confinement beef f e e d l o t  each animal 
produces 3.5 kg/d o f  recoverable TS, then a 1,000- 
head f e e d l o t  would need a 3.5 Mg/d p l a n t  t o  convert 
t h e  manure t o  CHq. Thus, a  fe rmenta t ion  p l a n t  f o r  
a  1,000-head f e e d l o t  w u l d  produce 1.8, 0.9 and 1.1 
GJ/headey o f  e l e c t r i c i t y  f o r  Options A, B and C, 
respec t i ve ly ;  and a 100,000-head feed1 o t  p l a n t  
would produce 3.8, 2.0 and 2.2 GJ/headSy o f  
e l e c t r i c i t y ,  respect ive1 y. This  would be between 3 
t o  1 0  t imes the e l e c t r i c a l  requirements o f  these 
feed lo ts .  Likewise, Options D and E would produce 



P l a n t  Size, Mg/d 

F igure  2. E f f e c t  o f  P l a n t  S ize on E l e c t r i c i t y  Product ion Cost. 

about 8  GJ/headay o f  s u b s t i t u t e  na tu ra l  gas, which 
i s  about 4  t imes the.  f e e d l o t  requirement. 

Th is  assessment o f  the  economic feas i  b i l  i t y  o f  
anaerobic fe rmenta t ion  o f  beef c a t t l e  manure has 
shown t h a t  CHq can be economical ly generated f o r  
moderate confinement feed lo t  sizes (1,000 t o  1,800 
head) when the  fermentor e f f l u e n t  i s  used as a pro- 
t e i n  supplement i n  feeds. Also, more energy i s  
produced, e i t h e r  i n  the form o f  heat o r  e l e c t r i -  
c i t y ,  than can be used by the feed lo t  enterpr ise.  
S t ra teg ies  t o  u t i l i z e  t h i s  excess energy must be 
developed. Conscient ious e f f o r t  t o  ad just  energy 
demand t o  p roduc t ion  must be exercised a t  the 
e n t e r p r i s e  l e v e l ,  and there  must be the oppor tun i t y  
t o  s e l l  surplus energy. An analys is  o f  the econo- 
mic irnpact o f  CH4 generat ion on a 65-cow d a i r y  farm 
i n  the Northeast Uni ted States [9] showed t h a t  
a l l o w i n g  surp lus energy t o  be so ld t o  e l e c t r i c a l  
lltil i t i e s  would improve the na t iona l  economy. The 
u t i  1  i t y  would i n c u r  revenue losses; however, t h i s  
revenue loss  r e s u l t s  i n  a commensurate decrease i n  
u t i l  i r y  capac i t y  and f u e l  costs. This  c o n f l i c t  bet- 
ween e f f i c i e n c y  a t  the na t iona l  and u t i l i t y  l e v e l  
wouid have t o  be resolved through r e g u l a t i o n  a t  the 
i n t e r f a c e  between the farmer and the u t i  1  i t y .  

FUTURE PLANS 

We p lan t o  cont inue operat ion o f  the p i1  ot -scal  e  
fermentor t o  develop improved design and scal e-up 
c r i t e r i a  f o r  fermentors and t o  evaluate methods t o  
recover and u t i l i z e  the p r o t e i n  f r a c t i o n  o f  the 
fermentor e f f l u e n t .  Spec i f i c  plans are t o  eval uate 
d i f f e r e n t  fermentat ion temperatures, the e f f e c t  o f  
broad-spectrum a n t i b i o t i c s  on fermentat ion, and 
combining crop residues w i t h  manure as fermentat ion 
subst rate.  Promising pol ye1 e t r o l y t e s  i d e n t i f i e d  i n  
labora to ry  s tud ies w i l l  be evaluated f o r  i t s  pro- 
t e i n  capture e f f i c i e n c y  and poss ib le  t o x i c i t y  rklen 
fed  to  l i ves tock .  
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THE OPERATION OF A 50,000 GALLON ANAEROBIC DIGESTER 
AT THE MONROE STATE DAIRY Fh& 

Elizabeth R. Coppinger 
Ecotope Group 

2332 East Madison 
Seatt le,  WA 98112 

System Description 

L f u l l  scale  anaerobic digester on the Sta te  Dairy 
Farm has been operated and monitored fo r  the past  
!2 months under funding from the U.S. Department of 
Lergy, Fuels from Biomass Systems Branch. During 
:he period of its operation, a number of variables 
rave been changed and the  impact of those changes 
)n digester performance a r e  described. 

me percent of the  s lurry  loaded has been raised 
From 4% to  12%. In-tank mixing is  by gas recircula- 
tion and has been decreased progressively from 24 
lours per day to  none a t  a l l .  The only in ternal  
nixing a t  present is by convection currents caused 
PS a byproduct of the digester heating system. 

Beating requirements have been reduced by tank insul- 
ation and reductions i n  make-up water added. A 
prototype tube-in-shell influent/ef f lueat  heat 
exchanger has been ins ta l led  and tested. Based 
on the opeiational experience gained from the  Monroe 
digester, design recammendations a r e  presented. 

f i e  widespread use of anaerobic digestion on farms 
requires the  desmnstration of r e l i ab le  systems that 
k a p  be integrated i n t o  present farming operatiens 
and deliver energy and other benefits  at a cost  com- 
pet i t ive  with other energy sources. The economics 
of sys tem w i l l  improve as experience with plant 
o per at ion is  used t o  ref ine  designs and reduce 
capi ta l  and operstor/maintenaace costs  of fu ture  
oystama. 

& f u l l  scale  anaerobic digester on a 200-head dairy 
farm near Sea t t l e  has been operated and monitored 
since July 1977 under funding from the  U.S. Depark- 
ment of-Energy Fuels from Biomass Systems Branch, ' 

contract PEG-77-C-06-1016. Work has focued on im- 
proving gas production, reducing gas and e l e c t r i c a l  
consumption, mhimizing operator time, reducing 
maintenance tlma, and eliminating unnecessary equip- 
ment. This paper describes the  f i e l d  operation and 
expetiaaces gained at the Monroe digester and how 
tha t  information has impact on the  economic 
feas ib i l i ty  of digeaters fo r  on-farm use. 

The Monroe system represents a transfer of state-of- 
the-art municipal sewage treatment plant technology 
to an agr icul tura l  si tuation.  An emphasis was 
placed on use of eas i ly  obtainable off-the-shelf 
components under the assumption that  using equipment 
already proven and accepted i n  the  agr icul tura l  
sector would speed the  wide-spread use of digestion 
technology. (See Fig. 1) 

The reactors a r e  two 50,000 gallon A.O. Smith Slurry- 
storem tanks f i t t e d  with Harvestorem s i l o  roofs. 
Certain modifications were made t o  the  tanks fo r  use 
a s  experimental digesters. Two thief holes were 
ins ta l led  on the  dlgaster roof fo r  sampling contents 
from the tank in te r io r  and eight siae-mounted 
sampling ports were ins ta l led  a t  three levels  around 
the  perimeter of the  tank t o  provide a var ie ty  of 
sampling locations. The most significant tank modi- 
f ica t ion was insulation of a l l  exposed tank surfaces. 
The in te r io r  roof of the tank was sprayed with 3k'' 
of polyurethane foam (R-21). Exterior walls were 
covered with 4" of Dow Styrofoam SMtm and surfaced 
with corrugated galvanized iron roofing sheets. 

The digester system was designed t o  in tegrate  with 
the  farm's manure handling system. Manure is 
scraped once a day from a covered loafing shed and 
contains some sawdust used fo r  bedding. The manure 
is received a t  14%-16% t o t a l  sol ids  (TS) and 
d i l u t e d i n a  mixing tank before being loaded in to  
the  digester. This s lurry  is mixed using a centri- 
fugal chopper pump. Either the  chopper pump O r  a 
vcrriablc weed progressive cavity pump is used t o  
load the  s lurry  in to  the  digester. As manure is  - -  
loaded in to  the bottom of the digester,  the  l iquid  
l eve l  rises in t he  tank and digested manure is dis- 
placed, passing through an overflow pipe a t  the  
top of the  digester. The effluent flows i n t o  a 
storage lagoon and is  eventually applied t o  the 
f i e l d s  with spray guns t o  f e r t i l i z e  crops g r o w  a s  
c a t t l e  food. 

'She system operates a t  95OF. ?.lot water from a 
boi ler  o r  from the  coolant system of an tn ternal  
combustion engine is pumped i n t o  a cylindrical  
heat exchanger ins ide  the  digester. The heat ex- 
changer a lso  doubles a s  a d r a f t  tube f o r  use i n  
conjunction with the  digester 's  gas recirculation 
miacing system, or ig inal ly  designed t o  continuously 
m i x  digester contents. 
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Fig. 1. Schematic of Monroe Anaerobic Digester  System 

The gas handling components of t h e  Monroe system 
were modified l i t t l e  from standard sewage t reatment  
gas  handling. A s  a r e s u l t ,  t h i s  proved t o  be  one 
of t h e  most expensive a s p e c t s  of t h e  system. Ac- 
cording t o  t h e  o r i g i n a l  design gas  was t o  be: 
(1) burned d i r e c t l y  i n  t h e  b o i l e r  f o r  heat ing t h e  
digur irr ;  (2) scrlrhhed and t ransported t o  t h e  farm's  
creamery t o  produce hot  water ;  o r  (3) scrubtwl and 
s to red  f o r  burning i n  a n  i n t e r n a l  combustion engine 
t o  produce e l e c t r i c i t y  i n  emergency s i t u a t i o n s .  
The gas handling system was automated using pressure  
switches. Only t h e  water t r a p s  a r e  manually 
maintained. 

The d i g e s t e r  was o u t f i t t e d  wi th  monitoring equipment 
t o  a s s e s s  system p e r f o m n c e  and energy production. 
Gas meters were i n s t a l l e d  t o  measure gas production 
and consumption of t h e  b o i l e r ,  t h e  I C  engine, and 
t h e  f l a r e .  E l e c t r i c  meters  were i n s t a l l e d  on pumps, 
t h e  mixer, and t h e  KC engine. Temperature probes 

were i n s t a l l e d  aL a v a r i e t y  nf locaf ions  i n  t h e  
tank t o  monitor m a t e r i a l  and h e a t  movement wi th in  
t h e  tank. 

RESEARCH OBJECTIVES 

The system has been operated,  monitored and evalu- 
a t e d  f o r  two years .  We hn*Yo rClr~t~ptcd i n  t h a t  t h e  
t o  con t inua l ly  s t r e s s  t h e  d i g e s t e r  and improve i ts 
opera t ing  c h a r a c t e r i s t i c s .  We have c o n s i s t e n t l y  
observed t h a t  t h e  b i o l o g i c a l  processes  assoc ia ted  
with t h e  system a r e  very s t a b l e  and a b l e  t o  with- 
s tand much g r e a t e r  s t r e s s  than o r i g i n a l l y  p red ic ted ,  

The maior research  a r e a s  i n  t h e  work a t  t h e  Manrot! ., 
f a c i l i t y  t h i s  year  have been: 



1 I a s s e s s  t h e  impact of an  i n c r e a s e  i n  t h e  
e. : t o t a l  s o l i d s  of i n f l u e n t  loaded i n t o  t h e  
i g e s r e r  nn n p e r a t n r  t ime and net  energy product ion:  

t 2) To a s s e s s  t h e  impact of r e d u c t i o n  and e l imina-  
i o n  of t ank  mixing on e l e c t r i c a l  consumption, 
a p i t a l  c o s t  and g a s  p roduc t ion ;  

I 
l(3) To t e s t  an  i n f l u e n d e f f l u e n t  h e a t  exchanger t o  
hec rease  g a s  consumption f o r  d i g e s t e r  h e a t i n g ;  

(4) To produce e l e c t r i c i t y  w i t h  an  engine/genera- 
t o r  under a v a r i e t y  of load c o n d i t i o n s  t o  develop 
background d a t a  on t h e  f e a s i b i l i t y  of on-farm 
e l e c t r i c a l  genera t ion .  

The d i g e s t e r  t a n k s  were s i z e d  based on an  assumption 
t h a t  manure could n o t  be  loaded a t  h igher  t h a n  
8% TS and t h a t  a r e t e n t i o n  time of 20-days would 
b e  optimum. Based on sewage t r ea tmen t  exper i ence ,  
i t  was assumed t h a t  t h e s e  l i m i t s  were necessa ry  f o r  
t h e  h e a l t h  of t h e  d i g e s t e r .  Once load ing  began, 
t h e  impress ive  s t a b i l i t y  of t h e  b i o l o g i c a l  para- 
me te r s  l e d  u s  t o  i n c r e a s e  t h e  load ing  r a t e  and t o  
i n c r e a s e  t h e  % TS of t h e  manure loaded.  A s  a r e s u l t  
of t h e s e  changes, we were a b l e  t o  load a l l  of t h e  
manure r ece ived  i n t o  one d i g e s t e r  tank.  Reducing 
t h e  needed d i g e s t e r  volume by one-half h a s  a g r e a t  
impact on t h e  c a p i t a l  c o s t  of t h e  system s i n c e  t h e  
d i g e s t e r  t anks  were t h e  most expensive  s i n g l e  i tem 
of t h e  system. 

Gas p roduc t ion  h a s  a l s o  been p o s i t i v e l y  impacted by 
RESEARCH FINDINGS i n c r e a s i n g  t h e  % TS of t h e  i n f l u e n t .  The same 

amount of manure can  be  loaded wi th  a longer  r e t e n -  
Percent  T o t a l  S o l i d s  and P l a n t  Operat ion t i o n  t ime,  the reby  i n c r e a s i n g  t h e  gas  product ion.  

Loading a t  12% TS i n  A p r i l  1979 r e s u l t e d  i n  a pro- 
During i t s  two y e a r s  of o p e r a t i o n ,  t h e  pe rcen t  duc t ion  r a t e  of 3.79 f t s  of b iogas  p e r  pound 
t o t a l  s o l i d s  of t h e  manure loaded has  been inc reased  v o l a t i l e  s o l i d s  (VS) added pe r  f t 3  r e a c t o r  volume, 
from 4% t o  12%. Varying t h i s  parameter  h a s  had a v e r s u s  3.52 f t 3 / l b  V S / £ ~ ~ - R  added i n  February 1979, 
l a r g e  impact on many a s p e c t s  of t h e  system. a month t h a t  had a comparable load ing  r a t e  a t  10% 

Fig. 2. Net Energy f o r  Monroe D i g e s t e r  



s o l i d s .  (See Table  1 )  Reduct ion of water  added 
t o  t h e  s l u r r y  a l s o  d e c r e a s e s  t h e  sys tem ' s  h e a t  
demand s i n c e  t h e  water 'must  b e  heated from 50°F t o  
950F even though wa te r  does  n o t  i n c r e a s e  g a s  pro- 
duc t ion .  

A s i g n i f i c a n t  impact on p l a n t  o p e r a t i o n  h a s  a l s o  
been made by va ry ing  t h e  % TS loaded. When manure 
was loaded a t  4% - 8% TS, l i g h t e r  materials i n  t h e  
e f f l u e n t  would s e p a r a t e  and c l o g  elbows and p i p e s  
of t h e  e f f l u e n t  l i n e s .  A t h i c k  scum b l a n k e t  
would a l s o  form i n  t h e  e f f l u e n t  holding t ank ,  r e -  
q u i r i n g  a g r e a t  d e a l  of a g i t a t i o n  t o  p r e p a r e  f o r  
pumping. These c logg ing  problems could t a k e  a s  
long as one hour t o  s o l v e  and were a l a r g e  source  
of f r u s t r a t i o n  t o  o p e r a t o r s .  A f t e r  t h e  load ing  
r a t e  was r a i s e d  t o  10% TS and t h e  % TS i n  t h e  t ank  
r o s e  t o  g r e a t e r  t h a n  7.5% TS, t h e s e  c logging prob- 
lems d i sappeared .  The v i s c o s i t y  of the s l u r r y  
changed so  t h a t  t h e  m a t e r i a l s  s t ayed  i n  suspension.  
A number of t imes i n  t h e  p a s t  yea r ,  t h e  % TS i n  t h e  
t a n k  h a s  dropped below 7.5% due  t o  wa te r  l e a k s ,  and 
each drop h a s  been accompanied by c logging problems. 

Inc reased  e l e c t r i c a l  demand and o p e r a t o r  t ime  
a s s o c i a t e d  w i t h  i n f l u e n t  mixing a r e  t h e  malor nega- - - - - - - - 

t i v e  impacts of i n c r e a s i n g  thev% TS loaded:  he- 
c e n t r i f L g a l  chopper pump h a s  been used t o  mix 
t h e  i n f l u e n t  by r e c i r c u l a t i o n .  When manure was 
loaded a t  8% TS o r  l e s s ,  t h e  pump could e a s i l y  and 
q u i c k l y  m i x  t h e  s l u r r y .  A s  t h e  s l u r r y  was in-  
c reased  t o  10% and e v e n t u a l l y  t o  12%, t h e  v e l o c i t y  
o f  t h e  manure s t r eam from t h e  bypass p i p e  decreased 
and i n f l u e n t  mixing t ime inc reased  s i g n i f i c a n t l y .  
At 8% TS, mixing could b e  completed i n  l e s s  t h a n  
one hour w i t h  l i t t l e  o p e r a t o r  a s s i s t a n c e .  A t  10% 
TS, mixing t ime was inc reased  t o  ove r  a n  hour and . 

t h e  o p e r a t o r  was r equ i red  t o  push l a r g e  clumps of 
manure i n t o  t h e  mixing s t ream.  

When t h e  i n f l u e n t  was r a i e d  t o  12% TS, it became 
v e r y  d i f f i c u l t  t o  thoroughly m i x  t h e  i n f l u e n t  
wi th  t h e  p r e s e n t  system and it now r e q u i r e s  ove r  
t h r e e  hours of pump o p e r a t i o n  and one-half hour 
of o p e r a t o r  t ime. (See Fig .  2) 

A mechanical system may be a b l e  t o  mix t h e  s l u r r y ,  
bu t  t h i s  r e c y c l e  system cannot .  'There a r e  Wade'- 
o f f s  between t h e  energy g a i n s  t h a t  r e s u l t  from 
i n c r e a s i n g  t h e  s l u r r y  s o l i d s  loaded and t h e  e l ec -  
t r i c a l  energy demands of a n  i n f l u e n t  mixing system. 
The c h a r a c t e r i s t i c s  of t h e  s l u r r y  d i f f e r  so  s i g -  
n i f i c a n t l y  a s  t h e  % TS a r e  r a i s e d  t h a t  a n  i n f l u e n t  
mixing system should b e  designed f o r  t h e  s p e c i f i c  
requirements  of h igh  s o l i d s  load ing  t o  p rov ide  t h e  
most c o s t  e f f e c t i v e  and energy e f f i c i e n t  system 
p o s s i b l e .  

Designing a d i g e s t e r  systera t o  handle  a high % TS 
would r e s u l t  i n  sav ings  i n  c a p i t a l  c o s t s  due t o  t h e  
r educ t ion  o f  d i g e s t e r  t ank  volume needed. It w i l l  
a l s o  improve t h e  n e t  g a s  p roduc t iba  of r h e  system 
by dec reas ing  i n f l u e n t  h e a t  demand. However, it i s  
e s s e n t i a l  t h a t  t h e  manure handl ing system b e  spec i -  
f i c a l l y  designed f o r  a t h i c k  s u b s t r a t e .  Otherwise,  
t h e  economic b e n e f i t s  gained can b e  l o s t  t o  
inc reased  e l e c t r i c a l  consumption and inc reased  
o p e r a t o r  t ime. 

Table  1. MONROE DIGESTER PERFORMANCE, OCTOBER 
THROUGH MAY 1979 

l b / f  t3 - reac to r -  l b  VS added d e s t r o y e  
1977 
Oct .19 2.72 25.5 
Nov .23 2.64 13 

.29 2.83 18 Dee-- - -, --, - - -, ------ ---- -- - - ---- ------ - - -- --- - - -- - - 
1978 
J a n  .30 
Feb .41 
Mar .37 

.37 3.25 22.5 Aql-------,--------------------------------,----- 
May .34 3.14 31.8 
J n e  .33 3.46 23.2 
J ~ Y  .29 3.86 21.6 

.16 2.78 22.3 4us ................................................. 
Spt  .31 3.33 26.4 
Oct .20 4.03 29.4 
Nov .21 , 3. A7 27.5 

.23 3.73 31.5 !e_c_ ---------- ---------- ------ ------ ---- -- -------- ---. 
1979 
J a n  .17 3.52 28.7 
Feb .33 3.52 28.3 
Mar .38 3.47 37.1 
A P ~  .34 3.79 36.7 
May .37 4 .0  

Table  2. % TS OF DIGESTER CONTENTS I N  M I X I N G  STUDIEl 

---------------- % TS ------------------ 
Constant 50% 33% 17% 

sample Mixing Nixing M i x  Mixing 
from: Ja21 Fe18 Mr4 Ap4 Ap29 J e l  JelO 

PERIMETER 7.4 8.2 8.2 8.0 8.1 7 .3  7.87 
t O D  7 . 4  8.2 8.2 8 . 0  8 .1  7.3 7.87 - - 

--1-L,z---8_L%---8_L1118_Lo_---8_LL---LL6_---L~8_2_ 
middle  7.2 8.4 7.8 7.9 7.9 7.5 7.87 

7.2 8 .3  8.2 8 . 1  8 .1  7.3 8.10 

bottom 8.0 8 .5  8 . 1  8 .6  8.4 7.9 8 .2  

Mixing Diges te r  Contents  

Based on t h e  municipal  sewage t r ea tmen t  problems 
w i t h  scum format ion,  t h e  Monroe d i g e s t e r  was de- 
s igned t o  b e  con t inuous ly  mixed. A Roots-type re-  
c i r c u l a t i o n  blower was used i n  con junc t ion  w i t h  an  
i n r e r n a l  d r a f t  t ube  t h a t  duublrd  as t l ~ r  sys tem ' s  
h e a t  exchanger.  During t h e  f i r s t  f i v e  months of 
o p e r a t i o n  i n  1977, t h e  blower was r u n  con t inuous ly .  
The e l e c t r i c a l  demand of t h e  blower was 180 kWhIday, 
r e p r e s e n t i n g  90% of t h e  t o t a l  e l e c t r i c  demand of 
t h e  system. The blower a l s o  r equ i red  c o s t l y  r e p  

o i l  changes each week. 

a dur ing  t h e  t i m e  of i t s  o p e r a t i o n  a s  w e l l  a s  r o u t i n e  



t t e n t  mixing was i n v e s t i g a t e d  i n  o r d e r  t o  The e f f e c t s  of convec t ive  c u r r e n t s  and g a s  movement 
e l e c t r i c a l  consumption and equipment wear.  on mixing t a n k  c o n t e n t s  were i n v e s t i g a t e d .  Temper- 

s t u d i e s  were performed t o  de te rmine  ' a t u r e  probes  were i n s t a l l e d  i n  a  v a r i e t y  of l oca -  
occur red  i n  t h e  t anks .  t i o n s  throughout  t h e  t ank  t o  moni tor  t h e  movement 
than  .5% TS. (See Table  2)  of co ld  manure from load ing  and t h e  movement of t ank  

15 minu tes  on and 15 minu tes  c o n t e n t s  when warmed by t h e  i n t e r n a l  h e a t  exchanger.  
' f f .  No i n c r e a s e  i n  s o l i d s  s e p a r a t i o n  r ~ s u l t e d .  Blower u s e  was a g a i n  reduced t o  load ing  p e r i o d s  
[ i x i n g  was decreased t o  10 minu tes .on  and 20 minu tes  on ly .  Under t n e s e  c o n d i t i o n s ,  a uniform t empera tu re  
f f ,  t hen  t o  10 minu tes  on and 50 minu tes  o f f  w i t h  d rop  was seen throughou: t h e  t ank ,  i n d i c a t i n g  t h a t  
:o s i g n i f i c a n t  s t r a t i f i c a t i o n  and no n e g a t i v e  impact t h e  blower e f f e c t i v e l y  d i s p e r s e s  t h e  i n f l u e n t  du r ing  
sn g a s  p roduc t ion .  S t r a t i f i c a t i o n  t e s t s  and opera- l oad ing .  Use of t h e  blower on ly  when load ing  was 
: i o n a l  expe r i ence  have shown t h a t  s o l i d s  s e p a r a t i o n  cont inued from May 1978 through e a r l y  March 1979 
. s d e p e n d e n t p r i m a r i l y  on t h e  % TS of t h e  s l u r r y .  w i t h  no n e g a t i v e  g a s  p roduc t ion  o r  o p e r a t i o n a l  

problems. 

TOP PROBE MIDDLE PROBE- BoTTOM PRO= 
t 

T I M E  

. , - . . - . . 

.-.-. 

.. - .. - .. ..-.. -.. 

Fig .  3 .  Temperature V a r i a t i o n s  I n s i d e  t h e  D i g e s t e r  
Due t o  B o i l e r  Operat ion 



Fig. 4 Temperature V a r i a t i o n s  I n s i d e  t h e  Diges te r  
Due t o  Loading 

Mixing was. stopped comple te ly  on March 6 ,  1979. 
Temperature probes  i n  t h e  d i g e s t e r  showed t h a t  mixing 
s t i l l  o c c u r s i n  t h e  t ank  wi thou t  mechanical a g i t a t i o n .  - --- 

F i g .  3 shows movement t h a t  i s  due t o  convec t ive  
c u r r e n t s  e s t a b l i s h e d  when t h e  b o i l e r  is  running.  
Th i s  example is  a  pe r iod  from 2 a.m. t o  10 a.m. on 

?fay 21, 1979. At 2 a.m., t h e  temperature  throughout 
t h e  d i g e s t e r  was uniform. It has  s t a b i l i z e d  a f t e r  
t h e  p rev ious  day ' s  loading and t h e  b o i l e r  had re-  
mained o f f  f o r  most of t h e  n i g h t .  When t h e  b o i  
turned on, a g i t a t i o n  could be  seen a t  t h e  t h r e e  J 
probe p o i n t s .  The s p i k e s  on t h e  c h a r t  r e p r e s e n t  



n---- t h a t  has  been heated above t h e  temperature 
r e s t  of t h e  tank moving pas t  the  s t a t i o n a r y  

n . The decrease i n  t h e  s i z e  of t h e  sp ikes  
on t h e  middle t o  t h e  upper probe i n d i c a t e s  thaL 

be manure i s  los ing  hea t  a s  i t  r i s e s .  

he small  temperature d i f fe rence  noted by t h e  lower 
robe may i n d i c a t e  t h a t  t h e  manure passing i t  is 
eplacing t h e  manure t h a t  has been warmed by the. 
n t e r n a l  heat  exchanger. This movement continued 
h i l e  the b o i l e r  was on and decreased a f t e r  t h e  
o i l e r  shut  o f f .  Addit ional  a g i t a t i o n  may be occur- 
ing due t o  gas movenent through t h e  s l u r r y ,  but 
e have not  ye t  been a b l e  t o  p e r f e c t  a flow probe 
ha t  can be i n s e r t e d  i n t o  our sampling p o r t s  and 
r e  there fore  unable t o  d e t e c t  any mixing t h a t  
ccurs  isothermally.  

'he impact of t h i s  n a t u r a l  niixing on f r e s h l y  loaded 
fanure can be seen i n  Fig. 4 .  The temperature of 
he tank conten ts  was constant  before loading.  
f t e r  loading was completed, sharp spikes of low 
.emperature i n d i c a t e  t h a t  cold manure was passing 
.he temperature probes. These probes were located 
.t 7 '  and 11' above t h e  bottom of t h e  tank. This 
~ i x i n g  could be seen f o r  n ine  hours a f t e r  loading.  
hdoubtedly, mixing occurred a f t e r  t h i s  time, but  
Ince t h e  i n f l u e n t  temperature was r a i s e d  t o  t h e  
;ame a s  t h e  tank contents ,  it could not be detected 
y t h e  probes. 

'he use of convective cur ren ts  t o  rep lace  mechanical 
.Axing systems can have a g r e a t  impact on t h e  
conomic f e a s i b i l i t y  of d iges t ion .  Not only would 
t reduce e l e c t r i c a l  consumption and maintenance 
h e ,  bu t  i t  could a l s o  reduce t h e  c a p i t a l  c o s t  of 
system by a s  much a s  8% and el iminate  t h e  

u l n e r a b i l i t y  inherent  i n  having a necessary piece 
f equipment i n s i d e  t h e  d i g e s t e r  tank. 

'o maximize convective mixing, more information_.is 
.eeded t o  design e f f e c t i v e  n a t u r a l  d i g e s t e r  mixing 
ystems. The impact of such parameters a s  % TS, 
n f l u e n t  temperature, tank s i z e ,  and plumbing con- 
i g u r a t i o n s  on n a t u r a l  mixing need t o  be evaluated 
o determine i f  mechanical mixing systems can be 
.liminated . 

nf luen t /Ef f luen t  Heat Exchange 

i n c e  heat ing i n f l u e n t  represen ts  80% - 90% of t h e  
,eat ing demands f o r  an insu la ted  d i g e s t e r ,  a g r e a t  
e a l  of a t t e n t i o n  has been given i n  t h i s  research  
fork t o  t h e  ques t ion  of recovering hea t  from e f f l u -  
!nt f o r  pre-heating i n f l u e n t .  A v e r t i c a l  tube-in- 
: h e l l  counterflow hea t  exchanger was designed and 
n s t a l l e d .  (See Fig. 5). The o r i g i n a l  design 
.onsis ted of 25 segmented aluminum tubes joined by 
,ubber connectors i n s i d e  a shee t  metal  s h e l l .  The 
.ystem wan oporated i n  Fehrllary 1976 using a 3% 
i lurry.  Severe clogging i n  t h e  tubes was encoun- 
.ered during loading.  I n  add i t ion ,  f a i l u r e  of a 
lumber of t h e  rubber connectors r e s u l t e d  i n  a 
:hort  c i r c u i t i n g  between t h e  i n f l u e n t  and e f f l u e n t .  
'he heat  exchanger was disassembled and t h e  seg- 
~ e n t e d  aluminum tubes were replaced with s t r a i g h t  

wal l  PVC pipe: This reduced t h e  expected 
t r a n s f e r .  bu t  e l iminated t h e  problem of s h o r t  

Fig.  5. 1nf l u e n t / ~ f  f l u e n t  Counterf low Heat Exchanger 

Loading through t h e  h e a t  exchanger was attempted 
aga in  i n  October 1977.  A t  t h i s  time, an 8% s l u r r y  
was being 3.oaded. Neither of t h e  system's pumps 
was a b l e  t o  load through t h e  hea t  -changer. Wood 
ch ips  i n  t h e  s l u r r y  prevented t h e  checkvalves on 
t h e  diaphragm pump from s e a t i n g  c o r r e c t l y  and t h e  
pump could not  be used. The c e n t r i f u g a l  pump, 
wi th  i t s  high flow r a t e  and low pressure  was not  
s u i t a b l e  f o r  loading through t h e  hea t  exchanger. 

A p rogress ive  cav i ty  pump was obtained t h a t  was 
a b l e  t o  load high percent  s o l i d s  through t h e  h e a t  
exchanger. I n f l u e n t  was loaded a t  10% - 12% t o t a l  
s o l i d s  and t h e  loading r a t e  was var ied  from 30 
g a l l o n s  per  minute t o  1 7  gal/min. The maximum 
i n f l u e n t  temperature r i s e  achieved a t  any flow r a t e  
was 3OF and t h e  d i f f e r e n c e  i n  performance a t  var ious  
flow ra ' tes  was not  s i g n i f i c a n t .  A t  t h e  percent  TS 
t e s t e d  a g r e a t  dea l  of channeling occurred, a s  
e v i d e n c e d b y d i s t i n c t  hot  and cold s p o t s  t h a t  could 
be f e l t  on t h e  wal l  of t h e  h e a t  exchanger. 

Manure a t  these  thicknesses  has such poor thermal 
t r a n s f e r  p r o p e r t i e s  t h a t  i t  e s s e n t i a l l y  acted a s  an 
i n s u l a t o r  i n  a r e a s  where a constant  flow was no t  
maintained. Heat exchangers must be  designed t o  
t ake  i n t o  account t h e  flow c h a r a c t e r i s t i c s  of t h e  
m a t e r i a l  t o  ensure proper flow and e l imina te  s tag-  
na t ion  a t  t h e  heat  exchanger sur face .  We a r e  now 
preparing t o  t e s t  hea t  exchanger s e c t i o n s  of 
d i f f e r e n t  conf igura t ions  t o  eva lua te  how t o  
opt imize i n f l u e n t l e f f l u e n t  hea t  exchange. 

While manure loaded a t  high % TS has  a p o s i t i v e  
e f f e c t  on system n e t  energy and opera t ion  performance. 
it complicates t h e  a l ready  d i f f i c u l t  problem of 
i n f l u e n t / e f f l u e n t  hea t  exchange. Addit ional  work 
needs t o  be done t o  design and t e s t  inf luent- to-ef-  
f l u e n t  hea t  exchange and effluent-to-mixing water 
h e a t  exchange, a s  wel l  a s  t e s t i n g  t h e  f e a s i b i l i t y  
uf using e f f l u e n t  a s  a source of low grade h e a t .  



LOAD W 
Fig.  6 .  Conversion Eff iciency f o r  E l e c t r i c a l  Generation 

An i n t e r n a l  combustion engine with a  40 kW (peak) 
genera tor  was i n s t a l l e d  a s  a  p a r t  of t h e  o r i g i n a l  
demonstration p r o j e c t .  The purpose of t h i s  i n s t a l -  
l a t i o n  was t o  provide emergency back-up e l e c t r i c i t y  
f o r  t h e  creamery and milking operat ions.  Conse- 
quent ly,  it was s ized  t o  meet peak e l e c t r i c a l  needs 
of t h e  creamery and not  t o  be compatible with d a i l y  
g a s  production r a t e s .  The IC engine wag ~gebated 
December 1977 through January 1978 and March through 
May 1979. A r e s i s t a n c e  e l e c t r i c a l  load was hooked 
up t o  t h e  engine t h a t  could be  var ied  from 40 kW 
t o  6 kW. 

The engine/generator  s e t  is r a t e d  a t  40 kW and 23% 
ef f ic iency ,  based on its performance running under 
f u l l  load condi t ions  wi th  propane. The system must 
be derated f o r  lower BTU f u e l s .  A s  a  consequence, 
t h e  engine would no t  run  a t  a  load g r e a t e r  than 25 kW. 
This  represen ts  a  c a p a c i t y  l o s s  of 37%. Fig. 6 
shows t h e  e l e c t r i c a l  conversion e f f i c i e n c y  under 
var ious  load condi t ions .  The e f f i c i e n c y  var ied  
l i n e a r l y  over t h e  6 kW t o  25 kW range t e s t e d .  Based 
on our t e s t  r e s u l t s ,  running t h e  engine/generator 
a t  t h e  f u l l  load of  25 kW would r e s u l t  i n  an elec-  
t r i c a l  conversion e f f i c i e n c y  of 18%. 

When t h e  engine i s  run, i ts  coolant  water i s  used 
t o  hea t  the  d i g e s t e r  con ten ts .  The engine coolant  
water was used during t h e  two co ldes t  months of 
l a s t  year and provided more than enough waste heat  
t o  meet the  h e a t  demands of t h e  d i g e s t e r .  This 
improved t h e  o v e r a l l  system e f f i c i e n c y  by d i sp lac ing  
gas  used f o r  hea t ing .  I f  e l e c t r i c a l  genera t ion  is  
included with a  d i g e s t e r  system, i t  should be 
in tegra ted  w i t h  a  system t h a t  can recover t h e  waste 
hea t  f o r  use elsewhere. This w i l l  s i g n i f i c a n t l y  

improve both t h e  system's n e t  energy and economic 
f e a s i b i l i t y  of e l e c t r i c a l  generat ion.  

CONCLUSIONS 

Anaerobic d i g e s t i o n  is f e a s i b l e  and workable a t  
farm s c a l e .  The work remaining i s  t o  r e f i n e  
d i g e s t i o n  systems t o  improve t h e i r  ne t  energy per fnr  
mance, t h e i r  r ~ l i a h i l i t y ,  aqd t h a i r  ease sf  0p~rat60 
The b i o l o g i c a l  performance of t h e  Monroe d i g e s t e r  
has  been remarkably s t a b l e .  Attempts t o  s t r e s s  t h e  
system such a s  increas ing  loading r a t e ,  inc reas ing  
percent  t o t a l  s o l i d s  loaded and decreasing mixing 
have a l l  r e s u l t e d  ifi an improved n e t  energy. The 
b i o l o g i c a l  s t a b i l i t y  and handling c h a r a c t e r i s t i c s  
of d a i r y  manure d i f f e r  so s i g n i f i c a n t l y  from municip 
sewage t h a t  d i g e s t e r s  designed on t h e  municipal 
model such a s  ours  w i l l  be oversized,  i n e f f i c i e n t  an 
proh ib i t ive ly  expensive. Unlike d i g e s t i o n  f o r  
municipal sewage treatment--and, f o r  t h a t  mat te r ,  
most f a c i l i t i e s  t h a t  provide energy--farm s c a l e  
d i g e s t e r s  cannot pass costs on t o  s cap t ive  market. 
Diges te rs  must t h e r e f o r e  be designed wi th in  t h e  
c o n s t r a i n t s  of farm economics and farm opera t ions .  

The concurrent goa ls  of minimizing c a p i t a l  c o s t ,  
e l e c t r i c a l  requirements and opera tor  time while 
maximizing gas production o f f e r  an a t t a i n a b l e  
engineering task.  The information generated from 
f u l l  s c a l e  and p i l o t  s c a l e  opera t ions  must be used 
t o  develop simple systems t h a t  can be used i n t o  
farming operat ions.  Operating demonstrations of 
r e l i a b l e ,  economical and commercially a v a i l a b l e  
systems is  e s s e n t i a l  f o r  anaerobic d i g e s t i o n  t o  a 
meet i ts  p o t e n t i a l  capac i ty  t o  provide a s i g n i f -  
i c a n t  amount of energy t o  t h e  a g r i c u l t u r a l  s e c t o r ,  



PILOT PLANT DEMONSTRATION OF AN ANAEROBIC, PIXED-FILM 
BIOREACTOR FOR WASTEWATER TREATMENTO 
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Oak Ridge, Tennessee 37830 

Abstract 

nn response to  the need for major near-term.decreases 
in the energy intensiveness of contemporary technolo- 
gies, Oak Ridge National Laboratory (ORNL) has been 
engaged in  the development and demonstration of a pi- 
lot-plant wastewater treatment facility based on an 
anaerobic, .fixed-film bioreactnr. The bioreactor em- 
ploys a .process which consists of attaching micro- 
organisms t o  stationary packing material and passing 
liquid wastes upward through the unit for continuous 
treatment by biophysical fiitration and anaerobic fer- 
mentation. The orocess has been demonstrated using 
municipal sewage 'with a bioreactor designed t o  process 
5000 gpd. Treatment of other wastewaters such as in- 
dustrial discharges is 'presently being considered. The 
economic advantaaes of the process deoend on the  elim- 
ination of operaGng energy' requirements associated 
with the aeration of aerobic-based processes and with 
the significant decrease of sludge-handling costs re- 
quired with conventional activated sludge treatment 
systems. Methane production and recovery is also em- 
?hasized in the design of this innovative system. 

With a view toward enhancement of technology trans-. 
ler, the  unit was designed during the summer of 1976 a s  
n joint venture between ORNL and the Norton Company 
:Akron, Ohio). It was installed with the cooperation of 
the Norton Company and the city of Oak Ridge in the 
late fall  of 1976, and was operated on a continuous basis 
For approximately two years with minimal downtime. 

Data from this pilot plant operation and conceptual de- 
signs for large-seale syste111s based on the data  will be 
)resented. Economic comparisons between this new 
:ethnology and conventional activated sludge systems 
%re made. 

sponsored by the Division of Building and Community Systems, U.S. Department of Energy under contract 
05-eng-26 with the Union Carbide Corporation. 
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H. F. Feldmann, S. P. Chauhan, K. T. Liu, 
B. C. Kim, P. S. Choi, and H. N. Conkle 
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ABSTRACT 

The objectives of this program are to reduce the 
cost of wood gasification to a gas that is suitable 
for either synthesis or a fuel gas that is inter- 
changeable with natural gas. This will be accom- 
plished by catalyses of the gasification reaction 
and developing a novel reactor system for biomass 
gasification. 

Promising catalyst candidates previously identified 
in bench-scale screening studies are wood ash and 
calcium oxide. These catalysts are now being 
studied in a continuous reactor system which simu- 
lates caditions in a comercia1 gasification sys- 
tem. Results of gasification experiments with pure 
hydrogen, hydrogen/steam mixtures and pure steam 
will be described. 

The novel multi-solid reactor system should allow 
significant economic benefits to be achieved by 
eliminating the oxygen required for gasification, 
minimizing front end feed-preparation and increasing 
gasifier throughput. A pilot plant multi-solid 
gasifier is now being designed which will demon- 
strate these advantages. 

Preliminary economic feasibility studies reported 
previously indicate that wood gasffication by this 
process should be cost competitive with other 
supplemental clean fuels. 

.DESCBIPTI(EI OF TASKS 

This program consists of the following three tasks. 

Task 1 - Determinatia of the Effect of 
'Gasification Parameters for both 
Catalyzed and Uncatalyzed Wood 

Task 2 - Design, Construction, and Operation 
of a Novel Multi-Solid Fluid-Bed 
Gasifier that can handle a wide 
range of feed material at higher 
throughputs than conventional 
reactor systems. 

Task 3 - Process Engineering Support 
@"VES/COST AND PEBFOBKANCE TARGETS 

! 'overall objective of this program is to develop 
a gasification process that vlll allow the produc- 

tion of a clean transportable gas from wood or 
other biomass materials at a price competitive with 
alternate energy supplies. The gas produced can 
either be used as a fuel for industrial or utility 
purposes that is interchangeable with natural gas 
or fuel oil or used for the synthesis of a variety 
of products ranging from anrmonia to gasoline. 

The cost criteria used as a basis for determining 
the potential competitive position of wood gasifi- 
cation are: 

SNG from Coal $~.OO/MM ~ t u  
No. 2 Beating Oil $2.70/W Btu 
LNG $~.OU/MM ~ t u  

The program goal will be achieved by: 

(1) Enhancing the reactivity of the wood by 
catalyzing it with either calcium oxide 
or wood ash. These materials are widely 
available, relatively cheap, and have 
been identified as increasing wood 
gasification rates in bench-scale 
experiments. 

(2) Developing a novel reactor system based 
on a proprietary contacting scheme - 
the so-called multi-solid fluid bed (MSFB). 

A preliminary cost feasibility study indicates that 
wood gasification using the MSFB gasifier should 
allow the economic objectives to be achieved. 

The approach to achieving the program objective is 
described below for each of the program tasks. 

Task (1) Process Chemi6try of Catalyzed 
Gasification of Wood 

The effect of controllable gasification parameters 
on conversion and product distribution is being 
determined with emphasis on the effects of pre- 
viously identified gasification catalysts as well 
as in-situ methanation catalysts. These tests are 
being conducted in a continuous gasification 
reactor capable of operating aver a cqlete range 
o f  cmditims tbgt are of practical interest. ' 

Specific information being generated in this task 
will include: 



Data f o r  de ta i led  process heat  and material  
balances. 
The determination of c r i t i c a l  process 
parameters and t h e i r  e f f e c t s  including the 
evaluation of wood ash and calcium oxide 
gas i f ica t ion  ca ta lys ts .  
Determine the advantage of an in-si tu 
methanation cata.lyst. This concept would 
use a methanation ca t a lys t  a s  the dense- 
phase fluid-bed medium t o  enhance methane 
production i n  the  reactor.  

The continuous g a s i f i e r  used i n  these experiments 
is ehown i n  Fig. 1 and is capable of operating a t  
pressures up t o  1000 psig and temperatures t o  
2000 F. Thus, it can be used t o  evaluate any con- 
d i t i ons  tha t  could be considered commercially 
fcrctible. 

Fig. 1. Continuous Gasification Unit 

An i n i t i a l  t e s t  s e r i e s  was conducted with the 
following types of wood pe l l e t s .  

(1) ~oodexR Pellets--a mixture of hardwood 
and bark provided by Tennessee Woodex. 

(2) Whitewood Pellets--a mixture of hardwoods 
provided by California Pe l l e t  M i l l .  

(3) Pe l l e t s  made i n  our pe l l e t i ze r  from 
softwood sawdust. 

The f i r s t  two pe l l e tg  worked well  i n  the gas i f i e r  
while enough dis in tegra t ion  of the softwood p e l l e t s ,  
made i n  our lab,  occurred t o  cause plugging of the 
reactor.  

Key parameters studied i n  t h i s  reac tor  include: 

Wood TypeIParticle Size 
Gasifying Agent - SteadHydrogen and 
Mixtures 
Wood Residence Time 
Gas Flow Rate 
Pressure 
Temperature 

Task (2) Design. Construction and Operation.of a 
Multi-Solid Fluid-Bed (MSFB) Wood Gasification Unit 

The overa l l  MSFB concept shown in Fig. 2 cons is ts  
of a dense-phase fluid-bed gas i f i e r  through which 
flaws an entrained phase (sand f o r  example) t o  
transport  the heat  required f o r  gasif ication.  The 
entrained phase flowing through the dense-phase 
f lu id  bed crea tes  bubble-free f lu id iza t ion ,  aa w e l l  
a s  increased heat and mass t r ans fe r  i n  the bed. 
The t r ans fe r  of char and sand from the g a s i f i e r  t o  
combustor is from an entrained phase rather than 
frm the fluid-bmd phage.. Thus, with coarse wad 
chips, the  conversion l eve l  i n  the MSFB can be 
considerably lower than t h a t  ia the entrained phase 
which contains a t t r i t e d  char par t ic les .  Since the 
dense-phase bed mater ia l  is d i f f e ren t  than the en- 
trained material, i t  can be selected t o  allow the 
MSFB g a s i f i e r  t o  operate a t  extremely high veloc- 
ities without requiring tha t  i t  operate i n  the  so- 
called " f a s t  f luid-bed" mode. 

Fig. 2. Schematic of MSFBG Process 

The u t i l i z a t i o n  of t h i s  unique gas i f ica t ion  system 
o f fe r s  the followink four major advantages over 
exis t ing  g a s i f i c a r i m  sysrems. 

(1) Elimination of the need f o r  an oxygen 
plant .  This improvement alone can reduce 
plant  investment requirements by approxi- 
mately 50 percent over a process using a 
fixed-bed slagging bottom gas i f ie r .  

(2) The a b i l i t y  t o  handle a wide range of 
wood feed from sawdust t o  chips without 
f ront  end preparation and with minimal 
predrying which reduces investment and 
increases plant  thermal efficiency.  

(3) The capabi l i ty  of operating a t  very high 
a 

so l id s  throughputs because of the high 



velocities at which the MSFB system 
operates. This allows more compact 
reactor systems further rcducing in- 
vestment requirements. 

( 4 )  The production of a lower C02 cont .nt 
gas which reduces distribution cost 

1 as well as the cost of acid gas removal. 

Chis task was formally initiated May 1, 1979. 
aerating data from the MSFB gasifier will provide 
:he basis for a commercial reactor design and a de- 
railed cost assessment. 

L sketch of the MSFB unit to be constructed is 
shown in Fig. 3. 
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Fig. 3. Multi-Solid Fluid-Bed Gasification 
Process Development Unit 

Task (3) Process Engineering Support 

This task is dedicated to the translation of ex- 
perimental data into commercially feasible process 
concepts and the determination of their economic 
benefits. 

previously reported "base" case cost feasi- 
ty evaluation of the MSFB gasifier it was 
hated that an intermediate-Btu gas* could be I 

produced a= a price comperirive wfrh alrernarive 

forms of clean fuels. These results are summarized 
in Fig. 4 where the height of the bar depends on 
the cast of the wood which was asaumed available 
at prices f r m  $10 to $20/green ton. Also shown 
in Fig. 4 are the prices of other supplemental 
fuels that are either currently in use or con- 
templated for introduction into the market. This 
demonstrates that wood gasification could be 
currently competitive with No. 2 heating oil and 
LNG for 1000 (oven dry) tpd plants. 

WOOD PRICE RANQE 
n o  TO QWQREEN TON 

(US PRICE 
#MM BTU 

Fig. 4. Effect of Plant Size, Wood Price, Gas 
Heating Value, and Gas Quenching on 
Average Price of Gas from Wood 
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This task will resume in earnest when more data is 
available from the 2.8 inch I.D. reactor that is 
currently operating and a detailed conceptual 
design done when operating data from the MSFB 
gasifier is available. The prospects for sub- , 
stantial economic benefits over existing technology 
are For example, a recent economic evalua- 
t i o n f i E  an oxygen blown ~uroxR system for pro- 
ducing medium-Btu gas from wood indicates that 
60 percent of the total capital investment is for 
an oxygen plant and 10 percent of the annual 
operating costs are for electricity purchases for 
the oxygen plant. 

KEY RESULTS/ACCOMPLISHMENTS 

SNG FROMCOAL 

Some of the key results generated under Task (1) 
are listed below. 

*A as having a heating value typically above 
300 Btu/SCF and which for most industrial pur- 
poses is inrerchangeable wich narural gas. 

LNG 
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Wood ash and calcium oxide are very effective FUmRe PLANS 
catalysts enhancing both the carbon conversion 
level and the net gaseous Btu yield. Wood A simplified schedule for the existing program is 
ash is effective in both hydrogen and steam shown in Fig. 7 where the decision points to be 
gasification atmospheres while calcium oxide reached during the present phase of the program. 
s e a  more effective in steam atmospheres A ~ o d n g  thu experimental work demonstrates the 
than in hydrogen atmospheres. The effete economic potential of the technology, subsequent 
of catalyses with wood ash on carbon conver- phases of the work would be aimed at rapid 
sion and net Btu yield is shown in Figures 5 commercialization. 
and 6, respectively. 

Steam is a more effective gasification agent 
for wood than hydrogen because steam gasifi- CAULTOT: u r n  m (1.5%) 

cation proceeds at a higher rate than hydro- 
gasification and results in a greater net 
Btu recovery in the product gas. This is P - 20 PSIG 
clearly illustrated by Fig. 5 which shows 
the increase in carbon conversion as the 
fraction of steam in the hydrogenlsteam 
feed gas mixture is increased. 

In a commercial process, wood ash is avail- 
able from the combustion of wood char 
to produce plant steam requirements and the 
heat for gasification. The wood ash would 
be recycled to achieve the optimum ashlwood 
feed ratio. 

Methane concentrations in excess of that 
predicted by thermodynamic equilibrium were 

BmlCOCEN STE.4n 

Fig. 6. Effect of Catalyst on Net Gaseous 
Btu Yield in Hydrogen and Steam 
Gasification 

achieved over the entire range of Hz/steam 
ratios. 

For example, with feed gases ranging from 
pure hydrogen to pure steam methane con- 
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centrations ranged from about 20 to 30 vol- 
ume percent while the methane concentration 
predicted assuming thermodynamic equilibrium 

Fig. 5. Effect of Steam and Hydrogen on nf the methanation reaction (CO + 3H2 -+ CHh 
Carbon Conversion Level and Net + H20) qould be on the order of 1 to 2 
Gaseous Btu Yield - 20 psig, 
1750 P 

percent. We therefore helieve that the use 
ot an id 8l tU mehtmntlw aacnlysar lw 0th- 
necessary. 

The enhancement of the net Btu yield (defined 
as Total Heat Content of Product Gas-Total Design of the MSFB gasificatiod unit was 
Heat Content of Feed GasILb of Wood Fed) initiated May 1, 1979, and is proceeding 
with steam compared to hydrogen is shown in on schedule. 
Figure 6. 
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TASK 1 - 1 . 1  (1.2) 9 (1.3) 
PROCESS CliEtaSTBY I 

TASK 2 - (2.1) 0 
PILUI P W  

I TASK 3 - (3.1) 
PROCESS ENGINEERING 1 

I ' PROCRAK DECISIM POINTS 

I 1.1 Should a Csailicetion Catalyst be Uasd? 

I, 1.2 Should Life Studies on )(sthanation Catalyst 
Initiated? , 

1.3 Are ~emperatu;s/Pressurs(s) Practical for Cmawrclal 
Operation? 

2.1 Is KSPBC Technically Attractiva? 

2.2 W t  is the Next Lagical S c d s D p  Step for t'lSPIIG 
system7 

3.1 18 Wood Cwification via ISPBC 8 ~ 0 1 1 d u l l y  
Attractiw7 

Fig. 7. Schedule for Existing Program 
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l lBSTRACT 
PROCESS DESCRIPTION 

The Garrett  Energy Research & Engineering biomass I. gasification process i s  centered around a mu1 t i p l e  
hearth furnace of special design. The multiple 
hearth furnace was chosen because of i t s  a b i l i t y  t o  
process d i f f icul  t-to-handle materials--even mate- 
r i a l s  tha t  cannot be processed in conventional a i r -  
blown biomass gas i f iers .  The stages of t h i s  
mu1 t i p l e  hearth furnace are as follows: biomass 
.drying in a stream of hot f lue  gas, indirectly 
heated pyrolysis--the pyrolysis gas contains no 
Nz--at elevated temperature, combustion of par t  
of the pyrolytic carbon, .and f ina l ly  a water gas 
stage in which the remaining carbon i s  gasified 
in a steamlair atmosphere. 

When moist manure i s  fed to the pyrolysis hearth, 
a substantial  part of the pyrolytic carbon i s  gasi- 
f ied there.  A mathematical model of the low tem- 
perature water gas reaction i s  presented and used 
to  corre la te  some p i l o t  plant data. 

OBJECTIVE 

The objective of th i s  work i s  t o  demonstrate tha t  
d i f f icul  t-to-handle biomass materials can be eco- 
nomical ly  gasified in a mu1 t i p l e  hearth furnace 
of special design. 

CONTRIBUTION 

If  successful, the GERE multiple hearth reactor 
will be able to  process biomass materials tha t  
exist ing air-blown gas i f i e r s  cannot. 

ORGAN I ZAT I ON 

The people in Garrett  Energy Research & Engineering 
Co. who work on t h l s  project are  as follows: . , 

President Donald E .  Garrett  
Biomass Project Manager Ritchie D. Mikesell 

G E R E  Headquarters, Ojai , California 

Pi l o t  Plant Su~erv i  sor  Dinh Co Hoanq st plant chemist David M. ~awano 
ni cian Edward Andrada 

GERE P i lo t  Plant ,  Liquid Chemical Corp. 
Hanford, California 

A flow diagram i s  shown 'on Fig. 1 .  The G E R E  PDU 
i s  a multiple hearth furnace of spe.cia1 design. 
The multiple hearth furnace was chosen because 
i t  i s  capable of hand1 ing di f f icul  t-to-handle 
materials--materials whose ash melts, agglomerat-. 
ing materials ,  materials tha t  are wet, s tr ingy,  or  
tha t  have low bulk densit ies.  

The G E R E  PDU has four hearths--direct contact dry- 
ing, pyrolysis, combustion, and water gas--and 
these hearths are f i t t e d  with solids valves in 
t h e i r  downcomers. These valves pass sol ids  b u t  
very l i t t l e  gas, so the hearths are ef fec t ively  
isolated from each other. 

The pressure in the pyrolysis hearth i s  s l igh t ly  
positive. The drying hearth pressure i s  s l igh t ly  
negative, and the combustion hearth pressure i s  
more negative, perhaps 20 inches of water. Oxygen- 
containing f lue  gas from the combustion hearth can- 
not therefore intrude in to  the pyrolysis hearth and 
create a dangerous s i tua t ion there. 

The biomass feed material i s  loaded in to  a bin 
which in t u r n  feeds an elevated screw conveyor. 
Hot, aerosol -free pyrolysis gas flows counter- 
currently through the jacket and exchanges heat 
with the incoming biomass. The biomass i s  heated 
up as i t  moves through the conveyor, b u t  very 
l i t t l e  of i t s  moisture i s  removed. 

A t  the top of the PDU, the warmed biomass f a l l s  
onto the d i rec t  contact drying hearth where rabble 
teeth rake i t  across the perforated baseplate to  
the,downcomer. Hot f lue  gas flows into the mani- 
fold and -passes up through th'e bed of drying 
solids moving across the baseplate. The , f lue  gas 
temperature i s  limited t o  about 200°C so tha t  
incipient  pyrolysis and/or combustion does not 
occur in the drying hearth, and i t s  flow ra t e  i s  
1 imi ted to  about 100 SCFM so tha t  excessive sol ids  
entrainment does not occur. 

The par t ia l ly  dried biomass passes through a ro- 
tary  sol ids  valve in to  the pyrolysis hearth. A 
small flow of clean pyrolysis gas i s  injected 
into the solids downcomer below the solids valve. 
This prevents tar ry  pyrolysis gas from gett ing 
in to  t h i s  cold downcomer and plugging i t .  AS the 
solids are  raked across the baseplate heated from 
the combustion tiearth below, they heat up, lose 



t he i r  moisture, and then pyrolyze. Some of the 
residual pyrolytic carbon then reacts with steam 
which comes part ly from the moisture in the feed 
and part ly from the pyrolysis reaction i t s e l f .  
In general, we desire t o  steam-gasify as much 
pyrolytic carbon as possible in the pyrolysis 
hearth., and so the feed to  the pyrolysis hearth 
i s  only par t ia l ly  dried.  

The pyrolytic char passes through the pyrolysis 
hearth downcomer and an internal solids valve of 
the sl iding gate type into the combustion hearth 
below. The sol ids  valve i s  operated by an auto- 
matic pneumatic dr iver  which i s  outside the hearth. 
This valve must be simple, cheap, and i t  must work 
rel.iably in the high temperature environment of 
the combustion hearth. Only enough of the carbon 
i s  burned in the combustion hearth t o  maintain a 
minimum temperature level (600°C) in the pyrolysis 
hearth above; the r e s t  of the carbon i s  fed to  the 
water gas hearth below. 

Another internal s l id ing valve similar t o  the one 
between the pyrolysis and combustion hearths regu- 
l a t e s  the flow of char into the water gas hearth. 
Three mols of steam and about 0.7 mols of oxygen, 
together with the nitrogen from the a i r ,  per mol 
of .carbon a re  preheated to 800°C and injected 
through the water gas manifold. The water gas 
and combustion reactions are  counter-balanced 
thermally so tha t  the reactor temperature main- 
ta ins  i t s e l f  a t  about 800°C. The ash f a l l s  
through an external rotary sol ids valve and out 
of the process. The combustion and. water gas 
hearths are l ined with f i r e  bricks. 

The pyrolysis gas leaves the pyrolysis hearth a t  
about 600°C and contains heavy t a r  and oily aerosol 

'material .  This gas i s  cooled to about 250°C in 
the inner pipe of a vert ical  double pipe heat ex- 
changer. Hot f lue  gas i s  the coolant. Hot f lue  
gas I s  used so that  the inside surface of the 
inner tube does not get  colder than the s o l i d i f i -  
cation temperature of the heavy t a r .  The heavy 
t a r  runs down the vert ical  wall of the inner 
tube into a heated t rap  below. 

The cooled pyrolysis gas i s  now f i l t e red  through a 
fixed char bed to  remove i t s  aerosol content. This 
f i l t r a t i o n  i s  done a t  about 200°C, well above the 
dew point of the pyrolysis gas. There are two 
parallel  f i l t e r s ,  operated one a t  a time, and 
the spent char i s  recycled through the process. 

Finally,  the cooled and clean pyrolysis gas i s  
passed through the conveyor jacket where i t  loses 
sensible heat. t o  the incoming biomass. The py- 
ro lys is  gas i s  suff ic ient ly  clean tha t  the heat 
t ransfer  surface does not become fouled. 

The incoming a i r  fo r  the  water gas reaction i s  
preheated by heat exchange against hot f lue  gas 
from the combustion hearth. This heat exchanger 
i s  a double pipe with a 3 inch outer tube and a 
14 inch inner tube with 24 longitudinal f in s .  
The a i r  passes through the jacket. The steam for  
the water gas reaction i s  superheated in a coil of 
1 inch tubing wound around the inside wall of the 
combustion hearth. Cold tap water i s  deionized 

Fig. 1 .  GERE Biomass Gasification Process 

and fed to t h i s  coi l .  

Flue gas' from the combustion hearth f i  r s t  passes 
through a cyclone. Past experience with the POU 
combustion hearth suggests tha t  we should expect 
l i t t l e  or  no ash entrainment in the f lue gas. 

The clean f lue  gas then exchanges heat with the 
incoming water gas a i r .  The water gas a i r  flow 
ra te  i s  re la t ive ly  small, so the f lue  gas doesn' t  
cool much in th i s  heat exchanger. 

The f lue  gas then exchanges heat with the 
combustion a i r .  The a i r - i s  preheated to about 
600°C, while the f lue  gas i s  cooled to  about 200°C. 



h i  i t  exchanger i s  a l s o  a double p ipe  w i t h  a 
i-nch ou te r  p ipe and a 1% i l l i l l  i nner  p ipc  w i t h  

4 l o n g i t u d i n a l  f i n s .  

lo ld  a i r  i s  then orawn i n t o  the f l u e  gas t o  b r i n g  
t s  temperature down t o  about 15O0C so t h a t  i t  
an  be used t o  cool the raw p y r o l y s i s  gas. I n  the  
~ y r o l y s i s  gas cooler ,  the f l u e  gas and p y r o l y s i s  
as exchange heat coun te r -cu r ren t l y .  The outgoing 
l u e  gas leaves the heat exchanger s u b s t a n t i a l l y  
o t t e r  than 200°C, so more co ld  a i r  i s  drawn i n t o  
t t o  b r i n g  i t  down t o  t h i s  temperature. 

00 SCFM o f  the f l u e  gas a t  200°C i s  i n j e c t e d  i n t o  
.he man i fo ld  o f  the d i r e c t  contact  dryer ,  and the  
.emaining f l u e  gas i s  wasted. This wasted. f l u e  
as could,  o f  course, be used i n  a second dryer .  
n the  d i r e c t  cont.act. d rye r ,  the gas cools and 
becomes .humid. I t  may a lso  e n t r a i n  some o f  the  
' ines, so the  gas l e a v i n g  t h e  d ryer  i s  made t o  
\ass through a cyclone before i t  i s  re jec ted .  

:OST AND PERFORMANCE TARGETS 

'he GERE m u l t i p l e  hear th PDU has a diameter o f  f o u r  
'eet. We hope t o  be able t o  process 6 tons manure 
3 50 w t  % moisture/day i n  t h i s  reac to r .  The eco- 
lomics o f  the process have n o t  been worked ou t  y e t .  
:t may be poss ib le  t o  use carbon s tee l  i ns tead  o f  
i t a i n l e s s  s t e e l  f o r  the combustion and water gas 
\ear ths.  It a lso  seems l i k e l y  t h a t  simple, r e l a -  
: i ve ly  cheap s l i d i n g  gate valves can be used 
>etween the stages. 

I s u b s t a n t i a l  f r a c t i o n  of the  p y r o l y t i c  carbon 
s steam-gasif ied. i n  the p y r o l y s i s  hear th a t  

-el  a t i  v e l y  low temperatures and s h o r t  s o l  i d s  
'esidence t imes when the  incoming manure i s  
i o i s t ,  say 20 - 40 wt  %. Pyro lys is  experiments 
{ere done i n  a s i n g l e  hear th bench sca le  r e a c t o r  
n o rder  t o  generate design data f o r  the  PDU. 
'he data showed t h a t  . p y r o l y t i c  carbon had been 
bteam-gasified a t  char temperatures as. low as 
iOOUC a t  char resfdence t in l r s  o f  10 t o  20 minutes. 

hccording t o  Finson, e t  a l .  (11 , the  r e a c t i o n  
equence i s  

- 
C + H 2 0 -  C(0) + H 2  

Ac t i ve  
S i t e  k-i Complex 

~t low temperatures, the absorpt ion/desorpt ion s tep 
s much f a s t e r  than t h e  complex breakdown step, so 
;he BET surfaces should be saturated w i t h  C(0).  
n t h i s  case t h e  g a s i f i c a t i o n  r a t e  i s  j u s t  

Note t h a t  when the  BET sur face i s  saturated w i t h  
the C(0) complex, the  steam concentrat ion has no 
d i r e c t  e f f e c t  on t h e  char r e a c t i v i t y .  

A model o f  BET sur face development gives the r e s u l t  

aB q= - 1  - (4) 

( 0 3 ) ~  + {l - exp 

When t h i s  i s  i n s e r t e d  i n t o  Equation ( 3 1 ,  the r e s u i t  
i s  

( 0 8 ) ~  + (1 - (uB),~ exp (- 
(aE) i s  the  f r a c t i o n  o f  a l l  the  carbon atoms pres- 
e n t  i n  . the  v i r g i n  char t h a t  are exposed t o  the  
steam on t h e  BET surfaces. A t  low temperatures, 
the steam-carbon r e a c t i o n  i s  s u f f i c i e n t l y  slow 
t h a t  mass t r a n s f e r  res is tance  i n  the gas phase i s  
unimportant.  For a .continuous process i n  which 
the  char bed i s  w e l l  -mixed, Equation ( 5 )  becomes 

Equation ( 6 )  w i t h  (aB)o = 1 was used t o  c o r r e l a t e  
our bench scale p i l o t  p l a n t  data. For t h i s  case 

+ 

The Arrhenius p l o t  i s  

The data c o r r e l a t i o n  i s  shown on F ig.  2. The 
r e s u l t  i s  

For example, a t  Tc = 8 0 0 ' ~  = 1 0 7 3 . 2 ~ ~ ~  and 

T~ = 20 min, Equation (9 )  p r e d i c t s  t h a t  about 84% 

o f  the p y r o l y t i c  carbon w i l l  be steam-gasif ied. 
It appears t h a t  the  steam-carbon r e a c t i o n  i s  cata-  
l yzed  by the  presence o f  v o l a t i l e  mat te r  i n  the 
char, and. the re fo re  i t  proceeds a t  reasonable 
r a t e s  at. r e l a t i v e l y  low temperatures. 



When p y r o l y s i s  i s  done i n  a steam atmosphere, the  
energy content  o f  CO i s  s h i f t e d  t o  Hz through the  
water  gas s h i f t  reac t ion .  

The hea t ing  value o f  the  r e s u l t i n g  gas i s  s l i g h t l y  
lowered as React ion (10) i s  d r i v e n  t o , t h e  r i g h t .  

The aerosol t a r  con ten t  o f  p y r o l y s i s  gas can be 
removed i n  a char f i l t e r .  Th is  makes poss ib le  
hea t  recovery from t h e  p y r o l y s i s  gas stream. 
When the  p y r o l y s i s  hear th  feed i s  mo is t  and the  
p y r o l y s i s  gas conta ins a g r e a t  deal o f  steam, heat  
recovery becomes more impor tant  t o  the thermal 
e f f i c i e n c y  o f  the  process. 

A simple automat ic  va lve  can bc used between the  
stages t o  i s o l a t e  them from each other .  These 
valves are o f  the  s l i d i n g  gate type, are d r i v e n  
f rom ou ts ide  t h e  reac to r ,  and must work r e l i a b l y  
a t  h igh  temperoture3. 

RAW MATERIAL AND ENERGY REQUIREMENTS 

100 T/D Manure P l a n t  

I n p u t  100 T/D Manure 8 40 wt. % moisture. 
Net hea t ing  value = Heat of com- 

bus t ion  o f  dry  manure - Heat 
t o  evaporate mois ture 

Net h e a t i n  value = 9 5.57 (10 ) BTU/day 

E l e c t r i c i t y  4 0  kg = 0.05(108) BTUlday hea t ing  
f o r  Blowers value 
and Valves 

Output 

P y r o l y s i s  Gas 635 SCFM 8 310.5 BTU/SCF (d ry ,  
w i t h  COz). 

Heating value = 
2.84(108) BTUlday 

F t o J u ~ e ~  Qas N U I I ~  

Waste Water 5.1 GPM 

2.a4(io8) 
Overa l l  thermal e f f i c i e n c y  = 50.'5% 

5.62(108) 

ECONOMICS 

A f i n a l  economic ana lys is  has n o t  been completed. 

FUTURE ACTIVITIES 

(a )  To complete t h e  present  c o n t r a c t .  

(b )  To propose a fo l low-on con t rac t .  

I.. 

1 x,: pMi' 

Fig.  2. Low Temperature Water Gas 
Reaction K i n e t i c s  

WORK SCHEDULE 

J I I ~ P  J u l  v Aua 

Start-Up and 
Debug - 
Run High and 
LOW Mois ture 
Manure - 
Endurance Run 1 

Analyze PDU 
Data . 

i 

Complete ' 

F ina l  Report b 

NOMENCLATURE 

LC] Carbon concentrat ion,  g  C/cm3 char 

LC] o I n i  t i a !  carbon concentrat ion,  
g  C/cmJ char 

E .= E*/R Emperical constant ,  OK 

E* A c t i v a t i o n  energy, cal/mol 
a 



Char volume, cm3 

Char vo lumetr ic  f l ow ra te ,  cm3/min 

F rac t ion  carbon remaining 

116 BET sur face area, cm2 BET/mol carbon 

. Carbon concentrat ion i n  the BET 
surface', mols C/cm2 BET 

Time, min 

pR = Y,IWc Char residence t ime, min 

I 
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CATALYTIC CONVERSION OF BIOMASS TO FUELS 
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ABSTRACT 

This study concerns a systematic assessment o f  e t o  e s t a b l i s h  the r e l a t i o n s h i p  between poten- 
the  r o l e  o f  c a t a l y s i s  and new developments i n  t i a l  biomass conversion concepts and the  
c a t a l y t i c  reac to r  technology f o r  the  thermochemi- c a t a l y t i c  concepts c u r r e n t l y  under develop- 
~ c a l  conversion o f  biomass t o  gaseous and l i q u i d  ment i n  o ther  areas, such as coal  conversion, 
f u e l s .  I n  t h i s  r e p o r t  the  phys ica l  and chemical 
p roper t ies  o f  biomass a re  compared t o  coal as a e t o  i d e n t i f y  promis ing c a t a l y t i c  systems t h a t  
bas is  f o r  assessing the  u t i l i t y  o f  coal conversion r n u l d  be u t i  1 i zed  t o  reduce o v e r a l l  costs o f  
concepts f o r  biomass. I n  a d d i t i o n ,  the  r o l e  o f  f u e l s  product ion from biomass m a t e n a l s .  
c a t a l y s t s  i n  the  steam g a s i f i c a t i o n  o f  carbon i s  
examined w i t h  regard t o  the  i m p l i c a t i o n s  f o r  gas i -  The approach u t i l i z e d  i n  t h i s  study invo lves  a 
f i c a t i o n  o f  biomass. Recent s tud ies demonstrate rev iew o f  the pa ten t  and techn ica l  l i t e r a t u r e  con- 
t h a t  known c a t a l y s t s  (a1 k a l i n e  earths, Group V I I I  ce rn ing  concepts f o r  the  thermochemical conversion 
meta ls)  f o r  rhe carbon-steam do n o t  increase o f  coal  t o  gas and l i q u i d  f u e l s ,  and an i d e n t i f i -  
r e a c t i o n  r a t e s  by a lower ing o f  the  a c t i v a t i o n  c a t i o n  o f  the  major techn ica l  problem areas. This 
energy bu,t by inc reas ing  the  concentrat ion o f  background prov ides t h e  bas is  f o r  an assessment o f  
c a t a l y t i c ' s i t e s  i n  con tac t  w i t h  the carbon source. the  p o t e n t i a l  a p p l i c a b i l i t y  o f  the  var ious con- 
Ma in ta in ing  maximum con tac t  between the  carbon cepts t o  biomass which, because o f  the  marked d i f -  
source and the  c a t a l y s t  throughout g a s i f i c a t i o n  ferences i n  phys ica l  and chemical p r o p e r t i e s  r e l a -  
i s  the re fo re  necessary t o  achieve the g rea tes t  t i v e  t o  coal ,  may s i g n i f i c a n t l y  reduce t h e  prob- 
r a t e  enhancement. This genera l l y  requ i res  unde- lems encountered w i t h  coal .  L i m i t a t i o n s  and prob- 
s i r a b l y  h igh  c a t a l y s t  concentrat ions which neces- lems which a re  s p e c i f i c  t o  biomass a re  a l s o  iden-  
s i t a t e s  recovery and reprocess ing o f  the c a t a l y s t ,  ti f i  ed. F i n a l l y  , the most promis ing technologies 
The most d e s i r a b l e  c a t a l y s t  i s  one which enhances f o r  t h e  thermochemical conversion o f  biomass t o  
the  r a t e  by lower ing  the a c t i v a t i o n  energy and f u e l s  wi 11 be i d e n t i f i e d ,  and the  problems which 
which could be u t i l i z e d  i n  low concentrat ions.  must be solved t o  develop t h e  i d e n t i f i e d  technol -  
Such m a t e r i a l s  have n o t  been repor ted  t o  date. ogies a re  discussed. It should be emphasized t h a t  

t h e  focus o f  t h i s  study i s  on t h e  chemistry and 
reac to r  engineer ing aspects o f  thermochemi ca l  con- 

INTRODUCTION vers ion  processes r a t h e r  than on t o t a l  systems 
and d e t a i l e d  economic analys is .  Thus, t h e  recom- 

The dw ind l ing  supply o f  indigenous petroleum i n  mentat ions concerning technologies f o r  f u t u r e  
the  Uni ted States and the  inc reas ing  dependence developments a r e  based on an assessment o f  the  
on f o r e i g n  impor ts  has prov ided i n c e n t i v e  f o r  the  most promising c a t a l y t i c  and r e a c t o r  engineer ing 
development o f  o ther  sources o f  energy. I n  t h i s  concepts and a judgement as t o  t h e i r  economic 
regard, coal  has been and continues t o  be the f e a s i b i l i t y .  
most i n t e n s e l y  s tud ied  a l t e r n a t i v e  t o  petroleum. 
Extensive c a t a l y t i c  science and technology a re  The p r o j e c t  i s  d i v i d e d  i n t o  f o u r  major tasks: 
being app l ied  by both government and i n d u s t r y  t o  
economical ly conver t  t h i s  substance t o  clean- Task 1 A rev iew o f  the  l i t e r a t u r e  on thermo- 
burn ing gas and l i q u i d  f u e l s .  Another p o t e n t i a l  chemical conversion concepts f o r  coal  
f u e l  source i n  which i n t e r e s t  has escalated dur- and biomass 
i n g  t h i s  decade i s  biomass which, i n  c o n t r a s t  t o  
coal ,  represents a renewable supply o f  energy v i a  Task 2 I d e n t i f i c a t i o n  o f  major techn ica l  prob- 
photosynthet ic  processes. The u t i l i z a t i o n  o f  lem areas i n  biomass conversion processes 
c a t a l y t i c  systems i n  biomass conversion processes 
has received some a t t e n t i o n .  However, no assess- Task 3 Se lec t ion  o f  most promis ing technologies 
ment o f  the  p o t e n t i a l  impact o f  c a t a l y s i s  and o f  f o r  biomass conversion 
new developments i n  c a t a l y t i c  r e a c t o r  technology 
has been undertaken f o r  thermochemi ca l  biomass Task 4 Recommendations f o r  f u t u r e  R & D 
conversion processes f o r  the  product ion o f  gas 
and l i q u i d  f u e l s .  The pr imary ob jec t i ves  o f  t h i s  Task 1 which invo lved  a rev iew o f  chemical a?d 
p r o j e c t ,  therefore,  are:  engineer ing concepts f o r  the  numerous gasi  f i ca- 

m t i o n ,  hydrogas i f i ca t ion ,  p y r o l y s i s  and 1 iquefac-  
t n  p rov ide  a systematic assessment o f  the  r o l e  t i o n  technologies has been completed. The focus 
o f  c a t a l y s i s  i n  thermochemical gasification U T  recen t  e f f o r t s  on t h i s  p r o j e c t  has concerned 
and 1 i q u e f a c t i o n ,  var ious aspects o f  Tasks 2 and 3 which are 



discussed i n  t h i s  r e p o r t .  These aspects inc lude  
a comparison o f  the  phys ica l  and chemical proper- 
t i e s  o f  biomass r e l a t i v e  t o  coal and a d iscuss ion 
o f  key problems associated w i t h  the  c a t a l y t i c  
steam g a s i f i c a t i o n  o f  biomass. The l a t t 2 r  d iscus-  
s i o n  draws on recen t  fundamental s tud ies  which 
i l l u s t r a t e  the  mode o f  c a t a l y t i c  a c t i o n  i n  a l t e r -  
i n g  the r a t e  o f  t h e  carbon-steam r e a c t i o n  and con- 
s ide rs  t h e  i m p l i c a t i o n s  o f  the r e s u l t s  f o r  biomass 
g a s i f i c a t i o n .  

CHEMICAL AND PHYSICAL PROPERTIES OF BIOMASS AND 
COAL 

In order tb prov ide  a perspec t i ve  f o r  the poten- 
t i a l  advantages o f  biomass r e l a t i v e  t o  coal  f o r  
s y n t h e t i c  f u e l s  product ion,  a comparison o f  t h e i r ,  
chemical and phys ica l  p roper t ies  was made. I n  
t h i s  s e c t i o n  a b r i e f  summary o f  the  key d i f f e r -  
ences i s  presented as a bas is  f o r  assessing the 
u t i  1 i t y  o f  coal conversion concepts f o r  b i  oorass 
and the s u i t a b i l i t y  o f  biomass as a feedstock f o r  
s y n t h e t i c  f u e l s  product ion.  

Table 1 prov ides a general comparison o f  the  phy- 
s i c a l  and chemical p r o p e r t i e s  o f  biomass and coal  
C l e a r l y  t h e r e  a re  marked d i f fe rences  which appear 
t o  favor  biomass over coal as a feedstock f o r  
syn the t i c  f u e l s .  The H/C r a t i o  o f  biomass i s  
e s p e c i a l l y  favorab le  approaching values t y p i c a l  
o f  petroleum der i ved  f u e l s .  This i s  i l l u s t r a t e d  
by the comparison i n  F igure  1 which shows t h a t  
the  H/C r a t i o  o f  biomass i s  comparable t o  t h a t  o f  
f u e l  o i l s .  F igure 1 a lso  prov ides a comparison 
o f  t y p i c a l  O/C r a t i o s  o f  biomass w i t h  var ious 
coa ls .  The oxygen content  i s ,  o f  course, maximum 
w i t h  biomass producing t h e  lowest Btu content  of 
the  m a t e r i a l s  compared (F igure 2 ) .  The imp l i ca -  
ti ons o f  t h e  elemental composit ions f o r  upgrading 
a r e  t h a t  conversion o f  coal t o  l i q u i d  f u e l s  
requ i res  an increase i n  t h e  H/C r a t i o  e i t h e r  by 
t h e  a d d i t i o n  o f  hydrogen (hydro1 i q u e f a c t i o n )  o r  
t h e  removal o f  carbon ( p y r o l y s i s ) .  Conversion of 
biomass t o  l i q u i d s ,  on the  other  hand, may be 
achieved by removal o f  oxygen, an approach which 
forms the  basis  o f  the  l i q u e f a c t i o n  p r o j e c t  cur-  
r e n t l y  underway i n  A1 bany, Oregon. 

TABLE 1 

GENERAL COMPARISON OF THE PHYSICAL AND CHEMICAL 
PROPERTIES OF BIOMASS WITH COAL 

' Coal' B l  omass 

H / C  0.2 - 0.8 1.6 
O/ C 0.007 - 0.25 0.68 
Ash 7-12 wt .% 0.2 - 3 wt.% 
S 0 .8 - 3.4 wt .% Traces 
N 1-16 wt.: Traces 
"2O B i t .  % 2% Bark *J 0% 

S-B i t .  10% Wood 'L 10% 
L i  gni t e  30% Bagasse % 50% 

Densi t y  1 -2 (L ig . ) -1  .75 0.4(S-Wood)-0.6 
( Anthr . ) (H-Wood) 

V o l a t i l e  9(Anthr .  )-36 % 87 
Mat ter  ( % )  ( B i t . )  

RATIO 1 

0 I 1 
Figure 1. Comparison o f  the H/C and O/C r a t i o s  
o f  biomass wi t h  petroleum der i ved  products and 
coal  . 

F igure 2. The energy content  o f  biomass r e l a t i v e  
t o  pet\-oleum Jet,ived products and coa'l. 

I n  g a s i f i c a t i o n ,  the  elemental composit ion o f  
biomass coupled w i t h  i t s  h igher  r e a c t i v i t y  and 
l a r g e r  f r a c t i o n  o f  v o l a t i l e  mat te r  a lso  appear 
favorable i n  t h a t  the steam, oxygen and feed  a 
requirements would be lower r e l a t i v e  t o  coal.  



Perhaps the  most d L t r , d ~ t i v e  aspect o f  t h c  chemical 
p roper t ies  o f  biomass i s  the low concentrat ion o f  
i m p u r i t i e s ,  S, N, and ash. F igure 3 prov ides a 
general comparison o f  S, N, and ash l e v t l s  o f  b i o -  
mass, coals and petroleum der i ved  products. The 
low concentrat ions o f  i m p u r i t i e s  i n  biomass s i g -  
n i f i c a n t l y  reduces the  heteroatom removal r e q u i r e -  
ment r e l a t i v e  t o  processing o f  coal  der ived f u e l s .  
I n  add i t i on ,  the low i m p u r i t y  concentrat ion 
broadens the  scope o f  p o t e n t i a l  c a t a l y t i c  systems 
which could be app l ied  f o r  s y n t h e t i c  f u e l s  pro- 
duc t ion .  This i s  p a r t i c u l a r l y  t r u e  f o r  poison 
s e n s i t i v e  c a t a l y s t s  which a re  used i n  combination 
w i t h  g a s i f i c a t i o n  c a t a l y s t s  i n  s i n g l e  s tep pro- 
cesses t o  generate p a r t i c u l a r  products such as 
CHq, Hz, CO o r  synthesis  gas ( 1 ) .  

Ash 

I 

1 \ .r I 
OIL PROD COALS 

Figure 3. I m p u r i t y  l e v e l s  i n  biomass r e l a t i v e  t o  
o ther  f u e l  sources. 

Although the  chemical p roper t ies  o f  biomass, i n  
general,  a re  q u i t e  un i fo rm and a t t r a c t i v e  f o r  
synthetic f u e l  product ion, the  phys ica l  p r o p e r t i e s  
vary considerably  depending on t h e  biomass 
resource, e.g. wood chips, h u l l  s, straws, s t a l k s ,  
e tc .  Such m a t e r i a l s  a re  n o t  e a s i l y  pre-processed 
by g r ind ing ,  f o r  exarliple, t o  the  small p a r t i c l e  
s i zes  which are a t t a i n a b l e  w i t h  coal .  Pre- 
recessing and feeding o f  biomass, the re fo re ,  are 

o r t a n t  considerat ions i n  choosing conversion 
chnologies. Conversion processes, which r e q u i r e  b 

l i t t l e  pre-processing and accept a wide v a r i e t y  
o f  feed geometries and p a r t i c l e  s i zes  appear 

desirable. A l t e r n a t i v e 1  y ,  i t  i s  l i k e l y  t h a t  sev- 
e r a l  technologies app l ied  on a reg iona l  basis and 
designed t o  hand1 e feedstocks w i t h  a speci f i ed 
range o f  phys ica l  p r o p e r t i e s  wi 11 evolve. 

THE ROLE OF CATALYSTS I14 STEAM-GASIFICATION OF 
BIOMASS AND COAL 

General Remarks 

The s team-gas i f i ca t ion  o f  carbonaceous m a t e r i a l s  
can be schemat ica l ly  represented by the  d i  agram i n  
F igure 4. As the  temperature increases, the  f i r s t  
processes t o  occur a re  p y r o l y s i s  o r  d e v o l a t i l i z a -  
t i o n  reac t ions  which produce v o l a t i l e  mat te r  and 
ash-conta in ing char. With regard t o  p y r o l y s i s ,  
biomass e x h i b i t s  much g rea te r  r e a c t i v i t y  than most 
coals  as i s  i l l u s t r a t e d  by the  comparison i n  
F igure 5. P y r o l y s i s  o f  c e l l u l o s e  mate r fa ls  i s  
i n i t i a t e d  a t  r e l a t i v e l y  low temperatures (300- 
5000C) and a l a r g e  p o r t i o n  o f  the feed (70-90 wt 
%) i s  converted t o  v o l a t i l e  mat te r  depending on 
t h e  heat ing r a t e  (2 ) .  The h igher  the  heat ing 
r a t e ,  the  less  char i s  produced. I n  f a c t ,  Lewel- 
l e n  e t  a l .  (3 )  have repor ted  complete v o l a t i l i z a -  
t i o n  o f  c e l l u l o s e  a t  very r a p i d  hea t ing  r a t e s  o f  
~lO,OOO°C/sec. With coals, p y r o l y s i s  r e q u i r e s  
h igher  temperatures than biomass (F igure 5) and 
t h e  p o r t i o n  o f  v o l a t i l e  mat te r  produced i s  much 
lhwer (<%50 wt %). 

GASEOUS 

GAS I F I  CAT1 ON 

GASIFICATION 

Figure 4. Schematic diagram represen t ing  steps 
i n  s team-gasi f icat ion.  

At  temperatures above %600°c, secondary reac t ions  
o f  the  devol a t i  1 i z a t i  on products occur. These 
processes may be in f luenced  by the  a d d i t i o n  of 
appropr ia te  c a t a l y s t s  t o  d i r e c t  the reac t ions  
towards p a r t i c u l a r  products (1  ). , I n  the absence 
o f  a catalys,t  the secondary reac t ions  of t h e  v o l -  
a t i l i z a t i o n  products a re  s i m i l a r  t o  steam- 
c rack ing  reac t ions  ( 2 ) .  

A t  the  h ighes t  temperatures, >70o0c, t h e .  pyl-o- 
l y t i  c char undergoes steam g a s i f i c a t i o n  t o  produce 



Hz, CO and C02 via the following reactions: potential solution to  the problem i s  ca t a ly t i c  
gasification a t  800-900°F. Then the heat from 

I C + H20 @ CO + H2 (carbon gas i f ica t ion)  the s h i f t  and methanation steps could supply that  
required for the gasification reactions. This 

I1 CO + Hz0 @ C02 + H2 ( s h i f t  reaction) poss ib i l i ty  of a "single step" gasification has 
been a primary motivation for  ca ta ly t ic  steam 

I11 C + C02 % 2C0 (Boudouard reaction) gasification.  

To have a "single-step" gasification reactor,  the 

1 I I I I I I I 
: gasi f ica t ion,  water-gas s h i f t  and methanation 

reactions must be catalyzed simultaneously. This 

(3 100- - requires a bifunctional ca ta lys t .  For the steam 
gaslfqcation reaction,  a1 kal i metal oxides and 

Z carbonates have been found to be among the best 
f 80 -  - cata lys ts .  The water-gas s h i f t  and methanation ' 

a reactions are  usually catalyzed by metal ca ta lys ts  
E 60- such as Ni or  Fe. Consequently, combinations of 
W Ni and other t rans i t ion  metals with the a1 kali 

cr 40- metal oxides or  carbonates have been explored as - 
"single-step" gasification ca ta lys ts  (1,  4-6). 

$ Massive amounts o f  cata lys t  are usually required 

Figure 5. Comparison of the pyrolysis react iv i ty  
of ce l lu los ic  materials and coal (2)  

20- 
3 

The high temperatures required to promote the car- 
bon reactions ( I  and 111) r e f l ec t  the slow ra tes  
of these reactions and the des i rabi l i ty  of using 
ca ta lys ts  to enhance the  reaction ra tes .  

For steam-gasification processes in which methane 
i s  the desired product, the chemical dilemma i s  
an ineff ic ient  thermal balance, This i s  apparent 
from the fo l l  owing react i  ons : 

I as sul fur .  With biomass, however, the concen- 
0 200  4 0 0  6 0 0  8 0 0  t ra t ions  of potential ca ta lys t  poisons, part ic-  

T, =c ularly su l fu r ,  are s igni f icant ly  lower which may 
provide incentive for  the development of methan- 
ation catalysts tha t  a re  unaffected a t  the low 
sulfur concentrations typical of biomass. 

\CELLULOSE - 
I I I 

AH2980~  R r a c t i  on 
Gasification (kcal /mole) Temperature 

fo r  acceptable ac t iv i ty  k i th  coal which contains 
s igni f icant  quant i t ies  of ca ta lys t  poisons such 

Sh i f t  

CO + H20 # C02 + H2 - 9.83 - 3 0 0 ~ ~ ( 6 0 0 ~ ~ )  

Thus, the sum of the reactions which give r i s e  to 
the formation of CHq a re  nearly thermoneutral. 
However, the water-gas s h i f t  and methanation steps 
are  carried out a t  much lower temperatures for  
thermodynamic reasons and ca ta lys t  maintenance. 
Therefore, the exothermic heat generated in these 
two steps cannot be e f f i c i en t ly  u t i l ized a t  the 
higher temperature fo r  steam-gasification. The 

Because the carbon-steam reaction i s  the slowest 
process in gasification of chars derived from 
biomass, i t  i s  useful to focus on catalysis of 
th i s  reaction. A number of recent studies have 
provided important insight regarding the ro le  of 
the ca ta lys t  in steam gas i f ica t ion.  These studies 
and thei r  imp1 ications for  biomass conversion are  
discussed in the following section. 

Catalyzed Steam-Gasification of-Carbon . . -. . - - - 

Much of the ea r l i e r  work on the carbon-steam 
reaction was in conf l ic t  in tha t  d i f ferent  authors 
reported that  the same cata lys t  enhanced, had no 
e f fec t  or even suppressed the r a t e  of gasifica- 
tion ( 7 ) .  This circi~mstance war undoubtedly duc 
to improper at tention to the influence of heat 
and mass transfer ef fec ts  and to  the ambiquities 
associated with the reporting of r a t e  data.  The 
resul ts  of the majority of the ea r l i e r  work did 
not contribute much to the understanding of the 
ro le  of the ca ta lys t  in steam-gasification. 

111 a rwctrlll s e r i e ~  o f  report2 (:-lo), Shelef and 
co-workers have carefully examined the ef fec t  of 
a variety of catalysts in the steam gasification 
of pure graphite and coal chars. These authors 
measured gasification rates in the presence and 
absence of catalysts under conditions which elim- 
inated mass and heat transfer ef fec ts .  Only under 
such conditions can the ef fec t  of catalysts be 
quanti tat ively established. In addition, Shelef 
e t  a1 compared gasification ra tes  on a specific 
surface area basis (quantity of carbon gasified 
per unit time per uni t  area) rather than on a u n  
weight basis. The importance of making compari- 
sons on a uni t  area basis i s  i l l u s t r a t ed  by the 

0 
data in Table 2. When compared on a weight basis. 



tllc y ~ 3 i f i ~ ~ t i ~ n  rates a t  the extremss d i f f ~ r  hy 
a  f a c t o r  o f  1750 whereas on a  u n i t  area basis the 
d i f f e r e n c e  i s  on ly  a  f a c t o r  o f  15.7. C l e a r l y  tho 
d i f f e r e n c e  i n  r e a c t i v i t y  o f  the  mate r ia l s  i s  due 
p r i m a r i l y  t o  t h e  l a r g e  v a r i a t i o n  i n  sur face areas. 
The h igher  s p e c i f i c  area r e a c t i v i t y  o f  the  Brann- 
koble was shown t o  be due t o  the  c a t a l y t i c  e f f e c t s  
o f  n a t i v e  ash. The data i n  Table 2  i n d i c a t e  t h a t  
f a l s e  conclusions concerning c a t a l y t i c  e f f e c t s  
may be reached when data i s  compared on a  weight 
bas is  p a r t i c u l a r l y  i f  the a d d i t i o n  o f  a  c a t a l y t i c  
agent produces a  m o d i f i c a t i o n  o f  the su r face  area 
of the  mate r ia l  t o  be g a s i f i e d .  

1 TABLE 2 

COMPARISON OF THE STEAM-GASIFICATION OF COAL 
CHARS AND GRAPHITE AT 850% (1 1 ) 

Bet re1  a- -1 r e l a -  
Area -1 t i v e  Pg mi' t i v e  

Coal (m2/g) Pg.g-l mln r a t e  in-' - r a t e  

Braunkohle 436 2100 1750 4.7 15.7 

P i t t s b u r g h  
Seam 407 280 233 0.7 2.3 

Graphi te  3.6 1.2 1  0.3 1.0 

Other impor tant  aspects o f  t h e  work by Shelef  e t  
a1 concern t h e  mode o f  c a t a l y t i c  ac t ion .  These 
authors compared the  a c t i v a t i o n  energies and spec- 
i f i c  area r a t e s  o f  the  carbon-steam r e a c t i o n  i n  
t h e  presence and absence o f  - ca ta lys ts .  The 
r e s u l t s  a re  summarized i n  Figures 6 and 7. F igure  
6 shows t h a t  the  a c t i v a t i o n  energy o f  t h e  carbon- 
steam r e a c t i o n  i s  n o t  s i g n i f i c a n t l y  a f f e c t e d  by 
t h e  a d d i t i o n  o f  a l k a l i n e  e a r t h  c a t a l y s t s ,  Ca, Sr  
and Ba. The r a t e  o f  g a s i f i c a t i o n  on a  s p e c i f i c  
area basis, however, increases s u b s t a n t i a l l y  i n  
the  presence o f  these c a t a l y s t s  w i t h  Ba e x h i b i t i n g  
the grea tes t  enhat~ce~i~ent.  Similal-  r e s u l t s  are  
obta ined w i t h  c a t a l y s t s  from t h e  Group V I I I  e l e -  
ments (F igure  7 ) .  I n  t h i s  case a c t i v a t i o n  ener- 
g ies  appear t o  be decreased somewhat, however, 
Shelef  e t  a1 concluded t h a t  t h i s  was due t o  the  
onset  o f  mass t r a n s p o r t  e f f e c t s  r a t h e r  than a  
c a t a l y t i c  lower ing  o f  the, a c t i v a t i o n  energy. For 
t h e  Group V I I I  metals much g rea te r  enhancements 
i n  s p e c i f i c  area g a s i f i c a t i o n  r a t e s  were obta ined 
( ~ 7 6 0 0  r e l a t i v e  t o  t h e  uncatalyzed r e a c t i o n )  w i t h  
rhodium e x h i b i t i n g  t h e  h ighest  a c t i v i t y .  I t i s  
u n l i k e l y  t h a t  expensive c a t a l y s t s  such as rhodium 
cou ld  even ,be s e r i o u s l y  considered as a  g a s i f i c a -  . 
t i o n  c a t a l y s t .  

The i m p l i c a t i o n s  o f  the r e s u l t s  i l l u s t r a t e d  i n  
F igures 6 and 7 become apparent from t h e  Arrherlius 
equation: 

b n s i f i c a t i o n  Rate = A  exp (-EalRT) 

where A  i s  the  pre-exponential  f a c t o r  which i s  

r e l a t e d  t o  the concentrat ion o f  c a t a l y t i c  s i t e s  
and Ea i s  the  a c t i v a t i o n  energy. The most d e s i r -  
a b l e  e f f e c t  o f  a  c a t a l y s t  i s  t o  decrease Ea which 
leads t o  an exponential  increase i n  r a t e .  Rate 
i s  a l s o  enhanced by inc reas ing  the  concentrat ion 
o f  c a t a l y t i c  s i t e s  bu,t the e f f e c t  i n  t h i s  case 
i s  l i n e a r .  The data i n  Figures 6  and 7  i n d i c a t e  
t h a t  the  a c t i v a t i o n  energy o f  t h e  steam-gasif ica- 
t i o n  i s  unaf fected by the  c a t a l y s t s  examined t o  
date and t h a t  the  enhancement i n  r a t e  i s  p r i m a r i l y  
due t o  an increase i n  the  pre-exponential  f a c t o r ,  
i .e., the  concentrat ion o f  c a t a l y t i c  s i t e s .  This 
imp l ies  t h a t  the  c a t a l y s t  does n o t  a f f e c t  the r a t e  
determin ing s tep o f  the carbon-steam r e a c t i o n  b u t  
may increase the  concentrat ion o f  r e a c t i v e  species 
which p a r t i c i p a t e  i n  the  r a t e  determin ing step. 
I n  a  s i m p l i f i e d  scheme, the  carbon-steam r e a c t i o n  
can be envi $<oiled as two steps, v i  z :  

r A c t i v a t i o n  o f  Hz0 

r C-C Bond Rupture ( r a t e  determin ing)  

C-C + 0  -co + c 
(a 

I n  t h i s  scheme the c a t a l y s t  increases the  con- 
c e n t r a t i o n  o f  t h e  species [O(a ] b u t  does n o t  
a l t e r  t h e  energet ics o f  the r a l e  determin ing step 
i n v o l v i n g  C-C bond rup tu re .  Thus, the  r a t e  o f  
g a s i f i c a t i o n  i s  increased w i thou t  a1 t e r i n g  the 
a c t i v a t i o n  energy as observed exper imenta l ly .  

CATALYSIS OF CARBON-STEAM REACTION 
-- 
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Figure 6. Comparison o f  a c t i v a t i o n  energies 
(kcal/mole) and r a t e s  (pg/m2/min) f o r  ca ta lyzed  
and uncatalyzed s team-gas i f i ca t ion  o f  g raph i te .  
Data p e r t a i n  t o  r e a c t i o n  a t  8500C and 0.3 atom Z 
c a t a l y s t  concentrat ion (10). 

The fundamental s tud ies  o f  Shelef  and co-workers 
have s i g n i f i c a n t  i m p l i c a t i o n s  concerning c a t a l y s i s  
o f  t h e  carbon-steam r e a c t i o n .  The r e s u l t s  i n d i -  
cat.e t.hat the  l a r g e s t  c a t a l y t i c  enhancement of the  
r e a c t i o n  r a t e  i s  achieved when con tac t  between t h e  



c a t a l y s t  and t h e  carbon i s  maximized. Indeed, 
Shelef e t  a1 found from carefu l  c h a r a c t e r i z a t i o n  
s tud ies  by phys ica l  techniques t h a t  the e f f i c a c y  
o f  Ba as a c a t a l y s t  r e l a t i v e  t o  Ca and Sr  was due 
t o  more e f f e c t i v e  w e t t i n g  of the  carbon (10). The 
Ba c a t a l y s t  tended t o  spread un i fo rm ly  over the 

6 0  - 
sur face  o f  t h e  carbon d u r i n g  the  r e a c t i o n  whereas I- 
t h e  o ther  c a t a l y s t s  were l e s s  e f f e c t i v e  i n  t h i s  v, 5 0 -  
regard. I f  t h e  c a t a l y s t  e f f e c t i v e l y  wets the ca r -  
bon dur ing t h e  g a s i f i c a t i o n  r e a c t i o n  then t h e  
amount o f  c a t a l y s t  necessary t o  achieve the maxi- 
mum e f f e c t  w i l l  depend on t h e  sur face  area o f  the 
carbon as shown i n  F igure  8. For h igh  sur face 
area carbons very l a r g e  c a t a l y s t  concentrat ions 
a r e  requ i red  so t h a t  recovery o f  the  c a t a l y s t  i s  
necessary. C lear l y ,  t h e  most d e s i r a b l e  c a t a l y s t  
i s  one which would enhance the r a t e  of t h ~  carbon- 
steam r e a c t i o n  by lower ing  the  a c t i v a t i o n  energy 
r a t h e r  than inc reas ing  t h e  pre-exponential  f a c t o r .  
Ca ta lys ts  which lower t h e  a c t i v a t i o n  eqerqv. i n  0 100 200 300 400 
t h e  absence o f  mass t r a n s p o r t  e f f e c t s ,  could be 
used i n  exceedingly low concentrat ions reducing o r  C A R B O N  A R E A ,  m2/q 
a l l e v i a t i n g  t h e  recovery problem. 

CATALY SlS OF CARBON-STEAM REACTION 

z 100 a . .  
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F igure  8. Relationship between c a t a l y s t  concen- 
t r a t i o n  requ i red  t o  achieve monolayer c a t a l y s t  
coverage (maximum cata lyst -carbon contact )  and 
carbon sur face  area. Example i s  presented f o r  a  
Barium c a t a l y s t  assuming area covered by one Ba 
atom i s  7.6 W2. 
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ABSTRACT 

The objective of the project is to develop a linear 
programing model to inform the regional energy 
plnmer of the most pcu1itablr biomass resources 
and conversion facilities available to satisfy 
specific fuel needs. 

To produce this model, data will be generated on 
representative biomass feedstocks; market analyses 
of biomass resources and commercial fuel needs; 
and economics' of thermochemical conversion 
fa~il~ties. 

Thermochemical conversion profiles will be 
generated from representative biomass materials. 
The profiles will be developed from Thermal 
Gravimetric Analyzer (TGA) runs under various 
conditions of temperature, pressure, and particle 
size and in the presence of catalysts. 
Gasification, pyrolysis, and direct combustion 
will be the modes of conversion. 

The biomass thermochemical conversion profiles 
will be used to develop biomass-to-fuels process 
models. These models will be verified using a 
Process Development Unit for a series of runs. 
During the initial phase of the two-year project, 
the linear programming model has been developed, 
biomass materials selected, and standard 
procedures for the TGA analysis developed. 

INTRODUCTION 

The objective of the project is to develop a 
linear programming model to inform the regional 
energy planner of the most profitable biomass 
resources and conversion facilities available to 
satisfy specific fuel needs. 

To produce this model, data will be generated on 
representative biomass feedstocks; market analyses 
of biomass resources and commercial fuel needs; 
and economics of thennochemical conversion 
facilities. 

Thennochemical conversion profiles will be gen- 
erated for representative biomass materials. The 
ofiles will be developed from Thermal Gravi- 
ric Analyzer (TGA) runs under various condi- 
ons of temperature, pressure, and particle size # 

and in thc prcrccncc of catalysts. Gasiiicstion, 

pyrolysis, and direct combustion will be the 
modes of conversion. 

The biomass thennochemical conversion profiles 
will assist in developing biomass-to-fuels pro- 
cess models. These models will be verified using 
the project's Process Development Unit for a 
series of runs. Combinations of reactor types 
(fluid bed, entrained bed, and fixed bed) and 
gasification modes (oxygen/steam and air/steam) 
that can produce medium Btu gases will be 
preferentially selected for model development, 
since medium Btu gas can be further processed to 
yield various commercially usable liquid and 
gaseous fuels or chemicals. 

'The commercial fuels which can be derived from . 
biomass will include: 1) for transportation - 
gasoline and Fischer-Tropsch liquid; 2) for the 
chemical industry - methanol, ammonia, and 
Fischer-Tropsch chemicals; 3) for residential 
and commercial - synthesis natural gas and 
Fischer-Tropsch fuel oil; 4) for industrial - low 
and medium Btu gas; and 5) for electric utility-:. . .- .. 
combustion products, low and medium Btu gas, and 
methanol. 

Finally, a linear programming model shall be 
developed for evaluating specific biomass 
feedstocks and the conversion processes required 
to supply a given volume of fuel under given 
market conditions. The data banks of rparket 
conditions and commercial-scale process economics 
will be used as input to the model. 

The basic need for the project arises from the 
variety of available combinations of biomass 
feedstocks and biomass-to-fuels conversion 
processes available for satisfying specific fuel 
needs. The task of selecting the most profitable 
routes for satisfying these fuel needs on a 
regional and seasonal basis creates a complex 
allocation problem which can be most efficiently 
solved by a linear allocation modeling program 
and a digital computer. .Linear programming is a 
general purpose mathematical technique for 
allocating, resources and operating capabilities 
in order to obtain a definite objective. 

The value of the allocation model can be explained 
by showing how it was used to solve a relatively 
simple allocation problem involving only three 
biomss feedstocks (corn stover, furfural residue, 



and wood residue)  which were a v a i l a b l e  t o  s a t i s f y  
a  demand f o r  methanol f u e l  f o r  power generat ion 
by combined cycle ,  f o r  gasol ine a s  a  blending 
.s tock,  and f o r  chemical grade methanol [ I ] .  

EXAMPLE CONCLUSION 
OPTIMUM FEEDSTOCK ALLOCATION POLICY 

Al loca t ion  of Feedstock i to ,  
Consuming Sector  j, MMBtu/Hr 

i = l  j = 2  i = 3  
~ i e c t r i c  ~ i a n s ~ o r -  

i Feedstock U t i l i t y  - t a t i o n  Chemicals 

1 Corn Stover  0 0 0 

2 -iilltfu~ral.-.- .- -.. 0 5.75 1.75 
Residue 

3 Wood 15.83 26.52 0 

The t a b l e  shows t h a t  t h e  f u r f u r a l  residue albfle 
was s u f f i c i e n t  t o  s a t i s f y  t h e  demand of chemical 
grade methanol. This i s  due t o  t h e  f a c t  t h a t  
a l l  t h e  a v a i l a b l e ,  l e a s t  expensive feestock 
( f u r f u r a l  res idue)  was used t o .  manufacture t h e  
most expensive product (chemical grade methanol). 
The t r a n s p o r t a t i o n  s e c t o r  requ i res  t h e  second 
most expensive product (methanol f o r  gasohol),  
and any f u r f u r a l  res idue  l e f t  over a f t e r  
chemical grade methanol. The balance of t h e  
t r a n s p o r t a t i o n  grade methanol was supplied by 
wood res idue ,  t h e  second l e a s t  expensive 
feedstock.  A l l  e l e c t r i c  u t i l i t y  demand was 
s a t i s f i e d  by wood res idue ,  and no corn s tover  
was used. 

This  i s  a  very simple example involving only 
t h r e e  feedstocks and t h r e e  products 
manufactured by a  s i m i l a r  process .  The 
complexity of  t h e  a l l o c a t i o n  model would be 
compounded a s  t h e  number of feedstocks and 
p o t e n t i a l  products  i s  increased.  For example, 
i f  t h e r e  a r e  20 feedstocks and 10 products ,  then 
t h e r e  a r e  up t o  200 paths along which energy can 
flow t o  s a t i s f y  a  s p e c i f i c  demand. Furthermore, 
t h e r e  a r e  an i n f i d i t e  number of ways In which 
d i f f e r e n t  amounts of energy can be  a l loca ted  t o  
these  200 paths i n  o rder  t o  s a t i s f y  t h a t  same 
demand. Some a l l o c a t i o n s  w i l l  y i e l d  more ne t  
p r o f i t  than o t h e r s ,  bu t  it i s  not  p r a c t i c a l  t o  
s e l e c t  the most p r o f i t a b l e  approach without the  
help of a computer. Usual ly,  t h a t  help is  made 
a v a i l . a b 1 ~  i n  the form of a  l i n e a r  programming 
software package. 

I n  order  t o  develop t h i s  comprehensive biomass 
a l l o c a t i o n  program, a  l a r g e  amount of data  must 
be generated. Also, a  mechanism must be b u i l t  
i n t o  the  combined documentation and da ta  s to rage  
systems which w i l l  enable f o r  t h e  data  t o  be 
updated. The data  must be generated i n  f i v e  key 
a reas :  market a n a l y s i s ,  feedstock charac te r iza -  
t i o n ,  engineering economics, PDU v e r i f i c a t i o n ,  
and biomass a l l o c a t i o n  model. A t  f i r s t ,  t h e  
market ana lys i s  s h a l l  develop supply and demand 
information about approximately 100 woody and 
herbaceous biomass feedstocks s e l e c t e d  on t h e  

b a s i s  of t h e i r  abundance and p o t e n t i a l  value a s  
f u e l s .  This a n a l y s i s  w i l l  be f o r  feedstock 
amounts by region and season i n  tons/year ,  Btu/ lb 
of t h e  feedstock,  and feedstock cos t s  i n  
$ /mi l l ion  Btu. I t  w i l l  generate  data  on t h e  
demands f o r  biomass derived f u e l s  by product and 
market s e c t o r  and on the  s e l l i n g  p r i c e  i n  
$ /mi l l ion  Btu f o r  the  f u e l s  by region. I n  
add i t ion ,  four  na t iona l  regions s h a l l  be 
se lec ted  based on an overlapping a v a i l a b i l i t y  of 
abundant biomass resources and t h e  demand f o r  
biomass derived f u e l s .  Biomass resources 
se lec ted  during t h e  market ana lys i s  s h a l l  be 
character ized.  i n  a  v a r i e t y  of thermal environ- 
ments including g a s i f i c a t i o n ,  pyro lys i s  and 
combustion. The feedstock charac te r iza t ion  work 
which w i l l  take p lace  on both a  Thermal Gravi- 
met r ic  Analyzer anrl a Process Development Unit 
s h a l l  bc u ~ c d  to dovolop protege  r n n d ~ l s .  The 
models and e x i s t i n g  d3t3 w i l l  then be  sod f o r  
der iv ing  cos t s  f o r  manufacturing biomass derived 
fuc1.s. Market a n a l y s i s  and t h e  manufacturing 
c o s t  data Will boih be used ab input  t o  the 
biomass, a l l o c a t i o n  program. A d e t a i l e d  discus-  
s ion  of t h e  key t a s k  a reas  and the  progress  
which has been made t o  data  follows. 

MAJOR TASKS 

System Allocat ion Program 

P r o j e c t  I n t e g r a t i o n  - Data from o ther  t asks  of 
t h e  p r o j e c t  concerning market ana lys i s  of biomass 
resources and biomass derived f u e l s  as  well  as  
t h e  engineering economics da ta  f o r  commercial 
s c a l e  conversion processes s h a l l  input  t h e  
system a l l o c a t i o n  program. The program w i l l  
c r e a t e  a  mechanism f o r  a l l o c a t i n g  most p r o f i t a b l e  
biomass resources and conversion processes i n  
o rder  t o  s a t i s f y  s p e c i f i c  f u e l  needs. 

Approach - The computer system being used f o r  t h e  
development of t h e  Biomass Feedstock 
Allocat ion System i s  an IBM 370 Model 158 which 
has a  model 3158-3 435 CPU with th ree  m i l l i o n  
bytes  of s to rage .  The d i r e c t  access s to rage  
subsystrln (which i o  used f o r  t.be hi.nmass 
sytem data  base)  cons i s t s  of twenty-two IBM 
3330 d i sk  s to rage  u n i t s .  The operat ing system 
cur ren t ly  i n  use is  MVS ( r e l e a s e  3.7E) with t h e  
time sharing op t ion ,  and the  computer 
programming language being used i n  FORTAN IV H .  

I n  genera l ,  each projected demand f o r  energy 
fro111 Liirluass f o r  a reglod can bo saLis f i .~ i l  . in an 
i n f i n i t e  number of ways. One such , a l l o c a t i o n  
i s  shown i n  Fig.  1. 

I n  order  t o  determine whether one a l l o c a t i o n  i s  
b e t t e r  than another  it i s  necessary t o  employ some 
measure of the  r e l a t i v e  worth of each f e a s i b l e  
energy a l l o c a t i o n .  Since the  ne t  p r o f i t  expected 
is  a  genera l ly  accepted measnre, it was 
se lec ted  f o r  use i n  t h i s  p r o j e c t .  

For the  purpose of t h i s  overview, each proces 
( f o r  example, t h e  process geuerat ing product 1 
from feedstock 5) may be viewed as  a  s i n g l e  
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process  with a  s i n g l e  e f f i c i e n c y  and a  s i n g l e  a  users  po in t  of view t h e  program executes rne 
manufacturing c o s t .  following sequence of funct ions:  

Assuming t h a t  t h i s  process  has an o v e r a l l  1. For a  given region and season, f i n d  the  
e f f i c i e n c y  of N s , l  and manufacturing c o s t  of q u a n t i t i e s  of energy a v a i l a b l e  f o r  each of 
M S , ~  $/MHBtu, and t h a t  t h e  product c e l l s  f o r  t h e  following feedstocks.  
S1 $/HMBtu, it follows t h a t  t h e  p r o f i t  a ssoc ia ted  
with energy s tream f ~ , ~  can be exparessed a s  (User inputs  feedstock numbers) 

S imi la r ly  t h e  p r o f i t  ( o r  l o s s )  assoc ia ted  with 
a l l  o ther  energy streams i n  t h e  system can be 
expressed i n  a  s i m i l a r  manner. A s  a  r e s u l t ,  t h e  
t o t a l  ne t  p r o f i t  f o r  t h e  se lec ted  system uL 
feedstocks and energy demands can be expressed a s  

jmax imax 
r =  T. 2 (s-tl..)Nijfij 

j=l i ~ 1  'J 
(1)  

2. For t h e  same region and f o r  the  following 
products and market s e c t o r s ,  r e t r i e v e  t h e  
ap,propriate energy demand and s e l l i n g  p r i c e  
information. 

(User inputs  market s e c t o r  and product 
numbers) 

3. For t h e  user  s p e c i f i e d  feedstock and 
demands, r e t r i e v e  a l l  e f f i c i e n c y  and 
manufactl~sing c o s t  information from t h e  
system data  base. 

(User makes uu eu t ry)  

4 .  Solve t h e  r e s u l t i n g  a l l o c a t i o n  problem. 
I n  o rder  t o  proceed with a  q u a n t i t a t i v e  a n a l y s i s  
of a l t e r n a t i v e  d i s t r i b u t i o n s ,  it i s  necessary t o  (User makes no en t ry)  
w r i t e  an energy balance f o r  each feedstock and 
each demand. For a  given feedstock ( f o r  example, 5. Display t h e  r e s u l t i n g  a l l o c a t i o n .  A t  t h i s  
feedstock 2)  i t  follows t h a t  energy can flow t o  po in t  t h e  program p r i n t s  out  t h e  r e s u l t s  
more t h a n  one process  ( o r  sequence of processes)  shown below. 
bu t  t h e  a v a i l a b i l i t y  of t h e  feedstock i s  l imi ted  
a s  follows: So lu t ion  Found Feedstock Feedstock 

Feedstock Available Used Product 
Number (H&Tu/YR) (MMBTUIYR) Number 

F2 2 f 2 , 1  + f2 ,2  + f 2 , 3  + f2 ,4  (2) 
47 0.1050E+08 0.2235E+07 3 
45 0.6000E+08 0.9931E+07 2 

p l so  it follows t h a t  a  given demand ( f o r  example, 9  0.6000E+08 0.2108E+08 5 
f o r  product 3 )  it follows t h a t  3  0.3500E+08 0.3377E+08 6 

Owing t o  t h e  f a c t  t h a t  equat ion 2 i s  an 
inequa l i ty ,  a  s l a c k  v a r i a b l e  (W2), which 
corresponds t o  t h e  amount of feedstock unused, 
must be added t o  the  r i g h t  hand s ide .  When t h i s  
i s  done f o r  a l l  of t h e  feedstock equat ions,  t h e  
r e s u l t  i s  a  system of m equat ions i n  n 
v a r i a b l e s .  

Given such a  system of  m equat ions i n  n 
var iab les  with n-m of those var iab les  s e t  t o  
ze ro ,  it follows t h a t  a  b a s i c  f e a s i b l e  s o l u t i o n  
can be found i f  the m v a r i a b l e s  occurr ing i n  th.c 
var ious energy balances a r e  l i n e a r l y  
independent and non-negative. The method 
usua l ly  employed t o  solve t h i s  type of problem 
is  ca l led  t h e  simplex method. This method is  
being used i n  the  p r o j e c t .  

Resul ts  and Discussion - Although an optimum 
p r o f i t  i s  sought each time t h e  biomass 
a l l o c a t i o n  program i s  executed, t h e  a c t u a l  
numerical es t imate  of the  p r o f i t  i s  l e s s  
important than the  r e s u l t i n g  a l l o c a t i o n .  The 
p r o f i t  i s  merely used a s  a  means of evaluat ing 
one d i s t r i b u t i o n  a s  opposed t o  another .  From 

A prel iminary version of the  above a l l o c a t i o n  
program i a  p resen t ly  ' being checked out  using 
simulated da ta .  During the  next few months, 
programs t o  input  a c t u a l  data  w i l l  be developed 
together  with a d d i t i o n a l  programs t o  output  the  
f i n a l  r e s u l t s .  

The prel iminary system w i l l  then be documented, 
a  users  manual w i l l  be w r i t t e n  and extensive 
t e s t s  using both a c t u a l  data  and simulated data  
w i i l  be c a r r i e d  out .  Further  development and 
r~ilzancement of t h e  system w i l l  continui! 
throughout the  remainder of the  p r o j e c t .  

Biomocc Characterixat.i nn 

Pro jec t  I n t e g r a t i o n  - The biomass charac te r iza -  
t i o n  data  i s  t o  serve a s  input  t o  the  process  
modeiing and engineering economics which w i l l  
be used t o  es t imate  $ /mi l l ion  Btu f o r  biomass 
derived fue l s .  The c h a r a c t e r i z a t i o n  of biomass 
spec ies  according t o  L h e i ~  behavior under 
thermal s t r e s s  is  necessary t o  spec i fy  and 
design reac tor  systems f o r  conversion t o  
a1te;native f u e l  products .  

experimentally determined using a  combination of 

0 
Approach - The curve shown i n  Fig.  2  w i l l  be 
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TGA - Thermal Gravimetric Analyzer 
EGA - Effluent Gas Analyzer 

Two separate Thermal Gravimetric Analyzers (TGA) 
are used, one for atmospheric studies and onefor 
pressurized studies. Both are of the. Thompson 
type. A sample is prepared and lowered into the 
hot reactor zone, held at constant temperature. 

' The weight and rate of weight loss is recorded. 
At atmospheric conditions the following variables 
will be studied: 

Variable Range 

Temperature Y O O ~ F - ~ ~ ~ O ~ F  
(Three selected) 

Atmospheres 100% CO, 
100% N 
100% ~?eam 
A i  r/Steam 
Air 

Catalysts Nibase Metal oxide 
Limestone Ash from 
Dolomite biomass 

conversion 

Non-catalytic pressurized studies will use the 
same, temperature range with pressures up to 
300 psi and a selection of atmospheres. 

In addition. to the measurement of weight loss 
characteristic, the gas will be analyzed for 
CH4, COf, Ht, CO, 0 as a function of time. 2 This wi 1 b done by taking a series of gas 
samples from an exhaust gas manifold at 
selected time intervals during the active portion 
of the reaction. The gas is collected in 
plastic bags for subsequent analysis in a gas 
chromatograph. 

Befor0 any specie can be analyzed it must be 
collected and prepared. Once received, sample 
preparation involves chipping, grinding, oven 
drying and pelletizing. 

In addition to the biomass thermal profile, the 
samples are characterized using the traditional 
moisture, proximate, ultimate and. constitutent 
aneljvclE. 

As a preliminary screening of biomass candidates, 
the five listed below have been selected as 
prime candidates to receive early consideration. 

1.  White Oak, 
2. Eastern Hemlock 
3. Loblolly Pine 
4. Bagasse 
5. Rice Straw 

A tentative decision regarding a "standard 
sample" has been made. The choice was based 

upon preliminary runs in the TGA. Use OF - 
0.8 g pill shaped sample, nominal dimensions 
in diameter and thickness was selected because: 
1) it could measure weight accurately on TGA; 
2) it could be easily prepared; 3) its reaction 
time was not too rapid to measure accurately 
and take gas samples, and; 4) it promotes a 
reaction occurring through faces rather than 
on edgeslends. 

Results and Discussion - The term biomass 
revresents a wide range of materials with 
distinctly different chaiacteristics. In terms 
of physical appearance it is not difficult to 
separate trees, from corn stover, from sugar 
cane, from shrubs. While the physical appearance 
ic widely different, it has been accepted in 
most analyses that the behavior of these varied 
biomass mdterials will be essentially the same 
under a high temperature: cnviremont . Thj n 
similarity has not been established to be true. 
Since the thermal-chemical processes have as a 
cuouucru atep thc breakdown nf  hiomass bv exposure 
to high tempetatures, it is essential t o  
establish how various biomass materials behave 
when exposed to thermal stress, high pressures, 
different reaction gases, and catalysts. This 
is important for a meaningful assessment o f  
biomass feed materials as candidates for a wide 
range of fuel products to be made from a 
variety of processes. 

The data is to provide a general system of 
characterization that will be useful in: 
1) assessment of various processes, 2) diagnosing 
unusual behavior of an operating system, and 
3) screening potential biomass candidates for a 
given fuel application. 

The ability to use the output from this program 
to predict the relative behavior of various 
biomass materials will be tested in a series of 
P .D.II. verification studies, discussed 
separately. 

The present methods to characterize the behavior 
of various biomass materials include: 

1. noiseure detcrmimtion - Thic i.9 mnst often 
reported and is ususally used to reduce 
the biomass yield to tons of dry biomass/ 

' unitarea. 

2. Heating value - Needed for material 
behavior calculations. 

3. Ultimate aulaysis - Needed fur  ~i~at . t?r in l  
behavior calculations. 

4. Proximate analysis - Determines the percent 
of the dry biomass that is devolatized under 
one set of thermal conditions. 

5. Constitutent analysis - Determines extract- 
able~, cellulose, hemi-cellu-cellulose, and 
legnin fractions. 

While all of these are useful, only the proxima 
analysis gives any clue as to the behavior of 



,us biomass materials when exposed to 
elevated temperatures. These methods of charact- 
eriziation do not provi c i ~  sllf f?' cient inf ormatisn 
to select or design reactors using biomass as a 
feedstock. 

The present studies undertake to provide 
additional information that is needed by 
characterizing the behavior of biomass according 
to a biomass thermal profile (BTP) which 
consists of: 

1. The fractional weight loss of biomass as a 
function of time. 

2. The rate of fractional weight loss as a 
function of time. 

3. The constitutent gas generation as a 
function of .time (gases analyzed are CH4, 
C02, CO, 02, H2). 

These BTP will be established for: 

1. Various temperatures 

2. Various reactive and non-reactive atmos- 
pheres 

3. Pressures to 300 psig 

4. Presence of catalysts 

Fig. 2 provides two hypothetical curves at two 
temperatures. The curves give the weight and 
rate of weight loss against time. The vertical 
lines show the time that gas samples are taken 
and analyzed. The numbers shown are gas 
compositions identified to the left. To avoid 
clutter, the gas analysis for the lower 
temperature run is not shown. 

, 

The significant output from this study is the 
Biomass Thermal Profiles for a wide range of 
biomass materials. This work has not progressed 
to the stage where we can report how the 
various biomass materials differ when exposed 
to thermal stress under various atmospheres. 

Engineering Economics for Commercial Scale 
Processes 

Project Integration - The allocation model will 
require data on the regional manufacturing cost 
for biomass derived fuels in $/mil.lion Btu. 
Conversion efficiencies and manufacturing costs 
will be generated for each conversion path. 
This information will be developed with the aid 
of process models, feedstock cost data and data 
already in. the literature. 

Approach - Process Modeling: In this task, we 
shall be largely concerned with the problems 
of predicting the reaction behavior of biomass 
thermochemical processed by models that are 
simple enough to be of practical value yet m orous enough to accurately represent the 

ction system. While there has been sustantial 
research on coal conversion reactions, little has 

been done for biomass conversion. Existing coal 
conversion models will be modified with the rate 
&La from TGA and PUU tests. 

The combination of three types of gasifiers with 
two types of gasification media, results in the 
following six process systems: 

1. Entrained bed for oxygenlsteam gasification 

2. Entrained bed for airisteam gasification 

3. ~ o v i n ~  bed for oxygenlsteam gasification 

4 .  Moving bed for airlsteam gasification 

5. Fluidized bed for oxygen/steam gasification 

6. Fluidized bed for air/steam gasification 

The approach taken here is to examine the current 
status of coal conversion models; to analyze the 
specific characteristic behavior of biomass con- 
version; and to select, with necessary modifica- 
tion, a cost effective model capable of predict- 
ing the conversion results. 

Economics: From the models and the literature 
data, overall material and heat balances are 
developed, and thermal efficiencies and economics 
for commercial scale plants to produce the fuels 
or chemicals shown in Fig. 5 are to be estimated. 

The costs are developed using three levels of 
feedstock costs and three levels of plant capac- 
ities. Cost sensitivity curves as a function of 
the feedstock costs are then developed. 

Results and Discussion - A search for coal 
computer programs which can be modified to 
simulate biomass conversion is underway. The 
computer simulation programs developed in West 
Virginia University have been identified and a 
test run will be initiated in the near future. 
The published data have been compiled and work 
is underway to select the baseline process con- 
figuration for use with the process design and 
economics. 

Model Verification 

Project Integration - The Process Development 
Unit will be operated in several "major" reactor 
configurations to verify or alter the process 
model previously developed. 

Approach - The P.rocess Development Unit will be 
modified to accommodate operation as 

1. A fluid bed system 
2. A falling bed system 
3. An entrained bed system 
4. A packed bed (moving) system 

where the atmosphere in the reactor may be 
varied to provide 

1. Air 
2. Steam 
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Fig. 4 Effect of Particle Size on Carbon Monoxide Production 
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Fig. 5 Thermochemical Conversion Potliways For Fuels From Biomass 



2. F i r  -- represen t ing  a  s o f t  wood 3.  Steam-Oxygen 
4.  Steam-Air 
5 .  Pyro lys i s  gas  

The fol lowing s e r i e s  o f  s t u d i e s  and experiments 
w i l l  be c a r r i e d  ou t  once t h e  system has been 
modified. 

1. Experimental ' v e r i f i c a t i o n  of process  
models -- These w i l l  c o n s i s t  of runs 2-3 
h r s .  i n  d u r a t i o n  where the  PDU w i l l  be 
operated a s  

a .  Combustion Uni t  
b. Pyro lys i s  Uni t  
c .  G a s i f i c a t i o n  Unit  

using t h e  fol lowing r e a c t o r  types 

a .  F l u i d  bed 
b.  Entrained bed 
s. Frec  f a l l  bcd 
d. Packed bed (~uuving bed) 

2. Experimental v e r t f i c a t i o n  of process  models 
using c a t a l y s t s .  These a r e  s i m i l a r  t o  t h e  
runs made i n  i tem 1, b u t  w i l l  include a  
c a t a l y s t  t o  see  of p red ic ted  gas s p l i t s  a r e  
achieved. These w i l l  be  done i n  t h e  f l u i d  
bed mode. 

3 .  Demonstration runs -- Based upon the  f i r s t  
two i tems,  some condi t ions w i l l  be s e l e c t e d  
f o r  sus ta ined  runs of 24-40 h r s .  where 1-2 
tons of biomass a r e  consumed. 

4. I n  a d d i t i o n  t o  t h e  experiments shown above, 
the  PDU. w i l l  be. used a s  a  high-tempera- 
t u r e  h e a t  source where t h e  e f f e c t  of 
p a r t i c l e  s i z e  w i l l  be s tud ied .  

I n  a l l  the s t u d i e s ,  t h e  am01.int and q u a l i t y  of gas 
produced w i l l  be t h e  major output  sought.  The 
major .port ion of t h e  gas da ta  i s  obtained from 
an on-l ine gas chromatograph and w i l l  provide 
f o r  CH4, CO,  Hz, 0  and N measurements. 2  2  

The PDU w i l l  a l s o  be used t o  t e ~ t  the  e f f e c t  of 
p a r t i c l e  s i z e  on t h e  gas produced. The system 
i s  run a s  a  f l u i d  bed. The .gas passing upward 
i s  ad jus ted  t o  t h e  des i red  temperature and 
contains  no oxygen. This  i s  done by adding 

, steam t o  t h e  gas produced from s to ich iomet r ic  . 
combustion of n a t u r a l  gas ( i t  t h e r e f o r e  con ta ins  
significant H,O a long with N and C02),. ,The 
system i s  alfuwrll t o  come, d C ~ C ~ I I I A ~  equ11,1,-. 
brium. A f ixed  amount of wood of a  f ixed s i z e  
i s  then added a s  a  p u l s e  t o  t h e  bed and t h e  
composition of gas e x i t i n g  the  u n i t  i s  measured 
a t  varying time i n t e r v a l s  over t h e  course of t h e  
reac t ion .  

Resu l t s  and Discussion - The prel iminary r e s u l t s  
from the t e s t s  used t o  eva lua te  t h e  e f f e c t  of 
p a r t i c l e  s i z e  and gas q u a l i t y  and q u a n t i t y  a r e  
provided f o r  

Some t y p i c a l  r e s u l t s  are shown i n  Figs .  3-4 
and Tables 1 and 2. 

F ig .  3 -- Typical  output  from an experiment. 
Note: The reason t h e  composi- 
t i o n s  do no t  r e t u r n  t o  zero is  t h e  
s t e a d y - s t a t e  va lue  f o r  H2 and CO. 

Fig.  4  -- Typical  curve showing t h e  e f f e c t  
of p a r t i c l e  s i z e  a t  a  temperature 
of 1400'~. 

Table 1 - Shows t h e  e f f e c t  of temperature on 
bo th  composition and y i e l d  f o r  
1 inch f i r  blocks.  

Table 2 - Shows t h e  e f f e c t  of s i z e  on bo th  
composition and y i e l d  f o r  oak 
wood a t  1 4 0 0 ~ ~ .  , 

TABLE 1 

Compositions 

H2 CH4 co 

TABLE 2 

H2 CH4 CO SCF/lb 

0.5" Oak 20.5 1 8 . 2  b 1 . j  12.6 

1.0" Oak .21 .4  18.4 60.2 12.8 

1.5" Oak 25.3 17.7 57.1 13.1 

2.0" Oak 27.7 17.5 54.8 11.8 

1" Oak 
Combustible Gases 

The r e s u l t s  shown i n  t h e  Tables and Figures  above 
a r e  prel iminary.  Addit ional  runs have been made 
s i n c e  these reportcd above and t.hey do not  provide 
the  same c l e a r  p a t t e r n s  shown. Fur ther  e f f o r t  i s  
necessary t o  s u b s t a n t i a t e  the  r e s u l t s  presented.  

1 .  Oak -- represen t ing  a hard wood 



M_ : Analysis 

Project Tntegration - Thc mnrlcct analysis data 
base will be used as input to the linear program- 
ming activities. The linear prograllls will 
require data for both market demands for fuels 
derived from biomass and feedstock supply for 
materials used in converting biomass to various 
energy forms. 

Approach 
in order 
data on 

- The market analysis is being conducted 
to develop data bases that will include 
the regional and seasonal availability 

of biomass materials. Specific information 
obtained for each biomass will be: 1) feedstock 
amount by region and season in tons/year, 
2) Btu/lb, and 3) feedstock cost in $/million 
Btu. The biomass materials include woody and 
herbaceous biomass species. Several of the 
criteria employed in selecting the materials are 
quantities available and proximity to user 
markets. 

The markets for biomass derived fuels are to be 
identified. To date, most of the biomass 
resouce analyses have emphasized identification 
of biomass materials suitable for conversion to 
specific fuels and the conversion technologies 
available. This work will supplement these 
studies by examining the problem from the 
perspective of market demand. The question 
posed would be: What demands exist in the market 
for the fuels derived from biomass resources and 
what are the characteristics of these fuels? 
This study will identify and examine the major 
market issues for fuels that can be produced from 
biomass materials via thermochemical conversion. 

The market analysis is being conducted in a 
discrete set of steps as follows: 

. Review existing biomass market oriented 
studies. 

. Identify a large number of biomass materials 
that could be priority candidates for 
conversion to energy forms. Collect a set 
of these materials for laboratory TGA 
analysis. . 

. Develop a set of regions for testing data. 

. Determine the regional and' seasonal supply 
for the biomass material selected. 

. Develop a cost data base for the biomass 
materials to be characterized via the 
laboratory analysis. 

. Determine demands for the biomass derived 
fuels for the following market sectors: 

- Transportation 
- Electric utility 
- Residential/commercial 

Results and Discussion - During the first phase . 
of the program, the market analysis project has 
been instrumental in assembling the following: 

A list of approximately ninety biomass materials 
have been identified. The list will be 
expanded to include the major domestic woody 
biomass species and a number of priority 
agricultural materials that have large 
quantities of residue and could be converted to 
biomass derived energy forms. 

A set of four regions is being developed in order 
to test a range of market supply and demand 
situations. To date, a preliminary, selection of 
the four regions has been made. The selection 
criteria and data are being reviewed and these 
regions are being added to the study data base. 
Each .of the regions will consist of a gr0upi11g 
of two to three states. There. will be one 
region for each of the following sections of the 
United States: northeast, southeast, midwest, 
west. 

The overall study will incorporate a market 
oriented analysis. The characterization of the 
fuels and the existing market infrastructures 
are examples of two portions which must match 
on the supply and demand sides respectively. 
This portion of the program will continue to 
develop characterizations of the appropriate 
market sectors and supply these sector data on a 
regional basis. These outputs will serve to 
provide the appropriate data to test the models 
under development in the study. 

SUMMARY 

Data are being generated in the laboratory and 
from the literature concerning the thermo- 
chemical behavior of biomass and the market for 
biomass resources and biomass derived fuels. 
These data will be used as inputs for a linear 
programming model which can be used as a tool 
by the energy planner to select the most 
profitable biomass resources and conversion 
facilities available to satisfy specific fuel 
deeds. 

ACKNOWLEDGEMENTS 

This work is conducted under Contract Number 
ET-78-C-02-5022 with the Department of Energy. 

REFERENCE 

[l]Ahn, Y.K. "A Biomass Allocation Model - 
Conversion of Biomass To Methanol," A Paper 
Presented at the American Chemical Society 
Division of Petroleum Chemistry, Honolulu, 
Hawaii, April 1-6, 1979 

- Chemical and Allied products m 





COAL GASIFICATION TECHNOLOGY: WOOD FEEDSTOCK RETROFIT POTENTIAL CONTRACT NO. ET-78-C-02-4862 

Alvin G. Keene and Andrew C. Wyce 
Gorham International Inc. 
Gorham, Maine 04038 

INTRODUCTION 

Gorham International Inc. undertook a 14 month 
study contract on June 1, 1978 to determine which 
state-of-the-art and advanced coal gasifiers are 
technically and economically suitable for gasifi- 
cation of wood feedstocks to produce low, medium, 
and high Btu gas and synthesis gas and to specify 
the various modifications necessary to convert 
these gasifiers for.use with wood residues.' 

The primary study tasks are to (1) critically re- 
view patents and published literature, (2). conduct 
40 to 50 in-depth on-site interviews with gasifier 
developers, users, and manufacturers, (3) obtain 
information on specific gasification technologies 
from over 200 firms and organizations, (4) collect 
prior art and operating data on wood gasification, 
(5) estimate operating cost, capital equipment 
costs, gas costs, and gasification rates for coal 
gasifiers operating'on wood feedstocks, (6) identi- 
fy advantages and disadvantages of using wood feed- 
stocks, (7) evaluate the sensitivity of capital . .  
costs and product costs to plant size, (8) deter-. 
mine wood type, size. shape .and moisture content 
most suitable for specific coal gasifiers, (9) 
identify barriers to implementation of wood gasi- 
fication plants and (10) develop implementation 
strategies. 

Gorham will deliver the following information in 
the final report : (1) a narrative discussion and 
assessment of the thrust of coal gasification 
technology, (2) specifications, schematics, pro- 
cess flow diagrams, narrative descriptions, and 
wood gasification rates for coal gasifiers modi- 
fied for use with wood feedstocks, (3) specifica- 
tions, schematics, and process flow diagrams 
covering the s p ~ r i f i c  modificabiono tcquired to 
convert coal gasifiers for use with wood feed- 
stocks. (4) tabular and graphical presentation of 
comparative capital equipment costs, operating 
costs, and costs ($/mm Btu's) for low. medium, and 
high Btu gas and synthesis gas produced from coal 
and from wood feedstocks, (5) recommendations for 
wood feedstocks and wood feedstock preparation and 
handling equipment, (6) comparative costs for the 
materials of construction for coal and wood gasi- 
fiers, ( 7 )  wood gasifier implementation plan, (8) 
barriers to implementation plan and (9) alterna- 
tivo ctrntcgics to oderculae chese barriers. 

RESULTS TO DATE 

Gorham International has completed approximately 
ercent of the contract program designed to 
ermine the feasibility of retrofitting coal m' 

gasifiers for 1 1 s ~  with wood reciduco. 

Tie program efforts completed to date include: 
(1) critical review of U.S. and foreign patents 
and published literature related to gasification 
of carbonaceous materials, (2) on-site interviews 
with over 40 gasifier developers users and manu- 
facturers, (3) telephone interviews with over 75 
firms active in coal and biomass gasification 
technology development and commercial operations, 
(4) identification of the primary advantages and 
disadvantages relative to utilization of wood 
feedstocks in fixed bed, fluidized bed, entrained 
flow and molten bath coal gasifiers, and (5) es- 
tablishment of retrofit assessment criteria. 

This report presents the basic descriptions and 
categories of coal gasification technologies in- 
cluded in the study program. Each technology is 
being evaluated for wood retrofit potential ac- 
cording to the following criteria: 

Technical Retrofit Assessment Criteria 

- Ability to accept wood feedstocks 
- Gas output (Btu/hr) 
- Gasification thermal efficiency 
- Primary design application 
- Product gas composition 
- Materials of construction 
- Environmental controls 
Economic Retrofit Assessment Criteria 

- Capital equipment cost 
- Wood feedstock costs ($/MM Btu) 
- Plant operating costs 
- Economies of scale 
- Ultimate gas cost ($/MM Btu) 
- Development costs for commercialization 

Technical Retrofit Assessment Criteria 

Ability to Accept Wood Feedstock. Ideally the 
gasifier should accept state-of-the-art wood feed- 
stock such as chips, pellets, sawdust, flour, etc. 
without the need for redesign of the feed system 
or other major parts of the overall gasifier 
system. 

Replacement of the feed system or other parts of 
the gasifier system with state-of-the-art compo- 
nents or systems to enable retrofit with wood is 
considered acceptable. 

Gas Output. ' There should be no significant dera- 
ting of the gasifier when wood is used as a feed- 
stock. For the same size gasifier, the Btu per 
lluur of product gas should be equal to or greater 



t h a n  when t h e  g a s i f i e r  is o p e r a t e d  on c o a l ,  l i g -  
n i t e ,  o r  pca t .  

G a s i f i c a t i o n  Thermal E f f i c i e n c y .  The o v e r a l l  
t he rma l  e f f i c i e n c y  of t h e  g a s i f i e r  d e f i n e d  by t h e  
t o t a l  energy con ta ined  i n  t h e  wood f e e d s t o c k  d i v i -  
ded i n t o  t h e  t o t a l  u s a b l e  energy o u t p u t  shou ld  be, 
e q u a l  o r  g r e a t e r  than when t h e  g a s i f i e r  i s  opera- 
t i n g  on c o a l ,  l i g n i t e  o r  p e a t .  The t o t a l  energy 
e q u a t i o n  would i n c l u d e  t h e  ene rgy  r e q u i r e d  i n  wood 
p r e p a r a t i o n ,  s t eam r a i s i n g ,  e l e c t r i c i t y  t o  o p e r a t e  
v a r i o u s  equipment components, e t c .  

Pr imary Design App l i ca t ion .  Each g a s i f i e r  w i l l  b e  
e v a l u a t e d  f o r  i ts  p o t e n t i a l  t o  be  o p e r a t e d  w i t h  
wood f o r  s p e c i f i c  end use  a p p l i c a t i o n s  such a s  (1)  
i n d l l s t r i a l  o n - s i t e  o r  over-the-fence i n d u s t r i a l  
f u e l  g a s ,  (2) gas  t u r b i n e  combined c y c l e  power 
g e n e r a t i o n ,  (8) p e t r o c t i e m c a l  LredsLu~h. G s m e  
c o a l  g a s i f i e r s  have been des igned  f o r  h i g h l y  spc- 
c i f i c  a p p l i c a t i o n s  and f o r  s p e c i f i c  t ypes  of  prob- 
lem c o a l s  and must be  c a r e f u l l y  e v a l u a t e d  t o  de- 
t e rmine  i f  optimum o p e r a t i o n  can b e  'obtall led w i t h  
wood feeds tocks .  . 

Product  Gas Composition. The composi t ions  of  t h e  - 
gas  i n c l u d i n g  p a r t i c u l a t e s  shou ld  n o t  p rov ide  any 
problems w i t h  r e s p e c t  t o  o p e r a t i o n  of  t h e  g a s i f i -  
c a t i o n  p l a n t  and clean-up sys tem n o r  w i t h  r e s p e c t  
t o  s p e c i f i c  end use  of  t h e  gas .  For example, i f  
t h e  gas  i s  t o  be  used t o  produce methanol,  then 
t h e  CO/H2 r a t i o  should  b e  w i t h i n  a c c e p t a b l e  l i m i t s  
and t h e  C02 c o n t e n t  shou ld  n o t  be  s o  h igh  t h a t  
s p e c i a l  g a s . c l e a n  up problems a r e  encountered.  

P l a t e r i a l s  of  Cons t ruc t ion .  S ta t e -o f - the -a r t  g a s i -  
f i e r s  appear  t o  have no p a r t i c u l a r  m a t e r i a l s  prob- 
iem w i t h  c o a l  and a r e  expec ted  t o  o p e r a t e  e q u a l l y  
a s  w e l l  u s ing  wood a s  a  f eeds tock .  On t h e  o t h e r  
hand, t he  advanced and second g e n e r a t i o n  c o a l  gas- 
i f i e r s  have a  h o s t  of s e r i o u s  m a t e r i a l s  problems 
d i r e c t l y  r e l a t e d  t o  t h e  chemical  and phys icn l  make 
up of coa l .  

S t a t e -o f - the -a r t  m a t e r i a l s  and c o n s t r u c t i o n  tech-  
n iques  must be  a p p l i c a b l e  t o  c o a l  g a s i f i e r s  r e t r o -  
f i t t e d  f o r  u se  w i t h  wood. 

t o  a  c o a l  g a s i f i e r  should  n o t  exceed t h e  co r re s -  
ponding c o s t  f o r  c o a l .  Th i s  c o s t  w i l l  depend upon 
whether the  g a s i f i e r  i s  be ing  ope ra t ed  over-the-. 
f ence  o r  a t  g r e a t  d i s t a n c e  and upon whether t h e  
g a s i f i c a t i o n  p l a n t  is  l o c a t e d  i n  t h e  c e n t e r  of  t h e  
wood supply .  For example, i t  would make a  g r e a t  
d e a l  of s e n s e  t o  l o c a t e  a  g a s i f i e r l p o w e r  genera- 
t i o n  complex i n  t h e  woods t o  lower the  c o s t  of  
t r a n s p o r t a t i o n .  Th i s  concept  would r e q u i r e  coop- 
e r a t i o n  of t h e  u t i l i t i e s  w i th  r e spec t .  t o  u s i n g  
t h e i r  power t r ansmiss ion  l i n e s .  I n  t h e  case  of 
medium Btu gas ,  i t  can be mixed wi th  h igh  Btu gas  
and t r a n s p o r t e d  hundreds o f  m i l e s  from wooded t o  
non-wooded r e g i o n s ,  thereby dec reas ing  t h e  c o s t  of 
t r a n s p o r t i n g  wood long  d i s t a n c e s .  

P l a n t  Operat ing Costs .  The c o s t  of o p e r a t i n g  t h e  
g a s i f i c a t i o n  p l a n t  on wood should  be  l e s s  than o r  
=qua1 t o  aha oporxt+fig r n s t s  ( I €  a coal p l a n t .  
The l a b o r  f o r c e  and o t h e r  o p e r a t i n g  cxpenses 
should  be  e q u i v a l e n t  i n  a  wood o r  c o a l  g a s i f i c a -  
t i o n  p l a n t .  

Economies of Sca le .  There must n o t  be economic 
p e n a l t i e s  f o r  s c a l e  down of  t h e  g a s i f i e r  o u t p u t .  
Some advanced s i n g l e  g a s i f i e r s  o r  m u l t i - g a s i f i e r  
p l a n t s  r e q u i r e  5000 tons lday  f o r  economic opera- 
t i o n .  It appea r s  t h a t  1000 oven dry  TPD o f  wood 
is t h e  l a r g e s t  p r a c t i c a l  s i z e d  g a s i f i e r  p l a n t  
which could  be  k e p t  s u p p l i e d  w i t h  wood on a  365 
day p e r  y e a r  b a s i s .  

U l t ima te  Gas Cost ($EW/Btu). The c o s t  p e r  m i l l i o n  
B t u ' s  of low and medium Btu gas should  be t h e  same 
o r  lower f o r  wood feeds tocks  compared t o  coa l .  
The f eeds tock  c o s t s  of g a t h e r i n g ,  t r a n s p o r t i n g  and 
p r e p a r a t i o n  shou ld  n o t  exceed those  f o r  c o a l  un- 
l e s s  o t h e r  o f f s e t t i n g  c o s t  dec reases  a r e  r e a l i z e d  
w i t h  wood f e e d s t o c k s .  

Development Costs  f o r  Commercia l iza t ion.  I n  t h e  
c a s e  o f  advanced and second g e n e r a t i o n  c o a l  g a s i -  
f i e r s  o r  s t a t e -o f - the -a r t  g a s i f i e r s  r e q u i r i n g  
major r edes ign ,  t h e  c o s t  of  b r i n g i n g  a  s p e c i f i c  
g a s i f i e r  t o  commercial s t a t u s  should  be c o n s i s t a n t  
w i th  DOE g u i d e l i n e s  and p r o j e c t e d  budgets  f o r  
r e s e a r c h ,  dcvelopment and demonstra t ion programs. 

Environmental Con t ro l s .  The p r o c e s s i n g  p l a n t s  and coal ~ ~ ~ i f i ~ ~ ~ i ~ ~  ~ ~ ~ h ~ ~ l ~ ~ ~  categories 
sys tems f o r  p a r t i c u l a t e ,  gaseous  and aqueous c l e a n  
up must be s t a t e - o f - t h e - a r t  sys tems which have 
been t r i e d  and proven e i t h e r  c o a l  o r  wood g a s i f i -  
c a t i o n ,  d i r e c t  combustion sys tems o r  o t h e r  indus-  
t r i a l  a p p l i c a t i o n s .  

Economic R e t r o f i t  Assessment C r i t e r i a  

C a p i t a l  Equipment Cost .  The c a p i t a l  equipment 
c o s t  of t h e  g a s i f i e r ,  wood p r e p a r a t i o n ,  oxygen 
p l a n t  and env i ronmen ta l  c o n t r o l  sys tem shou ld  n o t  
exceed the c o s t  f o r  a  comparably s i z e d  c o a l  g a s i -  
f i c a t i o n  complex w i t h  the  same Btulhour  o u t p u t .  
There should  be  no p e n a l t i e s  f o r  u s ing  wood a s  t h e  
f eeds tock .  The c o s t  of  h a r v e s t i n g ,  t r a n s p o r t i n g  
and p repa r ing  t h e  wood w i l l  be  cons ide red ' sepa -  
r a t e l y  . 

Wood Feedstock Costs  ($/ID4 Btu) . The c o s t  of  wood 
feeds tocks  on a  $/MM Btu b a s i s  ready f o r  f eed ing  

The fo l lowing  b r i e f  l i s t i n g  of  s p e c i f i c  c o a l  gas i -  
f i c a t i o n  t echno log ies  p r e s e n t s  t h e  c a t e g o r i e s  and 
sys tems inc luded  t o  d a t e  i n  the  s tudy  program. 

Each o f ' t h e s e  t echno log ies  has  been eva lua ted  and 
a s s igned  a p r e l l l l ~ i ~ l a r y  r e t i n g  f o r  i:s I . ICIII I~ t.litro 
f i t  p o t e n t i a l .  C u r r e n t l y ,  t h e s e  p re l imina ry  
assessments  a r e  be ing  reviewed by sys tem develop- 
e r s ,  o p e r a t o r s  and o t h e r s  ac:ive i n  t h e  g a s i f i c a -  
t i o n  f i e l d .  Based on t h e  p re l imina ry  n a t u r e  of  
c u r r e n t  r e s u l t s  and t h e  ongoing review,  no quan t i -  
t a t i v e  assessment  r e s ~ ~ l t s  a r e  inc luded  i n  t h i s  
paper .  

The r e s u l t s  of  t h e  f i n a l  wood r e t r o f i t  p o t e n t i a l  
r a t i n g  w i l l  be  u t i l i z e d  t o  s e l e c t  t hose  c o a l  g a s i  
f i c a t i o n  t echno log ies  wi th  t h e  g r e a t e s t  p r o b a b i l i  
o f  commercizily u t i l i z i n g  wood feeds tocks .  The 
s e l e c t e d  sys tems a r e  undergoing more d e t a i l e d  

a 



re i L  d~~alysis as discusocd briefly ,in the re- 
naining sections of this paper. 

Fixed Bed Gesifiers 
TPD (MED) - - 

Zommercial : 
- Wilputte 30 (27.2) 
- I.F.E./Swindel Dressler 60 (54.4) 
- Riley Morgan/Riley Stoker 60 (54.4) 
- Wellman-Galusha/McDowell-Wellman 60 (54.4) 
- I.G.I./Bobcock Contractors 100 (90.7) 
- Lurgi 800 (725.6) 

Pilot Scale: 
- DOEIMerc Stirred Bed 20 (18.1) 
- GegasIGeneral Electric 24 (21.8) 
- British Lurgi Slagging 80 (72.6) 

Entrained Flow Gasifiers 

2ommercial or Semi-Commercial: 
- Babcock & Wilcox (Slagging) 400 (362.8) 
- Koppers-Totzek (Slagging) 860 (780.0) 
- Ruhrgas Vortex/Ruhrgas A.G. NA NA 

Pilot Scale: 
- Bell Aerospace Tcxtron 12 (10.9) 
- Flash Hydropyrolysis/RockwF..3S 
International 14.4 (13.1) 

- Texaco (Slagging) 15 (13.6) 
- Combustion Engineering 120 (108.8) 
- Bi-Gas/Bituminous Coal Research 
Inc . (Slagging) 150 (136.1) 

- Foster Wheeler (Slagging) 4 80 (435.4) 

Fluidized Bed Gasifiers 

Commercial: 
- Winkler 1100 (997.7) 

Pilot Scale Cover 25 TPD) : 
- Union CarbidelBattelle 25 (22.7) 
- C02 Acceptor/Conoco 30 (27.2) 
- Hydrocarbon Research 30 (27.2) 
- HygasIIGT 70 (63.5.) 
- SynthanelPerc 72 (55.3) 
- Cogas 80 (72.6) 

Pilot Scale: 
- Bituminous Coal Research 1.2 (1.1) 
- Exxon Gasification 5 (4.5) 
- U-GasIIGT . . . . 6 (5.4) 
- Westinghouse 12 (10.9) 

Molten Bed Gasifiers 

Pilot Scale: 

- Atomics International-Molten Salt 24 . (21.8) 

Commercial: 
- Otto-Rmel Slag Bath 264 (239.4) 

Gasification Technology Performance Evaluation. 

rlk on 'tl~e plaviuusly rcportcd prnotical analyses e gasification technologies judged to have the 
best retrofit potential for wood feedstocks are 

being evaluated for operational performance. 

Gasification technology selection for this analy- 
sis is based primarily on (1) manufacturer/devel- 
oper interest in operation with wood fuel, (2) 
apparent retrofit difficulty and associated costs, 
(3) feedstock form and size characteristics, (4) 
scale of operation, and (5) heating value of pro- 
duct gas. The performance of selected gasifiers 
will then be compared using simple stoichiometric 
and equilibrium calculations that have been found 
suitable for coal gasification. These analyses 
methods will consider the effects of wood moisture 
and reactivity, gasifier type (fixed, fluidized 
and entrained beds) and carbon efficiency. Pre- 
dicted parameters such as (1) throughput, (2) pro- 
duct heating value, (3) cola gas efficiency and 
(4) hot gas efficiency should provide a suitable 
basis for comparing the potential of tnose gasifi- 
cation technologies most adaptable to utilization 
of wood feedstocks. The cold gas efficiency is a 
reflection of the chemical enthalpy of the product 
gas; while the hot gas efficiency considers both 
the chemical and sensible enthalpy of the product 
gas. The predicted throughputs and heating values 
will enable identification of industrial process 
applications amenable to utilization of specific 
retrofitted coal gasification technologies. The 
cold and hot gas efficiencies will identify those 
gasification systems most suitable for production 
of medium and low Btu gases, respectively. 

The proposed calculations will proceed in the 
following manner: 
(1) Determination of the oxiderlfuel ratio corres- 
ponding to the maximum theoretical cold gas 
efficiency. 
(2) Determination of the maximum throughput for a 
given carbon efficiency. 
(3) Determination of the gasifier temperature via 
an energy balance. 
(4) Determination of the product,mole fractions by 
assuming water gas equilibrium at the calculated 
gasifier temperature. 
(5) Determination of the product gas heating value 
(6) Determination of the coal and hot gas effi- - . --- .--...-- - 

cienoios . 

In these calculations, the effect of moisture con- 
tent and the possibility of operation without 
steam addition (particularly for low Btu gas) will. 
be considered. Also, to facilitate comparisons 
with prior analyses of biomass and solid waste 
gasification systems using wood feedstocks, the 
raw wood feedstock will be a fifty percent mois- 
ture "standard wood" as defined by SRI Interna- 
tional. 

Upon completion of the above analysis, a prelimi- 
nary implementation program and schedule will be 
developed for each gasification technology deter- 
mined to have significant potential for retrofit 
with wood feedstocks. The implementation plan 
will cover necessary technological and nontechno- 
logical efforts requjred for the selected systems 
to progress from their current state-of-the-art to 
rnmm~rcializ~fion using wood feedstocks. In addi- 
tion to the standard technical parameters related 



to actual system operation, a preliminary assess- 
ment of financial risk, political, institutional, 
regulatory, organizational and governmental re- 
quirements and potential barriers will be carried 
out for specific gasification systems. The ulti- 
mate result of the above discussed evaluation pro- 
cedure.wil1 be a projected implementation plan and 
program schedule for the coal gasification techno- 
logies with the best retrofit potential with wood 

, feedstocks. 

Gasifier Type and Devel- Primary Design Applica- 
tion(~) 

Synthesis Gas (Chemicals 
& SNG) Combined Cycle 
Power Generation 

oper/Marketer 
Fixed Bed. 
Lurgi-Dry Ash 

Lurgi - Slagging Synthesis Gas (Chemicals 
& SNG) Large Scale Fuel 
Gas 

Primary Coal Gasification Technology Applications GEGASlGeneral Electric Combined Cycle Power 
Generation 

Coal gasification technologies have been developed 
and designed for primary usage in specific appli- 
cations. Thus, the process applications consi- 
dered in the original system development have in- 
fluenced the resultant mode of operation. The 
four basic operational modes generally considered 
are (1) atmospheric air blown, (2) pressurized air 
blown, (3) atmospheric oxygen blown, and (,4) preq- 
surized oxygen blown. Normally, product gas from 
air blown systems are classified as low Btu while. 
oxygen blown systems are labeled medium Btu. 

Riley Morgan/Riley 
Stoker 

IFE/Swindell Dresser 

Wellman Galusha/ 
FlcDowell-Wellman 

Wilputte 

IGI/Babcock Contractors 

MERC Stirred Bed/DOE 

Small Scale Fuel Gas 

Small Scale Fuel Gas 

Small Scale F I I P ~  C ~ S  

Small Scale Fuel Gas 

Small Scale Fuel Gas 

Small Scale Fuel Gas 
The use of wood feedstocks in coal gasification 
systems result in a fuel product similar to that 
resulting from coal. The following comparison of 
air and oxygen blown systems using wood and coal 
as feedstocks indicate the resultant product com- 
positions: 

Fluidized Bed 
Union CarbidelBattelle Synthesis Gas-Chemicals 

Westinghouse Combined Cycle Power 
Generation Air Blown Producer Gas Composition 

Wood versus Coal 
Exxon 

Hydrocarbon Research 

Winkler/Davy Powergas 

Synthesis Gas 
(% of Product Gas) 

Component - Coal - Wood 
CO 30 26 

Small Scale Fuel Gas 

Combined Cycle Power 
Generation 

HY GAS / IGT Synthesis Gas - SNG 

Oxygen Blown Producer Gas Composition 
Wood versus Coal 

Combined Cycle Power 
Generation 

of k'roduct Gas) 
Component Coal - Wood . 

CO 38 45 
Hz 38 35 
CHq 3.5 0.35 
co 2 18 i9.5 
N2 2.5 0.15 

BCR-Low Btu As Above 

Synthesis Gas - SNG 
COGAS/Cogas Dev. Co Synthesis Gas - SNG 

Synthane/PERC 
, , .  

Entrained Flow 
Flash Hydropyrolysis/ 
Rockwell International 

Synthesis Gas - SNG 
Based on' .the published and tated design ob jec- 
tives and applications data, the following is a 
summary of primary applications for the more pro- 
minent coal gasification technologies. The pri- 
mary design applications represent usage with 
little onno modification. Based on the similar- 
ity of gas compositions shown above, units retro- 
fitted to use wood feedstocks should be applicable 
for use in the primary design applications asso- 
ciated with coal feedstocks. 

High Btu Gas 

BI-GAS/Bituminous Coal 
Research Synthesis Gas - SNG 

Large Scale Fuel Gas Combustion Engineering 

Ruhrgas Vortex Low Btu Fuel Gas 

Foster Wheeler Combined Cycle Power 
Generation a 



Gasifier Type and Devel- Primary Design Applica- 
oper/Marketer tion(5) 
Entrained Flow Continued 
Koppers-Totzek Synthesis Gas-Chemicals 

Texaco Synthesis Gas-Chemicals 

Bell Aerospace Textron Low Btu Gas 

Babcock & Wilcox Synthesis Gas-Chemicals 

While many of the above gasification technologies 
have been proposed for uses other than the primary 
design objectives, the above indicated initial de- 
sign applications are factors which must be consi- 
dered when making a final selection of coal gasi- 
fication technologies for potential use with wood 
gasification. Thus, the anticipated and target 
end uses for wood gasification systems should be 
selected and marketed with the appropriate coal 
gasification systems' primary design applications 
to maximize the potential for retrofit success. 

Implementation Criteria 

Prior to commercialization, retrofitted coal gasi- 
fication technologies will face several hurdles 
and potential barriers to implementatloa. Thus, , 

this contract includes an analysis of potential 
implementation barriers, formulation of strategies 
to overcome these barriers and ultimate develop- 
ment of a systematic plan of commercialization 
which will address key barriers and result in a 
time and cost effective commercialization route. 

Many of the variables which must be reviewed and 
addressed prior to commercialization of retrofit- 
ted coal gasifiers are similar to those for 
standard coal or biomass gasification. Thus, the 
approach to development of this implementation 
plan will include a critique of both coal and bio- 
mass gasification programs and attempt to select 
complementary strategy development utilizing the 
optimum mix of current and proposed approaches for 
both coal and biomass. 

At this point, only preliminary efforts have beer1 
conducted in the implementation planning area with 
concentrated efforts scheduled upon selection of 
coal gasification systems and of primary end use 
technology applications. 

The principal items of concern relative to imple- 
mentation barriers can be grouped into four broad 
categories as follows: 

, (-1) Technical Risk 
(2) Economics 
(3) Institutional 
(4) Environmental 

il) Technical Risk. The technical risk associated 
with all alternative energy sources is a signifi- 
cant barrier to implementation and is a major fac- 
tor in the increasing dependence on foreign energy 

lies. However, wood retrofitted coal gasifi- 
on technologies may be able to capitalize on 
entional coal gasification progress and over- 

come tIris.factor more rapidly than biomass systems 
developed from ground zero. One factor favoring 
wood retrofitted coal gasifiers is the use of 2 
generally favorable feedstock in systems aiready 
proven on a more difficult feedstock. Il'hile we do 
not envision retrofitted systems becoming comer- 
cia1 prior to' the original coal units, they could 
be commercialized in a parallel program provided 
proper development and implementation programs are 
formulated and instituted in a timely manner. 

In addition to the technical risks associated with 
gas production, synthetic gas utilization repre- 
sents considerable uncertainty and concern to po- 
tential gas users. 

Thus. specific technological programs to demon- 
strate the routine long term operability of al- 
ternative energy production systems of all types 
are essential to overcome technical risk barriers. 

(2) Economics. As with any new technology, econo- 
mic feasibility is an essential element prior to 
capital fund commitments. Currently, the major 
deterrent to implementation of alternative energy 
sources are production of required energy at a 
competitive price. While the desire for energy 
independence and long term cost projections can 
be used to illustrate the desirability of a "con- 
struct now" philosophy, the current higher cost 
per unit of energy makes it difficult, if not 
impossible, to obtain industrial commitments of 
required capital funds. 

Based on the uncertainty of future energy pricing 
and the unstable national energy policy, solid 
economic projections are difficult to make. How- 
ever, programs designed to define and eliminate 
technical risk can aid in development of compara- 
tive economics by providing more solid design/ 
operational data and by enabling complete project 
design based on hard data. 

(3)  .Institutional. The institutional factors rel- - 
ative to the integration of new energy production 
sources into the conventional energy picture rep- 
resent a complex picture. While some traditional 
sales have started to bend slightly, the rigid, 
bureaucratic regulatory agencies and utility com- 
panies move very slowly and are careful to protect 
their operational domains. Relationships between 
buyers and sellers coupled with regulatory con- 
trols.are an area of much study and proposed new 
relationships which will play a major role in the 
speed of new energy source commercialization over 
technical and economic barriers to be overcome. 
Thus, preliminary attention and preplanning are 
essential if these factors are not to cause inor- 
dinate delays once energy suppliers/users are sat- 
isfied that technical and economic feasibility has 
been established. 

( 4 )  Environmental. Any process oriented industry 
is faced with environmental concerns and energy 
production via any means is no exception. While 
technical and economic concerns are caused by re- 
gional environmental controls, these must be cnn- 
sidered as a part of the overall development and 



implementat ion p r o c e s s  t o  avo id  s u r p r i s e s  a t  t h e  
commerc ia l i za t ion  s t a g e .  The primary impact o f  en- 
v i ronmental  r equ i remen t s  w i l l  be t h e  i n c r e a s e d  c o s t  
of  i n s t a l l i n g  and o p e r a t i n g  f a c i l i t i e s  r e q u i r e d  t o  
meet s t a n d a r d s .  Probably  t h e  most d i f f i c u l t  envi-  

. ronmental  r e l a t e d  problem t o  d e a l  w i t h  is the  pub- 
l i c  involvement i n  s i t e  s e l e c t i o n  and approval .  
Again,  t h i s  i s  now a  way o f  l i f e  and p rope r  prepa- 
r a t i o n  and e d u c a t i o n  programs a r e  e s s e n t i a l  t o  cope 
w i t h  t h e  p u b l i c  concern .  

While t h e  above b r i e f  d i s c u s s i o n s  on ly  p r e s e n t  t h e  
g r o s s  problems and n o t  s o l u t i o n s ,  t hey  h i g h l i g h t  
t h e  major c l a s s e s  of  b a r r i e r s  which w i l l  be  ad- 
d r e s s e d  i n  development of  t h e  implementat ion p l a n  
and s t r a t e g y  f o r  wood r e t r o f i t t e d  c o a l  g a s i f i c a t i o n  
t echno log ies  d u r i n g  t h e  l a t t e r  phase of  this  con- 
t r a c t  program. 

The p r o j e c t  s chedu le  now c a l l s  f o r  s u b m i t t a l  o f  a  
d r a f t  f i n a l  r e p o r t  by J u l y  31, 1979. The major 
t a s k  e f f o r t s  underway which w i l l  r e s u l t  i n  devel- 
opment of  t h e  o r i g i n a l l y  s t a t e d  program d e l i v e r a -  
b l e s  inc lude :  

(1)  F i n a l  s e l e c t i o n  of c o a l  g a s i f i c a t i o n  sys tems 
wi th  g r e a t e s t  p o t e n t i a l  f o r  r e t r o f i t  w i t h  wood 
feeds tocks .  

(2 )  G a s i f i c a t i o n  sys tem p e r f o n a n c e  e v a l u a t i o n  
( o p e r a t i o n a l  e v a l u a t i o n  based on p r e l i m i n a r y  
k i n e t i c  a s ses smen t ) .  

(3)  Techno-economic a n a l y s e s  of  s e l e c t e d  g a s i f i c a -  
t i o n  sys tems based on r e s u l t s  of  i t em 2 and 
s e l e c t e d  technology a p p l i c a t i o n s .  

(4)  Development of wood r e t r o f i t t e d  c o a l  g a s i f i c a -  
t i o n  technology implementat ion p l an .  

(5) I d e n t i f i c a t i o n  of b a r r i e r s  t o  implementat ion 
and development of  s t r a t e g i e s  t o  overcome i d e n t i -  
f i e d  b a r r i e r s .  

T h i s  p r o j e c t ' s  r e s u l t s  w i l l  enab le  t h e  Biomass 
Energy Systems Branch t o  e f f e c t i v e l y  u t i l i z e  t h e  
r e s u l t s  of r e s e a r c h ,  development,  demonstra t ion 
and commercial c o a l  g a s i f i c a t i o n  programs. The 
p o t e n t i a l  f o r  r e l a t e d  technology t r a n s f e r  and 
a p p l i c a t i o n s  t o  a i d  i n  t h e  u t i l i z a t i o n  of biomass 
t o  p rov ide  an i n c r e a s e d  p o r t i o n  of n l l r  nn t i , ana l  
ene rgy  demand w i l l  be d e f i n e d  i n  a  manner t o  
f a c i l i t a t e  r e a l  world  implementat ion programs. 
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This work involves a comprehensive research program 
to evaluate and develop biomass to methanol pro- 
cesses. The three major components of the biomass 
to methanol system are the availability of biomass 
feedstocks, the thermochemical conversion of biomass 
to methanol fuels, and the distribution and market 
analysis of methanol fuels. 

Initial efforts were undertaken to identify and 
evaluate the regional potential of biomass re- 
sources and to assess the market for methanol 
fuels. The near-term and long-term biomass avail- 
ability and methanol supply and demand data were 
synthesized in an effort to prioritize the suit- 
able methanol production areas in the country. 
In the conversion process analysis, detailed eval- 
uation of each major processing step was attempted. 
Three commercially available oxygen-blown gasifi- 
cation processes were analyzed and compared in 
terms of, their feasibilities for producing meth- . 
an01 synthesis gas from biomass. These processes 
include the fixed bed Wellman-Galusha and Purox 
gasifiers, and the entrained-bed Koppers-Totzek 
gasifier. Various synthesis gas conditioning and 
cleaning processes were also evaluated and selected 
according to the specific gasification application. 
Two commercially available methanol synthesis 
processes plus one advanced liquid-phase methanol 
cys<tem were also analyzed, Empirical and theore- 
tical process models were developed so that para- 
metric analysis and economic sensitivity can be 
determined. Based on these analyses, an optimized 
process design based on 1OOO tpd biomass through- 
put has been derived. Detailed material and 
energy information of this base design were used 
for economic sensitivity analysis. 

The results of th i s  study have indicated that 
currently the cost of methanol production from 
biomass ranges from 60 to 90 cents per gallon 
dcpcnding upon regional feedstnck costs, the 
conversion plant size, the gasification process 
employed, and overall process energy integration 
and optimization. In order to achieve higher 
conversion efficiency and competitive economics, 
several alternative biomass to methanol production 
conccpts were formulated. This involved the 

~rporation of an advanced biomass gasification 
:ept, simplification of synthesis gas modifica- 

L l ~ ~ ~  processes, optimization of methanol synthesis. 
and the adaption of hybrid synthesis gas schemes. 

INTRODUCTION 

Science Applications, Inc. (SAI) is conducting a 
comprehensive engineering system study to assess 
various thermochemical processes suitable for 
converting biomass to methanol and other alcohol 
fuels. The overall objectives of this program 
are : 

Develop alternative thermochemical processes 
for the production and introduction of 
methanol and other alcohol fuels from 
biomass. 

Develop a systems model to assess the 
economic feasibility of the production and 
marketing of alternative alcohol fuels. 

Assess the technical and economic feasibility 
of biomass based alcohol as a fuel and as a 
chemical feedstock. 

Develop recommendations for RDdD plan to 
minimize the economic impacts of the intro- 
duction of biomass based alcohol as a new 
fuel into our national economy. 

During the past few years, much interest has been 
generated in the possibility of producing alcohol 
fuels from renewable biomass resources. As a 
result, many new and improved biomass gasification 
concepts and catalytic conversion technologies 
have emerged. These new technologies may play a 
significant role in improving the methanol produc- 
tion economics, and can also provide conversion 
process alternatives for the production of higher 
alcohols and gasoline products. Thus, the devel- 
opment and integration of new conversion processes 
could be one of the determining factors in the 
economic production of chemicals and fuels from 
biomass. 

In view of the need for transfer and integration 
of the current and new technologies to biomass 
applications, SAI has proposed a three-phase 
thermochemical alcohol fuel research program. 
These are: 

Phase I - Technical and economic feasibility 
study of c'urrent technology for the 
production of methanol from biomass; 



Phase I1 - Conceptual p rocess  d e s i g n  and economic energy) i n  t h e  United S t a t e s .  The West 
assessment of  advanced and innova t ive  North-Central  r e g i o n  w i l l  have the  l a r g e s t  

', 
thermochemical convers ion p rocesses  a v a i l a b l e  q u a n t i t y ,  fo l lowed by t h e  South 

f o r  producing a l c o h o l  f u e l s  and A t l a n t i c  r eg ion ,  and then  t h e  East  North- 
g a s o l i n e  from biomass ; Cent ra l  region.  

Phase 111 - P i l o t - p l a n t  s t u d i e s  and process  
demonstra t ion of commercially f e a s i b l e  
advanced a l c o h o l  f u e l s  and g a s o l i n e  
product ion p rocesses .  

.The Phase I program, t h e  c u r r e n t  biomass t o  
methanol program, i s  d i r e c t e d  tpward the  a s ses s -  
ment of  the  a p p l i c a t i o n  of conven t iona l  technology 
t o  methanol product ion.  The remaining paper w i l l  
p r e s e n t  a  summary of r e s u l t s  of  ou r  Phase I 
program d e l i n e a t i n g  t h e  t e c h n i c a l  and economic 
f e a s i b i l i t i e s  of  producing methanol f u e l  from 
biomass r e sources  u t i l i z i n g  ttie c u r r e n t l y  a v a i l -  
a b l e  t echno log ies .  

The sys tem approaches  and a n a l y s i s  s t e p s  u t i l i z e d  
i n  t h e  Phase I program i n  terms of t h r e e  s p e c i f i c  
t o p i c  a r e a s  a r e  o u t l i n e d  a s  fo l lows:  

Biomass Resources Ana lys i s  

C h a r a c t e r i z a t i o n  of r e g i o n a l  biomass 
resources .  
P r o j e c t i o n  of near-term and long-term 
biomass r e sources .  
E s t a b l i s h  c r i t e r i a  f o r  s c r e e n i n g  p o t e n t i a l  
biomass p roduc t ion  a reas .  

Methanol Fuel  Market Ana lys i s  

Evaluate  e x i s t i n g  and p o t e n t i a l  methanol 
end uses .  
Methanol market p e n e t r a t i o n  a n a l y s i s .  
Comparison of p o t e n t i a l  methanol demand 
and supply1 

Conversion Process  Analys is  

Assessment of t he  State-of-the-Art 
.conversion teshnologvt , 

Development of a l t e r n a t i v e  concep tua l  
process  conf igurat ' iona .  
Comparison of concep tua l  biomass t o  
methanol .processes .  

The s i g n i f i c a n t  r e s u l t s  o f  t h e  a n a l y s i s  of  t h e  
biomass based methanol p rocesses  a r e  summarized i n  
t h e  fo l lowing :  

Biomass Resource Ana lys i s  

I n  the  near  t,erm ( b e f o r e  1990),  t he  major 
source  of biomass w i l l  be a g r i c u l t u r a l  and 
s i l v i c u l t u r a l  r e s i d u e s  (Table  1) .  This  
r ep reden t s  approximately  423 m i l l i o n  d r y  t o n s  
of biomass p e r  yea r  ( e q u i v a l e n t  t o  7  quad of 

In  t h e  long term ( a f t e r  19YU), a d d i t i o n a l  
biomass could  be a v a i l a b l e  from biomass 
energy , farms,  where t o t a l  n a t i o n a l  
product ion could  reach 265 m i l l i o n  dry  
tons per  yea r  (Table 1) .  The regions  
which have t h e  g r e a t e s t  p o t e n t i a l  f o r  
product ion from energy farms a r e  the  
south  and s o u t h e a s t  r eg ions  of  the  

, United S t a t e s .  

The examination of r e s i d u e  r e source  
c h a r a c t e r i s t i c s  has shown 27 s u i t a b l e  
methanol convers ion s i t e s  (Table  2).  
These s i t e s  have d i f f e r e n t  r e source  
o v a i l a b i L i t i o a  ranging from 560 t o  1.2000 
OU'L'/day capac i ty .  S i m i l a r l y ,  t h e  10 
r e p r e s e n t a t i v e  methanol s i t e s  based on 
energy farm resources  a r e  shown i n  Table 3. 

The eecimaced d e l i v e r e d  c o s t s  fo r  b iouass  
f eeds tocks  s u i t a b l e  f o r  methanol convers ion 
range from 1.7 t o  4.5 $ / W t u  (29 t o  71 $/dry  
ton)  f o r  r e s i d u e  type biomass and from 1.4 
t o  2.2 $/MMBtu (24 t o  37 $ /d ry  t o n )  f o r  
energy farm type biomass. (Fig.  1) .  

Methanol Market Analyses 

Methanol consumption i n  t h e  U.S. t o t a l e d  
1150 m i l l i o n  g a l l o n s  i n  1975. Methanol 
requirements  f o r  t r a d i t i o n a l  chemical uses  
a r e  e s t ima ted  t o  grow a t  annual r a t e s  of 7.7 
percent  d u r i n g  t h e  yea r s  1970-1980 and a t  
5.4 pe rcen t  d u r i n g . t h e  y e a r s  1980-2UOU. 

Est imates  of  p o t e n t i a l  f u t u r e  markets f o r  
methanol vary ,  but most i n d i c a t e  a  high 
p o t e n t i a l .  demand. By 1985, demand f o r  
methanol i n  a p p l i c a t i o n s  such a s  peak power 
gene ra t ion ,  automotive f u e l ,  s i n g l e  c e l l  
p r o t e i n , . 8 t e e i  manufacture and sewage 
t rea tment  could  be t e n  t imes  as l a r g e  a s  the  
demand f o r  methanol i n  t h e  manufacture of 
e s t a b l v i h e d  ckemicals.  

The Mid-Atlantic,  South A t l a n t i c ,  E a s t  North- 
Cen t ra l  and West South-Central  r eg ions  a r e  
expected t o  gain the large 's t  sha re  of !he 
methanol market between 1985-2UUU. L f  
methanol i s  blended t o  10 pe rcen t  i n  g a s o l i n e ,  
a  t o t a l  market of 13.44 b i l l i o n  g a l l o n s  per  
year  i s  p ro jec t ed  by 1985. Other uses  f o r  
methanol a s  a  f u e l  would r e s u l t  i n  a  s t i l l  
g r e a t e r  demand ( s e e  Table 4 ) .  

( 1 )  "Evaluat ion of the  State-of-the-Art of  Biomass Based Methanol Process" ,  Progress  Report No.1, 
August 14, 1978, Science  App l i ca t ions ,  Inc.  

( 2 )  "Development of  Biomass t o  Methanol System Algorithms and Models", Progress  Report No.2, March 25, 
1979. 



Table 1 

PROJECTED kLtiLUNAL UlUbNSS KESOUKCE AVAILABILITY 
P o t e n t i a l  T o t a l  

E x i s t i n g  R e s o u r c e  B a s e  B i o m a s s  Farms P r o j e c t e d  

F o r e s t r y  A g : i c u l t u r a l  T o t a i  

1 9 8 5 - 2 0 0 0  1 9 8 5  1 9 9 0  2000 1 9 8 5  1 9 9 0  2000 1 9 8 5  1 9 9 0  2000 1 9 8 5  1 9 9 0  2000 

NE 

MATL 

SATL 

ENC 

ESC 

WNC 

wsc 
MT 

PAC 

T o t a l  203 .6  219.5  224.2  233.9  4 2 3 . 1  426.8  437.5  1 3 2 . 8  265.6 491.4 555.9 692.4 928.9  
U.S. 

MM 500 400 400 400 900 900 900 1 6 . 2  32.4 32.4 916 932 932 
A c r e s  

P e r c e n t  o f  U.S. Land A r e a  
2  2  18  18 18  40 40 40 0.7 1 . 4  1.4 40 41 4  1 

~ ~ u i v a l e n t ( 1 )  
E n e r g y  ( 1 0 1 5  B t u )  

3.5 3 .7  3.8 4.0 7.2 7.2 7 . 5 ,  2 .2  4.5 8 . 3  9 . 5  11 .7  1 5 . 8  

( 1 )  Based  o n  1 7  m i l l i o n  B t u  p e r  d r y  t o n  o f  B i o m a s s  

&$ED m r ~ r ~ - s r t c ~ r ~ c  mr* rnm SRI ' I  - A* f v * ~ ~ r ~ o n  o r  IORICULTUIL RISIWCS u AN EIIERGI 
~ r r ~ S T 0 c l  - A TEN-SITE S u v r ~  ra, ccun sr CWNTV I N v r u r o a r  OF RESIDUES. n u L r I - c o u r n  

iGGarG.ri~~ T R ~ N S P O R ~ L ~ I O ~ I  COSTS C ~ R I C T L D  rm RLSIDUE D r m s l n  ra, D l s r r m c r  sr SAI .  



Table 3 

REPRESENTATIVE l i J % ~ ? N O L  CONVERSION SITES BASED ON 
ENERGY FAFM BIOMASS AVAILABILITY AND COSTS (average radius:50 miles)* 

NOT MAXIMUM RADIUS. ONE TENTH OF SUITABLE PERMANENT PASTURE, FOREST, RANGE, ROTATION HAY 

AND PASTURE, HAYLAND AND OPEN LAND FORMERLY DROPPED. COUNTY DATA FROM MITRE, SILVICULTURAL 
BIOMASS FARMS, V 0 L O I 1 I ,  1977. flULT1-COUNTY AGGREGATION AND DELIVERED COST ADJUSTED FOR 

OISTANCE BY S A I .  

t 4,2 @ PREDOMI NAN 
RESIDUES TILhCiOVLILABLE) 

PREDOMINAN FORESTRY 

13,6 RESIDUES Ti!% AVAILABLE) 

ANEAR-TERM BIOMASS FARM * .  
~ O N G - T E R M  BIOEWSS FARM 

3.05 
C 

Figure 1 

BIOMASS FEEDSTOCK ECONONICS 



Table  4 

POTENTLN. .METHANOL MARKET SHARES BY REGION, 1985-2000 ( b i l l i o n  ga l lons  per year) 

New England 

n i d  A t l a n t i c  

South A t l a n t i c  

Eas t  North C e n t r a l  

Bas t  South C e n t r a l  

West North C e n t r a l  

West South C e n t r a l  

Mountain 

p a c i f i c  

A l l  FBgions 

Scenar io  1 

10 Pe rcen t  Blend wi th  Gaso l ine  

1985 1990 1995 2000 - - -  
0.81 (0 .79 t ( l )  0.67 0.61 0.59 

1.59 12.25) 1 3 1  1.18 1.14 

2.09 12.761 1.72 1.53 1.48 

2 7 1  13.061 2.24 2.02 1.96 

0.84 (1.141 0.68 0.60 0.57 

1 3 1  11.521 1.06 0.92 0.87 

1 -01  (1.031 1.46 1.24 1 -17  

0.57 lO.88I 0.46 0.41 0.40 

1.72 13.551 1.46 1.38 1 -30  -----  
13.44 (17.781 11.06 9.89 9.56 

Scenar io  2 Scenar io  3 

44 Pe rcen t  Gaso l ine  Displacement M u l t i j t a r k e t  P e n e t r a t i o n  S c e n a r i o  

6 30 Percen t  Dleee l   isp placement( 2 ,  Gaso l ine ,  D i e s e l ,  D i s t i l l a t e  end ~ e s i d & ( 3 )  . 

1985 1990 1995 2000 - - - -  ---- 1935 1990 1995 2000 

4 1 3  3.75 3.68 3.81 6.26 5.83 5.73 5.83 

8.80 0.10 7.44 8.43 13-64 13.07 12.54 13.67 , 

11.83 10.87 10.87 11.27 13.57 12.70 12.73 ,13.31 

14.94 13.70 13.60 14.18 18.36 17.63 18.01 18.76 

4.89 4.47 4.39 4.56 5.34 5.00 4.99 5.20 

7.75 7.09 6.96 7.20 8 - 7 0  8.08 8.06 0.43 

10.01 8.96 8.50 8.60 10.60 9.56 9.08 9.18 

3-50 3.36 3.41 3.63 4.02 3.78 3.82 4.04 

9.91 9.40 10.03 10.86 ----  - - - -  11.08 10.80 11-48 12.38 

75.84 69.78 q . 8 1  72.54 91.57 86.45 86.44 90.80 

Petroleum Pus1 Displacement  (Mi l l ion  B a r r e l s  P e r  Year)  

Ree i&al s  - - - ---- - - - -  17.2 16.4 ' 15.6 14.7 - - - -  
B q u i n l e n t  Crude . . 

o i l ( b )  218.5 1288.9) 179.8 160.8 155.2 1158.3 1040.3 1005.7 1042.6 1341.1 1234.0 1153.2 1255.4 

( 1 )  sumbere i n  pa ren theses  a r e  base3 on FEA e s t i m a t e s ,  they a r e  shown h e r e  f o r  comparison purposes.  Other  p r o j e c t i o n s  were de r ived  
From p r e d i c t e d  petroleum demn& by t h e  SRI energy rmdel. 

( 2 )  .9esumed 70 pe rcen t  of g a a o l i n e  i tehicles  use 20 pe rcen t  methanol blend,  end.30 p e r c e n t  of g a s o l i n e  v e h i c l e s  switch to pure  methanol; 
4180 assumed 30 p e r c e n t  of  d i e a s l  &nand p r o j e c t e d  by SRI t o  be d i s p l a c e d  by methanol. 

I31 Issumed t o  be methanol requiremznt  f o r  s c e n a r i o  2 p l u s  requirement  equ iva len t  to 30 p e r c e n t  of  d i s t i l l a t e  market  and 5 pe rcen t  
.>I r e b i d u a l  market. 

( 4 )  Squa l s  tats1 volume of  d i e p l a c e d  petroleum produc t s  p l u s  5 p e r c e n t  a s s u m d  r e f i n e r y  loaaes .  



Three s c e n a r i o s  were developed t o  a s s e s s  the  
f u t u r e  methanol r equ i remen t s  based on: 

1 )  10% automot ive  g a s o l i n e  displacement  
2) 44% d i sp lacemen t  of t h e  automotive 

g a s o l i n e  market and 30 pe rcen t  d i s -  
placement of  t h e  automotive d i e s e l  
market. 

3) Same a s  s c e n a r i o  ( 2 )  p lus  30% d i s -  
placement of  d i s t i l l a t e  and 5% of  the  
r e s i d u a l  o i l  market.  

Scena r io  ( 1 )  methanol requirements  can be 
s a t i s f i e d  r easonab ly  by a f u t u r e  biomass 
a v a i l a b i l i t y ,  e q u i v a l e n t  t o  20 pe rcen t  of 
p r o j e c t e d  t o t a l  biomass r e s o u r c e  i n  t h e  
near-term (1985-1990) (Table  5 ) .  

Scenar io  ( 2 )  and Scena r io  ( 3 )  requirements  
cannot b e  s a t i s f i e d  by, t h e  p r o j e c t e d  ' 

a v a i l a b i l i t y  of  U..S. biomass r e sources .  
It is eatimaced chac a 10 t o . 2 0  pe rcen t  
d isplacement  of  automot ive  g a s o l i n e  i s  a 
r easonab le  t a r g e t .  

conver s ion  P r o c e s s  Ana lys i s  

The r e s u l t s  o f  conver s ion  p rocesses  a n a l y s i s  can 
be broken down a s  fo l lows:  

Biomass G a s i f i c a t i o n  

Biomass m a t e r i a l s  which a r e  g a s i f i e d  by 
p a r t i a l  o x i d a t i o n  i n  t h e  conven t iona l  manner 
w i l l  produce a s y n t h e s i s  gas wi th  an 
i n s u f f i c i e n t  q u a n t i t y  of  hydrogen f o r  optimum 
methanol s y n t h e s i s .  Th i s  may n e c e s s i t a t e  
c o s t l y  gas t r ea tmen t  s t e p s  inc lud ing  hydro- 
carbon removal, carbon d i o x i d e  removal and 
CO s h i f t i n g  wi th  steam. 

I n  a low temperature  g a s i f i c a t i o n  p rocesses ,  
a s u b s t a n t i a l  q u a n t i t y  of  CH4 o r  o t h e r  hydro- 
carbons  a long wi th  o i l  and t a r  format ion may 
r e s u l t .  The c l e a n i n g  and c o n d i t i o n i n g  of 
such a gas  product  r e q u i r e  a c o s t l y  steam 
reforming o r  cryogenic  s e p a r a t i o n  process .  

I n  t h e  near  term ( b e f o r e  1990),  l a r g e  s c a l e  
g a s i f i c a t i o n  t echno log ies  t h a t  have been 
developed f o r  c o a l  and s o l i d  was te s  could  be 
a d a p t e d ' f o r  t h e  p roduc t ion  of methanol from 
biomass. Among t h e  commercially a v a i l a b l e  
g a s i f i c a t i o n  p r o c e s s e s ,  t he  oxygen-blown 
Koppcre-Totzek e n t r a i n e d  bed g a s i f i e r s ,  t h e  
oxygen blown Wellman-Galusha fixed-bed 
g a s i f i e r s  and Purox g a s i f i e r s  a r e  compared 
i n  Table  6. 

I n  t h e  long term, advanced c a t a l y t i c  
g a s i f i c a t i o n  p rocesses  may be a s i g n i f i c a n t  
improvement i n  t h e  p roduc t ion  of s y n t h e s i s  
gas from biomass. Analys is  i n d i c a t e s  t h a t  
advanced c a t a l y t i c  and hydro-gasif  i c a t i o n  
of biomass could  produce a hydrogen-rich 
synthe .s is  gas  s u i t a b l e  f o r  optimum methanol 
syn thes i s .  

S t a t u s  of  Methanol Conversion Technology 

Methanol s y n t h e s i s  ' technology is a h igh ly  
developed, compe t i t i ve  f i e l d  wi th  s e v e r a l  
commercially proven p rocesses  a s  r ep resen ted  
by t h e  ICI  and Lurg i  processes .  b 

Based on comparison of commercially proven 
technology, t h e  Lurgi  process  has a s l i g h t l y  
h ighe r  p rocess  thermal e f f i c i e n c y  than  t h e  
I C I  process  due p r i m a r i l y  t o  t h e  h i g h e r  steam 
energy recovery. However, t h e  c a p i t a l  c o s t  
of L u r g i ' s  i so the rma l  r e a c t o r  sys tem is 
h ighe r  than  t h e  I C I ' s  quench type r e a c t o r  
system. (Table  7 )  

Methanol p rocesses  o p e r a t i n g  a t  h ighe r  
p res su res  have a lower p rocess  thermal 
e f f i c i e n c y  because of t h e i r  h i g h e r  f eed  gas 
compression energy requirements .  

a A r e c e n t l y  developed l i q u i d  phaur methanol 
proeeso hao tho higheo t procpos e f f i c i e n c y  
and shows p o t e n t i a l l y  lower c a p i t a l  c o s t s  
than c u r r e n t  commercial processes .  This 
system employs an i n e r t  l i q u i d  t o  absorb t h e  
hea t  of  r e a c t i o n  and the reby  i n c r e a s e s  the  
convers ion r a t e  and improves the  waste  energy 
recovery. 

The c u r r e n t  methanol s y n t h e s i s  processes  have 
a p rocess  e f f i c i e n c y  r ang ing  from 84 t o  YO 
pe rcen t ,  depending on t h e  i n d i v i d u a l  process  
and p l a n t  s i z e .  The new l iquid-phase  p rocess ,  
c u r r e n t l y  under development, can achieve a 
h ighe r  convers ion e f f i c i e n c y ,  932. 

O v e r a l l  Biomass t o  Methanol Process  

The o v e r a l l  p rocess ing  s t e p s  f o r  an  
i n t e g r a t e d  biomass- tomethanol  p l a n t  i nc lude  
biomass p r e p a r a t i o n ,  g a s i f i c a t i o n ,  gas 
compression, a c i d  gas removal, CO s h i f t ,  
C02 removal,  and methanol s y n t h e s i s .  

The o v e r a l l  procese e f f i c i e n c y  depends 
p r i m a r i l y  on both the  s y n t h e s i s  gas  composi- 
Liu~k alid t h e  s f f i e i e n b  u t i l i s a t i o n  of 
waste h e a t  f o r  compression power requirements .  
The l a r g e s t  power requirements  a r e  a s s o c i a t e d  
with syngas compression and t h e  oxygen p lan t .  

The high- temperature  Koppers-Totzek 
g a s i f i c a t i o n  oystem yivos a h ighes t  process  
e f f i c i e n c y  of b0.4 p e r c e n t ,  whi le  t h e  Purox 
DrOCeSs wuuld have a lower e f f i c i e n c y  of '13.6 
percent  ( s e e  Table 8 ) .  

Methanol Product ion Economics 

Estimated product ion c o s t s  of methanol from 
biomass range from 75 t o  95 c e n t s  per g a l l o n  
f o r  a 1 U O O  TPD biomass t o  methanol p l a n t ,  
depending on t h e  convers ion processes  
s e l e c t e d  ( s e e  Table 9).  These product ion 
c o s t  a r e  approximately  30 pe rcen t  h ighe r  th: 

I 
the  methanol product ion c o s t s  u s ing  o t h e r  
feedstocks .  ( s e e  Table 10).  h 
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Table 5 

SUPPLY FROM BIOMASS BY REGION: 

2 5  Percent Biomass 

Used 

1985 1 9 9 0  1995 2000 

1985-2000 ( b i l l i o n  g a l l o n s  per  year )  

LOO Percent B i o m a s s  

Used 

1985 1990 1995 2000  

.Reg ions 

Table 6 

COST COMPARISON OF POTENT BIOMASS GASIFICATION PROCESSES FOR 
PRODUCING SYNTHESIS G A P )  (Cost i n  M i l l i o n  Do l lars  1960) 

FEED CAPACIN, TPD (DRY) 
SYNTHESIS GAS OUTPUT, WTU PD 
CAPITAL COSTS 

FRONT END 
GASIFIER 
OXYGEN PLANT 
GAS CLEANING AND PUMPING 
GAS SEPARATION 
CONTINGENCY AND ENGINEERING 
INTEREST, START-UP AND WORKING CAPITAL 
TOTAL 

BlonAss FEEDSTOCK COST, S/PWBTU 

1.0 7.52 9.83 
2,O 8.81 11.6 
3.0 10,l 13.3 

(1) SYNTHESIS GAS PRODUCTION CONSIDERS CO + H2 ONLY FOR METHANOL SYNTHESIS 
(2) INCLUDED I N  ~ A S I F I E R  COST 

(3) GASIFIER COST INCLUDES SOME CONTINGENCY AND ENGINEERING COST. 



Table 7 

COMPARISON OF METHANOL SYNTHESIS TECHNOLOGP 

SYNTHESIS GAS METHANOL 
METHANOL SYNTHESIS 

SYSTEM HORSE- 
POWER 

PURGE GAS 

I C I  LURG I CHEM S STEM 
MUL I-BED ADIABATIC TUBE-WALL IS THERMAL LIQUID $HAS€ 

hUENCH SYSTEM REACTOR !Y STEM REACTOR SYSTEM 

ENERGY BALANCE, MMBTU/ 

$:y!::;s I s GAS 23.52 
SYSTEM HORSEPOWER REQUIREMENTS 

 FEE^  COMPRESSION(^) 0.80 
GAS H c c r c ~ E  0,92 
OIL C IRCULATION - 
TOTAL ENERGY INPUT 25.24 
METHANOL 19.28 

1.15 
PURGE GAS 0.99 

21.42 

PROCESS EFFICIENCY, Z 84.9 

Table 8 

1CI + l C 1  + ICI + 
' K U P P ? R ~ . T O T ~ C K  Punox WFI I MAN-GALULHA 

BIOMASS INPUT TO ~ASIFIER, TPD (DRY) 1000 1000 1000 

OXYGEN REQUIREMENT, TPD 560 300 520 

M c ~ n r ~ n a  P R ~ ~ I I C T ,  TPD 535 386 450 

PROCESS EFFICIENCY'~), % EO.4 43.6 50.8 

F S T ~ T ~ , - H E !  
SYNGAS COMPRESSOR 15340 12380 ' 13600 
OXYGEN PLANT COMPRESSOR 10160 5440 9440 
METHANOL RECYCLE COMPRESSOR 320 220 250 ' 

TOTAL HORSEPOWER 25820 18940 23290 

MMBfu. PQ 

STEAM 200 
FUEL GAS 410 2780 300 

(1) OXYGEN BLOWN BIOMASS GASIFICATION PROCESSES 

(2) PROCESS EFFICIENCY = HEATING VALIIE OF METHANOL PRODUCT 

TOTAL HEATING VALUE OF BlOMASS AND OXYGEN PLANT ENERGY REQUIREMENT 



Table 9 

COMPARISUN OF INVESTMENT AND OPERATING COSTS OF 
CONCEPTUAL BIOMASS TO METHANOL PROCESSES (in 1980 dollars) 

BIOMASS FEED, TPD (DRY) 

METHANOL PRODUCT ION, TPD - 
FRONT END 

OXYGEN PLANT 

GASIFIER 
GAS CLEANING AND HC SEPARATION 

SHIFT AND ACID GAS REMOVAL 

METHANOL SYNTHES I s AND PURIFICATION 

GENERAL FACILITY AND UTILITY 

SUBTOTAL 

CONTINGENCIES AND ENGINEER I NG 8 1 5 %  
INTEREST, START-UP AND WORKING CAPITAL, 3 1 0 %  

TOTAL INVESTMENT 

WOOD AT $34/ODT ($~/MMBTu) 11.2 1 1 , 2  1 1 . 2  
CATALYSTS AND CHEMICALS 0 . 1 2  0 , 0 9  0 , l O  
LABOR 0 . 7 3  0 , 5 2  0 . 6 1  
UTILITY 1 , 1 3  0 , 8 2  0 . 9 5  
FIXED CHARGE 8 2 0 %  TOTAL INVESTMENT 2 8 , 3  2 4 , 4  2 0 . 8  
ANNUAL TOTAL 4 1 , 5  3 7 . 0  3 3 . 7  
METHANOL PRODUCTION COSTS, $/GALLON 0 , 8 5  0 . 9 6  0 . 7 5  
METHANOL PRODUCTION COSTS, $/TON 2 5 8  2 9 0  2 2 6  

Table 10 

COMPARISON OF METHANOL PRODUCTION COST USING VARIOUS FEEDSTOCKS 

FEEDSTOCK 7 3 . 7  6 1 , s  2 4 , 7  2 3 . 1  11,2 
OPERATION. MAINTEY4NCE COST 5 5 . 1  85 .2  . '  Q b , l  . 1 0 9 . 3  3 0 . 3  

AND CAPITAL. CHARGES 

TOTAL ANNUAL COST 1 2 8 . 8  1 4 6 . 7  1 5 0 , 8  1 3 2 , 4  4 1 . 5  
SULFUR CREDIT !$~O/TON) - (1.0) (1 .9 )  ( 1 , 8 )  - 
NET PRODUCTION COST 1 2 8 . 8  1 4 5 . 7  1 4 8 , 9  1 3 0 . 6  4 1 , s  
COST PER GALLON ( 1 9 8 0 9 )  0 , 6 5  0 . 7 4  f l .75  0 , 6 6  0 , 8 5  

USING w o o 6  CHIPS AS THE FEEDSTOCK, 



The c a p i t a l  c o s t s  o f  a  p l a n t  c o n s t i t u t e  
n e a r l y  70 p e r c e n t  o f  annual  p roduc t ion  c o s t  
of methanol.  I t  i s  a n t i c i p a t e d  t h a t  an 
improved biomass-to-methanol p roces s  would 
be a b l e  t o  reduce  t h e  o v e r a l l  c a p i t a l  c o s t  
by a s  much a s  30 p e r c e n t  (Tab le  11 ) .  This  
t r a n s l a t e s  t o  a  r e d u c t i o n  i n  t h e  p roduc t ion  
c o s t  o f  methanol t o  w i t h i n  t h e  compet.ative, 
40-50 cen t s -pe r -ga l lon  range.  

A r e a l i s t i c  methanol  p l a n t  s i z e  u t i l i z i n g  
e x i s t i n g  technology l i e s  between 500 t o  1000 
TPD o f  methanol.  La rge r  p l a n t s  c u r r e n t l y  a r e  
no t  f e a s i b l e  because  of t h e  d i s p e r s i o n  and 
l i m i t e d  a v a i l a b i l i t y  of biomass r e s o u r c e s  as  
i l l u s t r a t e d  i n  F igu re  2. 

Summary s t a t u s  o f  Mecllanol P roduc t ion  £run, Diomass 

Methanol p roduc t ion  c o s t  from biomass w i l l  be 
~ i g n i f i c a n t l y  a f f e c t e d  by: 

- Feedstock a v a i l a b i l i t y  and c o s t  
- Conversion p l a n t  s i z e  
- S e l e c t i o n  of a  s p e c i f i c  biomass p roduc t ion  

and conve r s ion  r o u t e  ..- 

- Fu tu re  t e c h n o l o g i c a l  and p roces s  improve- 
. ments i n  reducing c a p i t a l  c o s t  r equ i r emen t s .  

I n  t h e  nea r  te rm (19851, methanol p roduc t ion  
from biomass u s i n g  e x i s t i n g  technology can  
not  compete w i th  methanol produced from o t h e r  
f eeds tocks  u n l e s s  economic i n c e n t i v e s  a r e  
in t roduced o r  i n n o v a t i v e  p roces s  schemes a r e  
developed. 

- Fede ia l  p o l i c y  and economic a s s i s t a n c e  
such a s  f e d e r a l  s a l e  t a x  exemption (40 
c e n t s  pe r  g a l l o n  f o r  a  10 pe rcen t  methanol- 
g a s o l i n e  b l e n d ) ,  and c a p i t a l  inves tment  
~ o s t  o m o r i t i z a t i o n  c r e d i t .  

- Large s c a l e  methanol p roduc t ion  based on 
d i s p e r s e d  conve r s ion  p l a n t  concep t s  such 
a s  p i p e l i n e  t r a n s p o r t  o f  s y n t h e s i s  gas  and 
bargc-mounted conve r s ion  f a c i l i t i e s .  

- Use of hybr id  f eeds tocks  i n  e x i s t i n g  
methanol p roduc t ion  f a c i l i t i e s  such as  
methane wi th  biomass o r  hydrogen w i t h  
biomass. 

e I n  t h e  l o n g e r  t e rm (1990 and o n ) ,  methanol 
, produc t ion  from biomass could  become 

econoibicaliy cornpet ~ t i v e  cant i!!~mi t upon 
t h e  fo l lowing  developments.  

- Large  s c a l e  and low c o s t  biomass pro- 
' duc t ion  from energy farms. 

- ~ c c ~ n o l o g i c a l  improvements i n  g a s i f i -  
c a t i o n  and methanol eechnology such as  a  
s i n g l e  s t a g e  c a t a l y t i c  g a s i f i c a t i o n  
process  f o r  s e t h y l  f u e l  product ion .  

- Mul t ip l e  p roduc t  conve r s ion  r o u t e s  such 
as methanol and e t h a n o l ,  inethanol and 
a c e t i c  a c i d ,  methanol and ammonia, o r  t o  
methanol and g a s o l i n e .  



Tnble 11 

CAPITAL COST RXDUCTION POTENTm FOR BIOMASS BASED METHANOL PROCESSES 

s TO MFTHANOI PRQLES. 
[ERCENT F 

PROCESS I NG STEP APITAL ~ O S T  BIOMASS TO MLUWI PROCESS 

FRONT END 8 , 7  REDUCE FEEDSTOCK DRYING AND SIZE REDUCTION REQUIREMENTS 

GAS I F  I ~a 32,7 USE PRESSURIZED STEAM GASIFICATION OR CATALYTIC FLUIDIZED 
BED GASIFICATION 

GAS CLEANING AND 7,4 REDUCE OIL AND TAR FORMATION, AND HYDROCARBON SEPARATION 
SEPARATION 

SHIFT AND ACID GAS 6,O PRODUCE SYNTHESIS GAS WITH H2/CO=2 AND ELIMINATE SHIFT 
REMOVAL CONVERSION STEP 

METHANOL SYNTHESIS 10,9 USE CHEM SYSTEM METHANOL PROCESS TO IMPROVE METHANOL 
CONVERSION EFFICIENCY AND PRODUCTION COST 

GENERAL FACILITY AND 21,8 IMPROVE WASTE HEAT RECOVERY EFFICIENCY AND ELIMINATION 

UTILITY OF WASTE DISPOSAL FACILITY. HIGH PRESSURE GASIFICATION 
TU REOUCE NEED FOR COMPRESSOR 

RESIDUE SUPPLY SCENARIO ----- 3 $/IMBTu 

ENERGY FARM SUPPLY SCENARIO 

6 
W I 1 I I z 

0 1000 2000 3000 4000 5000 

COHVEREION PLANT SIZE, TPB (DRV) 

F i g u r e  2 

SENSITIVITY OF METHANOL FROK BIOMASS PRODUCTION COST 
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ABSTRACT 

Gasification of wood and wood residues using air 
and steam as the gasifying medium to produce a 
low-Btu (100-200 Btulscf) gas is a technology 
which has been commercially available since the 
turn of the century. However, the advent of 
inexpensive fossil fuels phased this technology 
out of the market. Today, there is a renewed 
interest in revitalizing this old technology. 
Approximately two dozen private organizations are 
attempting to enter the commercial marketplace. 
MITRE conducted a study to assess the commercial 
readiness of wood gasification in the near-term. 
Several organizations involved in the manufacture 
and development of gasification technology were 
queried. Current status and systems costs were 
found to vary considerably. 

This paper summarizes the MITRE findings, giving 
both a state-of-the-art review and outlining 
policy related issues. Economic potential is 
assessed by considering a close-coupled wood 
gasifier as a source of gaseous fuel for an oil- 
and gas-fired boiler. The cost of wood-based 
fuel in three regions* is compared with the cost 
of conventional fossil fuels for 1985 and 1990 
under different economic scenarios. Results 
indicate that wood gasification is competitive in 
the New England and Mid-west regions by 1985. In 
the Northwest region, high wood prices prevent 
wood-based low-Btu gas f g ~ m  being cost cnmp~ti t iw 
even in a long-term (1990) comparison. Some 
government participation in the form of further 
RCD and financial incentives will be required to 
accelerate commercialization. 

GASIFICATION PROCESS DESCRIPTION 

The gasification process converts a solid carbon- 
aceous feed to a gaseous fuel that may be burned 
directly or upgraded to higher quality fuels or 
used as a feedstock for manufacturing chemicals, 

Reactors used for the gasification process are 
generally characterized by the method of con- 
tacting solids and gases. The principal reactor 
configurations are: 

Fixed Bed 

Stirred Moving Bed 

Fluidized Bed 

Entrained Flow 

Of these configurations, only fixed-bed gasifiers 
have been commercially used for wood gasification. 
The most common design is an updraught fixed-bed 
reactor in which three distinct reaction zones, 
drying, pyrolysis and combustion, can be identi- 
fied. Representative generic reactions are out- 
lined below: 

' . . Drying Zone 

212-400°F 

Moist wood + Heat -+ Dry Wood + 
Water Vapor 

Pyrolysis Zone 

400-900°F 

Dry Wood + Heat .-r Char + CO + C02 + 
H20 + CHq + C2H4 
+ other HC + 
pyroligneous acids + 
tars 

Gasification and 
Oxidation Zone 

Char + 02 + H20 +CO + Hz + .C02 + 
e.g., ammonia or methanol. However, the gas pro- (Steam) Heat 
duced from an air and steam blown gasifier con- 
tains large amounts of nitrogen (nearly 50 These reactions follow in sequential fashion as 
percent by volume), and it is primarily suitable the wood descends by gravity through the gasifier. 
for on-site fuel au~lication. 

ederal planning regions 
A commercial gasifier using the above design is 
presented in Figure 1. This single stage fixed 
hed g a s i f j e t  is available from Davy Power Gas Co., 



Houston, Texas. The g a s i f i e r  i s  a  s t e e l  c y l i n d e r ;  
t h e  upper p a r t  is r e f r a c t o r y  l i n e d ,  and t h e  bot- 
tom p a r t  is surrounded by an  annu la r  b o i l e r  which 
g e n e r a t e s  steam. The by-product steam is  nor- 
mal ly  in t roduced wi th  t h e  a i r  o r  oxygen t o  a i d  
i n  t h e  g a s i f i c a t i o n  r e a c t i o n s  and t o  c o n t r o l  t h e  
f i r e  zone temperatures .  

Wood c h i p s  ( t y p i c a l l y  1  11.2'' x  112") o r  o t h e r  
feed m a t e r i a l  ( c o a l )  is d e l i v e r e d  t o  a bunker 
designed t o  c o n t a i n  a n  8 t o  12-hour supply a t  
maximum r a t e s .  From t h e  bunker t h e  wood is auto- 
m a t i c a l l y  d e l i v e r e d  by g r a v i t y  through a  f u e l  
hopper i n t o  t h e  g a s i f i e r .  The g a s i f i e r  o p e r a t e s  
a t  nea r  a tmospher ic  p ressu re .  The g a s i f i e r  con- 
t a i n s  a n  i n t e r n a l  c h u t e  t o  d i s t r i b u t e  t h e  wood 
c h i p s  t o  minimize gas  channe l ing  up through t h e  
fixed bed.  

A s  t h e  wood descends down through t h e  g a s i f i e r  i t  
passes  through a d ry ing-devo la t i za t ion  zone, a 
g a s i f i c a t i o n  zone, f i r e  zone and ash  zone. Steam 
and a i r  a r e  used a s  t h e  g a s i f y i n g  media, and a r e  
i n t r o d ~ ~ c e d  through a  r o t a t i n g  e c c e n t r i c  g r a t e  a t  
t h e  bottom of t h e  g a s i f i e r  t o  e f f e c t  good d i s -  
t r i b u t i o n  UQ through t h e  f i x e d  bed. 

The f u e l  gas produced from t h e  d e v o l a t i z a t i o n  and 
g a s i f i c a t i o n  of wood, e x i t s  t h e  g a s i f i e r  a t  250°F 
t o  12000F depending on t h e  mois tu re  con ten t  of 
t h e  feedstock.  -The  e x i t  gas  c o n t a i n s  t a r s  arid 
o i l s  a s  we l l  a s  t h e  combust ible  CO, H2 and CHq 
gaseous components. Typ ica l  gas  ana lyses  f o r  
a i r  blown g a s i f i c a t i o n  of wood a r e ' g i v e n  i n  . 
Table  1. 

The product gas  has  a  h e a t i n g  va lue  of 120 t o  
175 B t u l s c f  depending upon t h e  f eeds tock ,  mois- 
t u r e  con ten t  and o p e r a t i o n a l  v a r i a b l e s .  The gas  
i s  most l i k e l y  t o  be  used i n  a  c l o s e  coupled 
b o i l e r ,  k i l n  o r  d r y e r  a f t e r  p a r t i c u l a t e  removal 
i n  a  simple cyclone.  It i s  d e s i r a b l e  t o  keep t h e  
produce gas h o t ,  u s u a l l y  500°F t o  800°F, t o  mini- 
mize condensat ion of t h e  t a r s  and t o  maximize 
s e n s i b l e  hea t  t r a n s f e r .  

WOOD GASIFICATION STATUS REVIEW 

A number of commercial p rocesses  a r e  a v a i l a b l e ,  
w i th  no s i n g l e  one c u r r e n t l y  possess ing  a n  
obvious  compet i t ive  advantage.  Severa l  f i rms  
have developed systems f o r  s p e c i a l i z e d  app l i ca -  
t i o n  such a s  a g r i c u l t u r a l  r e s i d u e  convers ion,  
wood r e s i d u e  convers ion and municipal s o l i d  
waste  d i s p o s a l .  Most of t h e s e  systems have 
c a p a c i t i e s  o f  l e s s  than 50 MI4 Btulh of product 
g a s ,  L.e., 80-90 oven d r i e d  tons  p e r  day (ODT/D) 
of feedstock.  Larger  systems g a s i f y i n g  more 
than 100 ODT/D of wood a r e  s i m i l a r  i n  des ign  
t o  g a s i f i e r s  developed p r i o r  t o  1950. 

Of systems c u r r e n t l y  i n  o p e r a t i o n ,  few have dem- 
onsc ra ted  long term s u c c e s s f u l  performance. 
Technical  problems r e l a t e d  wi th  t h e  d i s p o s a l  of 
o rgan ic  l i q u i d s  formed d u r i n g  g a s i f i c a t i o n  and 
a s h  removal a r e  being re so lved .  Process  devclop- 
ment e f f o r t s  a l s o  a r e  underway a t  v a r i o u s  . 

r e sea rch  c e n t e r s  and u n i v e r s i t i e s .  These 
p rocesses  a r e  p r i n c i p a l l y  i n  t he  development 
s t a g e  and focus  on t h e  d i f f e r e n t  a s p e c t s  of 
f lu idized-bed and c a t a l y t i c  g a s i f i c a t i o n .  Some 
of t h i s  work appears  ready t o  be  t r a n s f e r r e d  t o  
t h e  p r i v a t e  s e c t o r  f o r  commercia l izat ion.  In- 
creased coopera t ion  between p r i v a t e  developers  
and R&D i n s t i t u t i o n s  would a i d  i n  reducing 
remaining t e c h n i c a l  problems. A summary of 
s e v e r a l  g a s i f i c a t i o n  p rocesses  a long  with  t h e  
c u r r e n t  s t a t u s  is p resen ted  i n  Table  2. 

COMMERCIAL APPLICATION 

Exis t ing  o i l  and gas - f i r ed  package b o i l e r s  repre-  
sent t h e  most v i a b l e  p n t e n t i a l  a p p l i c a t i o n  f o r  
h o t  wood-based gas .  The r e t r o f i t  of t h e s e  
b o i l e r s  t o  burn t h i s  gas  does  no t  p resen t  any 
unusual t e c h n i c a l  praaiems. It w i l l  g e n e r a l l y  
inc lude  : 

a Replacement of t h e  e x i s t i n g  burne r s  

Expanding t h e  duc t  work f o r  inc reased  
f l u e  gas volume 

Adjust ing t h e  capac i ty  of the  inducted 
d r a f t  f a n  o r  r ep lac ing  i t  wi th  a  l a r g e r  
u n i t . l S 2  

I n  most c a s e s  the  r e t r o f i t  of o i l -  and gas - f i r ed  
package b o i l e r s  t o  burn low-Btu gas w i l l  i nvo lve  
minimum b o i l e r  d e r a t i n g .  This is  p a r t i c u l a r l y  
t r u e  i f  t h e  o r i g i n a l  b o i l e r  has  a  r e l a t i v e l y  
l a r g e  fu rnace .  However, t h e  p resen t  day o i l -  
and gas - f i r ed  package b o i l e r s  a r e  designed t o  
have very c l o s e  tube  spac ing  which r e s u l t s  i n  a  
compact fu rnace .  This  w i l l  l i m i t  t h e  e x t e n t  o f  
r e t r o f i t  o p e r a t i o n  and w i l l  i n t roduce  some b o i l e r  
d c r a t i n g  when lnw-Btu gas  i s  used a s  f u e l .  The 
magnitude of b o i l e r  d e r a t i n g ,  depending on t h e  
o r i g i n a l  fu rnace  d e s i g n  ( r e l a t i v e l y  spac ious ,  n r  
very compact) may range.between 5  and 25 pe rcen t  
of t h e  i n i t i a l  des ign  c a p a c i t y .  

ECONUlYIC EVALUATION 

Based on informat ion supp l i ed  by manufacturers ,  
c a p i t a l  c o s t s  of wood g a s i f i c a t i o n  systems vary 
from approximately $5,000 t o  $20,00O/ODT/D of 
c a p a c i t y  . 3  This  wide v a r i a t i o n  i s  the  r e s u l t  of 
d i f f e r e n c e s  i n  system c a p a c i t y ,  i n c l u s i o n  of 
s p e c i f i c  components, varying c o s t  assumptions,  
and rhe requirement f o r  land and f a c i l i t i e s .  The 
average c o s t s  a r e  $10,000 t o  $12,00O/ODT/D t o r  a 
system which inc ludes  m a t e r i a l s  handl ing equip- 
ment, g a s i f i c a t i o n  equipment and a n c i l l a r y  sys- 
tems such a s  c o n t r o l s  bu t  excludes  a  b o i l e r ,  l and ,  
b u i l d i n g ,  con t ingenc ies  and f e e s .  

The low- and medium-Btu gas product ion c o s t s  a r e  
h igh ly  s e n s i t i v e  t o  feedstock c o s t  and t o  a  
l e s s e r  e x t e n t  t o  the  system capac i ty .  Some 
examples of publ ished gas c o s t s  a r e  given i n  
Table  3. It is important  t o  n o t e  t h a t  c o s t i n g  
procedures d i f f e r e d  wi th  each case  and t h a t  
r e s u l t s  a r e  not d i r e c t l y  comparable. 



:ummary, both LBG and MBG can be produced at a 
cosr nf $7.00 to $~.O~/MMBLLI with nS1.OOPO.mcu 
feedstock cost, or $3.00 to $5.001 MMBtu at a 
feedstock cost of $l.jMMBtu. 

In order to assess the relative economic competi- 
tiveness of wood-based gas for industrial appli- 
cation, an oillgas-fired boiler retrofitted with 
two gasifiers was considered. The capital in- 
vestment includes the installed cost of wood 
handlinglfeed preparation, the wood gasification 
units, and all the auxiliary and support facili- 
ties. An estimate is made of the cost required 
to retrofit the existing boiler in such a way as 
to avoid derating." This incremental investment 
is treated as part of the total capital invest- 
ment. Plant costs are extracted from information 
supplied by Davy Power Gas Co., and from sinilar 
coal gasification systems.4 

Total investment and annual operating costs were 
developed for a wood gasification fuel supply 
system capable of gasifying 220 ODTID (Table 4). 
Two gasifiers supply fuel to.an existing 100,000 
pound per hour steam producing plant. Total in- 
vestment is approximately $5 million, and the 
annual operating cost, excluding the wood feed- 
stock cost, is about $730,000. 

The cost of gas from the industrial boiler retro- 
fit is compared to the delivered prices to the 
industrial sector of distillate and residual oil 
and natural gas. Comparisons are presented for 
the Midwest, New England and Northwest regions for 
1985 and 1990 under three economic scenarios. 
The scenarios are based on assumptions regarding 
escalatio'ns in the price of oil and the resultant 
impacts on the prices of other conventional fuels. 
Scenarios are classified as low, medium, and high, 
corresponding to oil prices of $14.50, $15.15, 
and $19.72 per barrel, respectively, for'1985 
and $15.60, $19.40, and $29.00 per barrel, re- 
spectively, in 19.90. The scenarios are part of 
DOE'S current policy and evaluation program. 5 

The major assumptions used in the gas cost esti- 
mates include: 

a mature technology plant 

inflation rate 6 percent 

effective income tax rate 50 percent 

investment tax credit 10 percent 

depreciable life 80 percent of project life 

double declining balance depreciation 
method.for tax purposes 

a debtlequity ratio for private competitive 
firm 30 percent170 percent 

*It is assumed that the existing boiler has a 

nominal after tax rate of return on equity 
ot l b .  1 percent 

nominal. before tax ccost of debt of 9.2 
percent 

Costs for the wood biomass feedstock were also 
estimated by applying the above assumptions to the 
harvesting equipment. In addition, different 
assumptions regarding operation productivity-- 
variations caused principally by differences in 
types of forest stand--yielded a range of costs. 
This range is the basis of the differences be- 
tween the low, medium, and high price scenarios 
for the wood feedstock. The wood biomass cost 
for each region represents a weighted average'of 
the proportion of the vsrious types of wood resi- 
dues available in 1985 and 19906 and their respec- 
tive collection cost using present day wood col- 
lection technology.7,8 The coscs are escalated 
by average timber price increases projected by the 
Forest Service for each region considered.9 Addi- 
tional assumptions used in calculating wood feed- 
stock costs are as follows: 

harvesting strategies: clearcutting to 
produce chips and 
residue collection 

technical and cost data for equipment. 
from references.5 and 6 

stumpage cost: $l.OO/dry ton 

a transportation cost: $.14/ton-mile 
Northwest and $.I21 
ton-mile for Mid- 
west and New England 

transportation distance: 50 miles 

operation schedule: 1600 hourslyear 

a annual cost escalation factors: 

.8% Midwest 

.5% New England 
4 . ax  Northwco t 

Results of the energy cost comparison are pre- 
sented in Table 5. In the Midwest, low-Btu gas 
is estimated to cost $3.28 and $3.43 per mill-*on-- 
Btu in 1985 and 1990, respectively, under the 
medium price scenario. In 1985, low-Btu gas is 
cheaper than distillate oil and somewhat more 
expensive than residual oil and natural gas but 
essentially competitive with all three fuels. In 
1990, low-Btu gas is competitive with residua>,.oi_l - 
and natural gas and possesses a substantial eco- 
nomic advantage over distillate oil under the 
medium cost scenario. Results from the high price 
scenario in.both years show low-Btu gas at a dis- 
advantage compared to natural gas, competitive 
with residual oil, and again, substantially 
cheaper than distillate oil. - 

large furnace so that a retrofit 
eration will not significantly derate the 
oiler. 



In New England, the economics of low-Btu gas are 
extremely attractive. Under the medium price 
scenario for 1985 and 1990, respectively, low-Btu 
gas is projected to cost $3.28 and $3.43 per MM 
Btu. Low-Btu gas is substantially cheaper than 
distillate oil and competitive with residual oil 
in both years under all scenarios. The same 
result holds in comparison to natural gas, with 
the exception of the high escalation scenario in 
1990. Here the cost of low-Btu gas exceeds that 
of natural gas by about $.30 per MM Btu. 

Low-Btu gas does not fare as well in the Northwest 
where wood-based gas remains an expensive option 
cl~rough the ycnr 1990. Low-Btu gas at $4.60 and 
$5.26 per MM Btu in the medium price scenario in 
1985 and 1990, respectively, is not competitive 
with any of the conventiorlal reference tucls; 
this result does not change for any of the other 
scenarios considered. 

CONCLUSIONS 

The economic competitiveness of low-Btu gas is 
highly sensitive to the availability oi low-cost 
wood feedstock and therefore regionally dependent. 
The New England Region where wood feedstock costs 
are relatively low, the economics of wood-based 
gas are extremely attractive. In contrast, in 
the Northwest, the higher wood feedstock cost 
makes low-Btu gas much less competitive. The 
Midwest enjoys relatively low wood feedstock and 
conventional fuel costs. On balance, wood-based 
low-Btu gas appears to be a potentially attrac- 
tive option in this region. Except in the North- 
west region, the comparatively high escalation 
in conventional fuel prices helps enhance the 
competitiveness of wood-based gas in the near- 
term. 

The results of our preliminary study are based 
on an evaluation of a wood gasification retrofit 
system for industrial oil- and gas-fired boiler 
application. Some simplifying assumptions were 

, made regarding the ease ot retrofit and amount 
of boiler derating involved When swlcchl~lg L u  
low-atu gas. These assumptions are justified 
for taking a first cut at the relative competi- 
tiveness of wood-based low-Btu gas. However, an 
indepth technical and economic feasibility study 
must be conducted to confirm the viability of 
wood gasification for supplying industrial boiler 
fucl l 
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TABLE 1 
FIXED-BED WOOD GASIFIER 

GAS ANALYSES 

FEEDSTOCK WmAK 
ULTIMATE ANALYSIS (WTZ) : WOOD - 

C 
H 
0 
N 
S 
ABH 
HOISTURE 

TOTAL , 

HHV, BWLB 5,410 

GAS COnPOSITION (VOL, X ,  DRY BASIS, TAR FREE) 

H2S + COS 

TOTAL 
HHV, BTWSCF 

SCF OF DRY GWLB FEED 
TAR-OIL PRODUCT/LB FEED 



B - BENCH SCALE UNIT EP - ENTRAINED FU)W 
C - COHnERCIAL SCALE SYSTM, with unlrn so ld  SUB - STIRRED HOVING BED 
D - DEUONSTRATION UNIT PXB - FIXED BED 
LBC - LOW BTU GAS 100-200 BTUISCY n e  - P L U I D I ~ ~ D  BED 

HPB - UOVING PACKED BED. 

TABLE 3 

TMLE 2 
. , 

STATUS S W R Y  OF DIFFERENT GASIFICATION PROCESSES 

PROCESS DEVELOPER OEVELUPHENT CAPACITY ENERGY REACmR . CURRENT 

LOW AND XEDIIM BTU CA5 COST AS RPPORTZD IN LITERATIRE 

American Fyr-Feeder 
Andco Inc. 
Applied Engineering GI. 
B a r t e l l e  Columbua Lab 
B n r t e l l e  Northwest Lab 
Biomass Corp. 
Bio-solar RhD Corp. 
B r i t i s h  Culumbls Research 
C a l i f o r n i a ,  Univ., Davis ,  
Canadian Ind. Lrd. 
Century Hesearch Ind. 
Davy Power Gas Inc.  
DeKalb Ag. Research 
Eugene Water 6 E l e c t r i c  Boarc 
Forest  Fur l s  Inc.  
C a r r e r t  E.R.F.. l nc .  
Halcyon lnc .  
Jamex Inc.  
Nova Scor ia  Tech. College 

SOURCeS: 4 .  P re l imina ry  i e e h n i c a l  I n f o m t i o n .  "Lov 3 t u  Gas P roduc t ion  5y 
t he  Power Gas ?roduce: Lini:," Davy Povergas i n c . ,  Houston, 
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Columbia Bcsesrcn Hog Fuel G a s i f i c a r i o n  System, 5 .  t. Sesear:?i, 
2. C. B l i s s ,  D.O. Blake,  " S i l v i c u i r u r n l  Siomass ?arms. Vo?. V, Vancouver, B.C.. Yay 1978. 

Conversion ?recess and C o s t s , "  %S-73Li, X I 7 2  Corpora t ion ,  
f l e t r e ~  D i v i s i o n ,  flcLean, VA, Hay 1977. 

DrsPlaines,  IL 
Buffalo.  lPI 
Orangeburg. SC 
Columbus. OH 
Richland,  WA 
Yuba Ci ty .  CA 
Eugene, OR 
Vancouver, B.C.. Canada 
Davis, CA 
Kingston, Ont.. Canada 
Gardenia. CA 
Houston. TX 
DeKalb. IL 
Eupene, OR 
Anrrim. NH, 
Ojn i ,  CA 
Easr Andove:. NH 
S t ,  P e t e r .  UN 
Hal i fax ,  H.S., Canada 
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C 
C 
C 
D 
D 
D 
D 
D 
D 
D 
D 
C 
D 
D 
C 
D 
C 
D 
D 

PROCESS AND SYSTM UIPACITY 
(ODTIDj 

LBG Ai r  G a s i f i c s t i o n  ( 8 5 0 ) ~  

KBC oxygen G a s i f i c a t i o n  (850)' 

HBC oxygen Gpdi f i ca t ion  ( 8 5 0 ) ~  

KBC C a t a l y t i c  G a s i f i c a t i o n  ( 8 5 0 ) ~  

KBC Entrained Flow Cnaif:cation ( 8 5 0 ) ~  

LBC Air Ga8tficat:on (81)' 

LBC Ai r  G a s i f i c a t i o n  (65)' 

3. 5. Sang and X. Cheng, "A Comparison of Ther~ocnemica1  
G a s i f i c a t i o n  Technoiogies  f o r  Biomass," Proc. Energy :roo 
Biomass and l a s t e s  Con:., I G i ,  Uashingron.  D.C., August 14-18, 
1978. 
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N.A. 
SYB 
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UGB 
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CAPITAL AKO OPmTINC COSTS FOR 
A WtOD GdSIl'ICATIOHIBOI~ RETROPEISYSm 

. ( I n  n i l l i o a u  of Dollara. 1978) 

BASIS: I\m g a a i f i e m  linkad t o  n s i n g l e  b o i l e r  - 
Feed Capacity (ODTlD) 
Prnduct Gaa Output W c u l h r )  
Scaam Production ( l b s l h r )  
System Scream Factor 
Boi le r  Efficiency ( X )  

P l a n t  Inveernsnc 

I n s t a l l a d  P lan tZ  Cost 
Incarea t  During ConsCnLctiOn 

T o t a l  I = t a l l e d  P lan t  Gmscrucrion 

Iand  Cost 
st am-Up Cos c s  
Workiag Capi ta l  

T o t a l  Plant  OperatLng Costs 

t a b o r  
H e t e r i a l  
u t i l i t i e s  
Supplies 
Administrative and Overhead 
Insurance and Properw Taxes 
Wood Feedstock coat3 

T o t a l  Planr Operating Costs 

b a v g  Parer.Gas. p r iva te  communicalion, January 1979. 

2 ~ n c l u d e s  equipment and b o i l e r  r e t r o f i t  work. 

3 ~ n  average c o s t  of  S251dry con I s  assumed. 



TABLE 5 

COWARISOX OF PRICE OF LOW-BN CILS FROM ON-SITE WOOD CASIEIUTIOI; 
PLANT AND DELIVERED PRICE OF CONVENTIONAL FUELS 

FOR YEARS 1985 AND 1990 ($110~ B N )  

I MID!& REGION 1 1985 I 1990 i 
[ LOU I MEDIUM 1 HICH ( LOU / m I m  1 HICH 1 

I NEU ENGLAND REGION 1 

REWRWCE ~CHNOLOCY 

Drstillate Oil 

Rasldual Oil 

Natural Gas 

LOU-BN GAS BOILES RETROFIT 

Wood-Fired 

3.51 

3.01 

3.11 

2.99 

COST OF M O D  (S/ODT)~ 1 18.00 / 22.00 

REFERENCE ECMJ0LM;Y 

Diet:llare Oil 

Residual Oil 

Natural Gas 

LOU-BN GAS BOILER RETROFIT 

Wood-Fired 

NORTHWEST REGION 

COST OF WOOD ($/OW)" 

REWRENCE TECBNOLOCI 

Distillate Oil 

Residual Oil 

Natural Gas 

PROPOSED TECRNOiMN 

WW-BTU GAS BOILER RETROFIT 

Uood-Fired 

3.66 

3.05 

3.46 

2.99 

3.70 

3.62 

3.66 

3.28 

'An oven dry ton (OD11 is approximataly 17 x lo6 Btu. 

33.00 

3.89 

3.06 

3.36 

6.08 

60.00 

3.70 

3.03 

3.18 

6.60 

53.00 

4.87 

6.02 

3.86 

5.55 

66.00 

6.90 

6.00 

?.50 

6.51 

61.00 1 89.00 

3.75 

3.01 

3.69 

0.67 

6.22 

3.36 

3.37 

5.26 
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ABSTRACT 

Th i s  paper  p r e s e n t s  s e l e c t e d  r e s u l t s  from an eco- 
nomic and t e c h n i c a l  a n a l y s i s  of a broad spect rum 
of technology o p t i o n s  (thermochemical and biochemi- 
c a l )  f o r  p rocess ing  biomass m a t e r i a l s  i n t o  energy 

, produc t s .  For each technology o p t i o n ,  t h e  s tudy  
focuses  on t h e  p r o j e c t e d  t iming of i t s  r e a d i n e s s  
f o r  commercial a p p l i c a t i o n ,  an  assessment  of i t s  
c u r r e n t  s t a t u s  of p r o c e s s  development,  an  a n a l y s i s  
of t h e  p rocess /p roduc t  economics, and, most s i g -  
n i f i c a n t  of a l l ,  a c r i t i c a l  and q u a n t i t a t i v e  eva l -  
u a t i o n  of t h e  c o s t  u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  
t h e  o p t i o n .  The u n c e r t a i n t y  a n a l y s i s  w i l l  p rov ide  
v a l u a b l e  guidance t o  r e s e a r c h  programs and pe rmi t  
a more meani.ngf~1.l comparison of  t echno log ies  i n  
d i f f e r e n t  development s t a g e s .  

A l a r g e  number of biomass energy systems a r e  cur-  
r e n t l y  being developed. This  s tudy  shows t h a t  t h e  
major f a c t o r s  c o n t r i b u t i n g  t o  c o s t  u n c e r t a i n t i e s  
f o r  biomass energy p roduc t s  a r e  q u i t e  d i v e r s e  i n  
n a t u r e ,  i n c l u d i n g  f e e d s t o c k  c o s t ,  s t a t e  of  p r o c e s s  
development, equipment e s t i m a t i o n ,  des ign  conser-  
vat ism,  and by-product c r e d i t .  

INTRODUCTION 

Biomass i s  a renewable r e source  t h a t  may p lay  a 
s i g n i f i c a n t  r o l e  i n  p rov id ing  f o r  f u t u r e  U.S. 
energy needs .  I n  t h i s  r e g a r d ,  a number of biomass 
energy sys tems (BES) a r e  c u r r e n t l y  be ing  developed. 
Techn ica l  and economic a n a l y s e s  of developing tech-  
n o l o g i c ~  a r e  t h e  p r i n c i p a l  means of de t e rmin ing  
t h e i r  m e r i t s  and commercia l iza t ion p o t e n t i a l s .  
The f i n a l  product  c o s t  w i l l ,  i n  most i n s t a n c e s ,  be 
t h e  major de te rmin ing  f a c t o r  of t h e  degree  of mar- 
k e t  p e n e t r a t i o n  by t h e  product .  Because c o s t  e s t i -  
mates f o r  any p rocess /p roduc t  a r e  t e n t a t i v e ,  iden- 
t i f i c a t i o n  and q u a n t i f i c a t i o n  of t h e  major uncer- 
t a i n t i e s  w i l l  p rov ide  v a l u a b l e  guidance t o  re-  
s ea rch  programs and a t  t h e  same t ime pe rmi t  a more 
meaningful 'comparison of t echno log ies  i n  d i f f e r e n t ,  
s t a g e s  of development.  

T l ~ l b  p d p k ~  p ~ i s e i i t s  s e l e c t e d  r e ~ u l e 3  from a c r i t i -  
c a l  economic and t e c h n i c a l  a n a l y s i s  of  a broad 
spectrum o f  BES technology o p t i o n s .  The work was 
performed under DOE Con t rac t  EY-76-C-03-0115/PA141 
e n t i t l e d  "Prepa ra t ion  of a Cost Data Bank f o r  DOE/ 
Biomass Energy Systems Branch." Th i s  c u r r e n t  
p r o j e c t  was i n i t i a t e d  i n  October 1978. 

When completed, t h e  d a t a  bank w i l l  p rov ide  a com- 
p rehens ive  and c o n s i s t e n t  d a t a  base  f o r  workers  i n  
t h e  biomass energy f i e l d .  For i n s t a n c e ,  i t  may be 
used wi th  an  a p p r o p r i a t e  methodology t o  ana lyze  
t h e  complex i s s u e s  of r e s e a r c h  program p lann ing  
and a n a l y s i s ;  p r o j e c t  t h e  l i k e l y  f u t u r e  market 
p e n e t r a t i o n  of biomass energy p roduc t s ;  and examine 
t h e  i n f l u e n c e  of  government a c t i o n s  on t h e  c o m e r -  
c i a l i z a t i o n  of biomass energy sys tems.  

OBJECTIVES 

The o b j e c t i v e s  of t h i s  s tudy  a r e  t o :  

. Develop a technology and c o s t  d a t a  bank f o r  a 
broad spect rum of advanced thermochemical and 
biochemical  convers ion technology o p t i o n s .  

. Es t ima te  t h e  l i k e l y  r e g i o n a l  p r i c e s ,  a v a i l a b i l -  
i t y ,  and market s h a r e  of biomass energy p roduc t s  
( i n  q u a d r i l l i o n s  of Btu p e r  y e a r )  from 1985 t o  
2025 u s i n g  a n a l y t i c a l  market p e n e t r a t i o n  
models. 

. Develop a s e t  of  c o s t  g o a l s  f o r  BES t echno log ies  
and examine t h e  a i d s  and impediments' t o  achiev-  
i n g  t h e s e  c o s t  g o a l s  w i th  p a r t i c u l a r  emphasis 
on t h e  f e d e r a l  r o l e .  

. Conduct a predesigned s e n s i t i v i t y  s tudy  on t h e  
n a t i o n a l  market p e n e t r a t i o n  of BES t echno log ies  
hased on i n t e r f u e l  compe t i t i on  a n a l y s e s  and pro- 
j e c t e d  end-use energy demands. 

PROJECT STATUS 

F igure  1 shows t h e  performance schedu le  planned f o r  
t h i s  p r o j e c t .  The d a t a  bank work i s  w e l l  underway 
and w i l l  be  completed s h o r t l y .  The methodology f o r  
meet ing remaining p r o j e c t  o b j e c t i v e s  i s  a l s o  being 
developed. 

TECHNOLOGY AND COST DATA BANK 

~ i ~ h t e e n  BES technology o p t i o n s  have been included 
i n  t h e  d a t a  bank ( s e e  Table  1 ) .  These o p t i o n s  
cover  t h e  p roduc t ion  of e l e c t r i c  power, s team,  
g a s e o u s , ' l i q u i d ,  and s o l i d  f u e l s  from biomass.  



Most o f  t h e  technology o p t i o n s  are '  judged t o  be  
ready now o r  should be  ready i n  t h e  n e a r  term f o r  
commercia l izat ion.  Ac tua l  commercia l izat ion of 
BES t echno log ies  w i l l  depend on a d d i t i o n a l  market ,  
i n s t i t u t i o n a l ,  comparat ive  economic, and a v a i l a b l e  
r e s o u r c e  c o n s i d e r a t i o n s ,  and w i l l  be addressed 
dur ing  t h e  upcoming phases  o f  t h i s  p r o j e c t .  

For each technology o p t i o n  s e l e c t e d ,  t h e  d a t a  bank 
p rov ides  in fo rmat ion  on t h e  p r o j e c t e d  t iming of 
i t s  r e a d i n e s s  f o r  commercial a p p l i c a t i o n ,  its cur-. 
r e n t  s t a t u s  of p rocess  development, an  assessment  
of t h e  p rocess  technology,  a n  a n a l y s i s  of t h e  
p rocess /p roduc t  economics, and,  most s i g n i f i c a n t  
of a l l ,  a c r i t i c a l  and q u a n t i t a t i v e  e v a l u a t i o n  of 
t h e  c o s t  u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  t h e  op t ion .  

- - ---w- - 
COST UNCERTAINTY ANALYSIS 

Techn ica l  and economic a n a l y s e s  of developing tech- 
. no log ies  a r e  t h e  p r i n c i p a l  means of determining 

t h e i r  merits and commercia l izat ion p o t e n t i a l .  The 
f i n a l  product  c o s t  w i l l ,  i n  most i n s t a n c e s ,  be t h e  
major determining f a c t o r  of t h e  p roduc t ' s  market 

- - - - - . . p e n e t r a t i o n .  U n t i l  a p l a n t  is  cons t ruc ted  and put  
i n t o  o p e r a t i o n ,  a l l  c o s t  e s t i m a t e s  f o r  any p rocess /  
product  a r e  s u b j e c t  t o  u n c e r t a i n t i e s ;  and t h e  prob- 
a b i l i t y  of a s ing le -po in t  c o s t  e s t i m a t e  being cor-  

-- - r e c t  i s  r a t h e r  low. I d e n t i f y i n g  and q u a n t i f y i n g  
t h e  major a r e a s  of u n c e r t a i n t i e s  w i l l  permit  t h e  
e s t ab l i shment  of t h e  more meaningful upper and 
lower bound c o s t  e s t i m a t e s  t o  provide va luab le  
guidance t o  r e s e a r c h  programs and a l s o  pefmit more 
meaningful comparisons of t echno log ies  i n  d i f f e r e n t  
development s t a g e s  . 
The requ i red  product  revenue. from a p rocess  p l a n t  
can be  expressed g e n e r a l l y  as: 

* 
Revenue requ i red  = c a p i t a l - r e l a t e d  cha rges  + O&M 

c o s t  - by-product c r e d i t .  

Each component on t h e  r i g h t  s i d e  of t h e  equa t ion  
is  s u b j e c t  t o  u n c e r t a i n t i e s .  I n  a d d i t i o n ,  t h e  
r e l a t i v e  importance of t h e s e  components v a r i e s  
f r ~ m  process  t o  p rocess .  

Capi ta l -Related Charges 

F igure  2 i l l u s t r a t e s  t h e  major sources  of uncer- 
t a i n t i e s  f o r  p l a n t  investment  e s t i m a t e s .  The s t a t e  
of technology development,  equipment c o s t  e s t ima t -  
ing ,  and t h e  l e v e l  of t h e  c o s t  a n a l y s i s  a r e  in -  
c luded.  

S t a t e  of Technology Development. P l a n t  investment  
e s t i m a t e s  a r e  g e n e r a l l y  developed from an es t ima ted  
p rocess  des ign  b a s i s  t h a t  may c o n s i s t  of feed and 
product  s p e c i f i c a t i o n s  , process  flow s h e e t s ,  and 
h e a t  and m a t e r i a l  ba lance  d a t a .  The r e l i a b i l i t y  
of t h e  des ign  b a s i s ,  which i s  s t r o n g l y  dependent on 

* Operation and maintenance 

t h e  p rocess '  development s t a t u s ,  w i l l  a f f e c t  t h e  
e x t e n t  t o  which t h e  a c t u a l  p l a n t  c o s t  d e v i a t e s  
from t h e  o r i g i n a l  e s t ima te .  Experience has'shown 
t h a t  f o r  p rocesses  i n  e a r l y  development s t a g e s ,  
d e v i a t i o n s  of 50 pe rcen t  o r  much more a r e  no t  un- 
common. 

Equipment Costing. The u n c e r t a i n t i e s  a s s o c i a t e d  
wi th  equipment c o s t i n g  o f t e n  d e r i v e  from t h e  c o s t  
d a t a  a v a i l a b l e .  H i s t o r i c a l  c o s t  d a t a ,  even when 
updated by means of c o s t  i n d i c e s ,  a r e  o f t e n  s i g -  
n i f i c a n t l y  i n  e r r o r .  I n s t a l l e d  equipment c o s t  com- 
p r i s e s  des ign ,  m a t e r i a l ,  f a b r i c a t i o n ,  i n s t a l l a t i o n ,  
and t e s t i n g  c o s t s - - a l l  of which change a lmost  con- 
t i n u a l l y  over  t ime. U n t i l ' t h e  equipment i s  i n -  
s t a l l e d  and o p e r a t i o n a l ,  a c e r t a i n  amount of c o s t  
u n c e r t a i n t y  w i l l  p e r s i s t .  

Level of Analysis .  The l e v e l  of d e t a i l  of a c o s t  
e s t i m a t e  is a s i g n i f i c a n t  determining f a c t o r  of it$ 
degree  o f  u n c e r t a i n t y .  Major p rocess  u n i t s  f o r  a 
g iven process  a r e  u s u a l l y  r e a d i l y  i d e n t i f i a b l e .  
However, a p rocess  p l a n t  r e q u i r e s  u t i l i t y ,  energy 
conse rva t ion ,  p i p i n g  and ins t rumenta t ion ,  was te  
dispos ,able  systems,  and many o t h e r  a n c i l l a r y  f a c i l -  
i t i e s  t o  suppor t  i ts opera t ions .  I n  many c a s e s ,  
t h e s e  suppor t ing  systems r e p r e s e n t  a s i g n i f i c a n t  
f r a c t i o n  of t h e  t o t a l  p l a n t  investment .  Thus, t h e  
u n c e r t a i n t y  of a c o s t  e s t i m a t e  w i l l  dec rease  a s  t h e  
l e v e l  of d e t a i l  of t h e  p l a n t  des ign  on which i t  is 
based is inc reased .  

For t h i s  s tudy ,  a sys temat i c  approach was followed 
i n  q u a n t i f y i n g  t h e  c o s t  u n c e r t a i n t i e s  of a s e l e c t e d  
technology op t ion .  The f i r s t  s t e p  was t h e  e s t ab -  
l i shment  of a concep tua l  p l a n t  des ign base  c a s e  
economic a n a l y s i s .  The p l a n t  des ign was then  ex- 
a d n o d  i n  oeet iono (e.g. ,  food psopara t ion ,  oxygen 
p l a n t ) .  For each p l a n t  s e c t i o n ,  t e c h n i c a l  uncer- 
t a i n t y  l i m i t s  were a s s igned ,  based on c u r r e n t  
s t a t e  of t h e  a r t  and ou t look  f o r  f u r t h e r  innovat ion.  
Equipment c o s t  u n c e r t a i n t i e s  were then de f ined  
based on t h e  n a t u r e  of t h e  equipment, q u a l i t y  of 
t h e  c o s t  d a t a ,  and c o n s u l t a t i o n  wi th  s u p p l i e r s .  A 
s e t  of l o c a l i t y  c o s t  u n c e r t a i n t y  f a c t o r s  was a l s o  
determined by cons ide r ing  t h e  l i k e l y  l o c a t i o n s  of 
such a p l a n t .  

Operation and Maintenance Costs.  Operation and 
maintenance c o s t s  c o n s i s t  of f eeds tock ,  l a b o r ,  sup- 
p l i e s ,  and o t h e r  c o s t s .  Biomass f eeds tock  c o s t s  
tend t o  be h igh ly  u n c e r t a i n  because of r e g i o n a l  and 
s e a s o n a l  a v a i l a b i l i t y ,  s u p p l y l p r i c e  e l a s t i c i t y ,  
a l t e r n a t i v e  end-use market compet i t ion,  t r anspor ta -  
t i o n  c o s t s ,  and o t h e r  f a c t o r s .  Labor and supply 
m a t e r i a l  c o s t s  tend t o  be h i g h l y  s i t e - s p e c i f i c .  
Within t h e  United S t a t e s ,  a v a r i a t i o n  of p l u s  15  
pe rcen t  t o  minus 5 pe rcen t  (U.S. Gulf Coast a s  r e f -  
e rence )  can be expected. 

By-Product Cred i t .  For s e v e r a l  BES technology op- 
t i o n s ,  p a r t i c u l a r l y  biochemical convers ion rou te - .  
t h e  revenue from by-products may be a s i g n i f i c a n t  
f r a c t i o n  of t h e  t o t a l  p l a n t  revenues. Since 



.product c r e d i t  is  a  d i r e c t  o f f s e t  a g a i n s t  t h e  
renue requ i red . f rom t h e  energy product ,  t h e  eco- 

nomlC v i a b i l i t s  of such p rocesses  may hinge on t h e  
' 

by-product c r e d i t .  B.amples of important by- 
p roduc t s  from BES technology o p t i o n s  inc lude  f i b e r s  
(obta ined i n  t h e  convers ion of sugarcane t o  e tha-  
n o l ) ,  pentosans ,  l i g n i n  chemicals  (conversion of 
wood t o  e t h a n o l ) ,  and c a t t l e  refeed (convers ion of 
manure t o  s u b s t i t u t e  n a t u r a l  gas ) .  I n  examining 
by-product v a l u e s ,  one needs t o  cons ide r  t h e i r  cur-  
r e n t  market va lue ,  priceldemand e l a s t i c i t y ,  a l t e r -  
n a t i v e  end uses ,  and p o t e n t i a l  a l t e r n a t i v e  markets.  

RESULTS AN! DISCUSSIONS 

su*ary r e s u l t s  of c o s t  u n c e r t a i n t y  a n a l y s i s  a r e  
presented and d i scussed  below f o r : .  

1. E l e c t r i c  power genera t ion  

2. O i l  and char  product ion by p y r o l y s i s  

3. C a t a l y t i c  l i q u e f a c t i o n .  

'Technology f o r  t h e  f i r s t  op t ion  i s  a v a i l a b l e  now. 
Technology f o r  product ion of p s r o l y t i c  o i l  from 
wood i s  es t imated t o  be a v a i l a b l e  by 1985. The 
a v a i l a b i l i t y  of c a t a l y t i c  l i q u e f a c t i o n  technology 
appears  t o  be more d i s t a n t ,  most l i k e l y  some time 
b e y u ~ ~ d  1985. 

Power Generat ion 

The es t ima ted  product  revenue requirements  f o r  
e l e c t r i c  power genera t ion  by wood combustion is 
shown i n  F igure  3 .  The requ i red  s e l l i n g  p r i c e  of 
t h e  power ranges  from about  5  t o  9  c e n t s  p e r  kWh. 
The most l i k e l y  e s t i m a t e  is 6.5 c e n t s  p e r  kWh. The 
e s t i m a t e s  a r e  f o r  a  g r a s s  r o o t s  p l a n t  consuming 
1,000 d ry  t o n s  p e r  day of wood t o  produce 44 Mkl of 
s a l a b l e  power. U t i l i t y  type of f inanc ing  (65135 
d e b t l e q u i t y )  and a  30-year p r o j e c t  l i f e  wi th  
s t r a i g h t - l i n e  d e p r e c i a t i o n  were assumed. Wood c o s t  
was assumed t o  be $1.25 pe r  m i l l i o n  Btu (base  case )  
d e l i v e r e d  t o  t h e  p l a n t  g a t e .  

Figure  3  i n d i c a t e s  t h e  major c o n t r i b u t o r s  t o  c o s t  
u n c e r t a i n t i e s  a r e  feed c o s t ,  c a p i t a l - r e l a t e d  
charges ,  and l a b o r  c o s t s .  An i n c r e a s e  i n  wood c o s t  
from $1.25 (base  case )  t o  $1.70 (high case )  p e r  
m i l l i o n  Btu would i n c r e a s e  t h e  power c o s t  by 0.76 
c e n t  pe r  kWh. Reducing t h e  wood c o s t  t o  $1.00 p e r  
m i l l i o n  Btu (low case )  r e s u l t s  i n  a  0.42 cen t  p e r  
kWh dec rease  i n  t h e  power c o s t .  The c a p i t a l -  
r e l a t e d  charges  were c a l c u l a t e d  based on t h e  e s t i -  
mated range of p l a n t  investment  shown i n  F igure  4. 
The major investment i t ems  a r e  t h e  b o i l e r ,  t u rb ine -  
g e n e r a t o r ,  and u t i l i t i e s  ( inc lud ing  coo l ing  towers,  
wa te r  t r ea tmen t ,  e t c . ) .  S ince  t h e s e  i t ems  a r e  com- 
m e r c i a l l y  proven, t h e  c o s t  u n c e r t a i n t i e s  a r e  p r in -  
c i p a l l y  due t o  equipment c o s t  e s t i m a t i n g  and l o c a l  
c o n s t r u c t i o n  c o s t .  Labor c o s t  u n c e r t a i n t i e s  stem 
from t h e  degree  of p l a n t  automation and v a r i a t i o n  
i n  l o c a l  wage r a t e s .  

O i l  and Char from Wood ~ v r o l ~ s i s  

D e s t r u c t i v e  d i s t i l l a t i o n  i s  t h e  b a s i c  p r i n c i p l e ' o f  
t h i s  technology op t ion .  A  d i s c u s s i o n  of t h e  proc- 
e s s  v a r i a n t s  and t h e i r  c u r r e n t  development s t a t u s  , 

has  been repor ted  by Kohan e t  a l .  [ I ]  The b a s i c  
process  des ign  presented i n  [l] provided t h e  s t a r t -  
ing po in t  f o r  t h i s  eva lua t ion .  

F igure  5  shows t h e  e s t ima ted  prcduc: revenues r e -  
qu i red  f o r  t h e  t o t a l  product  n i x  ( o i l  and c h a r ) ,  
which range from about $7 t o  $12.5 p e r  m i l l i o n  Btu. 
The major c o n t r i b u t o r  (almost 50 pe rcen t )  t o  t h e  
p roduc t s '  c o s t  i s  f eeds tock  c o s t .  Cap i t a l - r e l a t ed  
charges  (about 25 pe rcen t )  a r e  comparat ively  smal l  
because of t h e  r e l a t i v e l y  simple p rocess  scheme. 
The u n c e r t a i n t i e s  shown i n  F igure  4 f o r  f eeds tock  
charges  r e f l e c t  changes i n  wood c o s t  from $1.25 per  
m i l l i o n  Btu (base  case )  t o  $1.00 and $1.70 per  m i l -  
l i o n  Btu f o r  t h e  low and high l i m i t s ,  r e s p e c t i v e l y .  

The es t ima ted  p l a n t  investment range i s  shown i n  
F igure  6.  The p y r o l y t i c  r e a c t o r  and product  r e -  
covery system a r e  s t i l l  under development, and a r e  
judged t o  be  t h e  p l a n t  . s ec t ions  wi th  t h e  h i g h e s t  
degree  of t e c h n i c a l  and equipment c o s t  u n c e r t a i n t y .  
However, t h e  investment f o r  t h e s e  s e c t i o n s  i s  e s t i -  
mated t o  be only  about 20 pe rcen t  of t h e  t o t a l ,  and 
t h u s  t h e  o v e r a l l  impact is  somewhat moderated. As 
shown i n  F igure  5,  c a p i t a l - r e l a t e d  charges  uncer- 
t a i n t y  i s  cons ide rab ly  smal l e r  than t h a t  of feed-  
s t o c k  charges .  

F igure  7  shows t h e  impact of t h e  cha r  c r e d i t  on t h e  
product o i l  revenue requirements .  The o v e r a l l  t h e r -  
mal e f f i c i e n c y *  of t h e  p rocess  is  about 74 pe rcen t .  
From process ing  1,000 d r y  t o n s  p e r  day of wood, t h e  
p l a n t ' s  o i l  product ion a t  1,210 b a r r e l s  pe r  day 
r e p r e s e n t s  only  about 40 percent  of t h e  product  
energy ou tpu t ;  t h e  by-product cha r  (290 t o n s  p e r  
day) c o n s t i t u t e s  t h e  remaining 60 p e r c e n t .  Thus, 
t h e  revenues generated by t h e  cha r  product  w i l l  
s i g n i f i c a n t l y  a f f e c t  t h e  r equ i red  product  o i l  reve-  
nue, which may range from about  $25 t o  about $32 
p e r  b a r r e l .  Thus, t h e  cha r  product  v a l u e  w i l l  
l i k e l y  be t h e  key t o  t h e  economic v i a b i l i t y  of t h i s  
p rocess .  

C a t a l y t i c  L iquefac t ion  'Process 

The c a t a l y t i c  l i q u e f a c t i o n  of biomass i s  c u r r e n t l y  
being developed i n  a  DOE-sponsored p i l o t  p l a n t  i n  
Albany, Oregon. The h i s t o r y  and t e c h n i c a l  develop- 
ment of t h e  p rocess  have been repor ted  p rev ious ly  
[I through 83. A schemat ic  diagram of t h e  pirocess 
is  shown i n  F igure  7. The p l a n t  c o n s i s t s  of two 
major p rocess  t r a ins - - the  l i q u e f a c t i o n  t r a i n  and 
an oxygen-blown g a s i f i c a t i o n  t r a i n  t o  provide t h e  
carbon monoxide needed f o r  t h e  l i q u e f a c t i o n  

* Defined a s :  HHV of p roduc t s  x  100 + (HHV of 
f eed  + purchased energy f o r  p l a n t  o p e r a t i o n ) .  



reaction. A catalyst (e.g., sodium carbonate) is 
used to promote the reaction of biomass with CO to 
produce an oil product. The reaction is carried 
out under rather severe operating conditions 
(2,000 to 2,500 psia at 500 to 700'~) and with ex- 
cess CO. Conceptually, the catalyst, unconverted 
solids, and carbon monoxide are recovered'Crom the 
reactor effluent stream and recycled. Engineering 
development work to implement the concept is cur- 
rently ongoing. Various methods to introduce 
solid feed into the high-pressure reactor system 
are also being examined. The technology for 

' oxygen-blown gasification of biomass is under de- 
velopment as well. 

The estimated product revenue requirements for 
catalytic liquefaction of wood (based on the cur-. 
rent state of process know-how) are shown in Fig- 
ure 9 and range from about $31 to $58 per barrel. 
Capital-related charges represent about 35 percent . 
of the product cost and exhibit a high degree of 
technical and equipment cost uncertainties because 

--.-. -oT the complexity of the process and its early 
stage of development.' Feedstock cost is again a 
major contributor to product cost. The estimated 
plant investment for a 1,000 dry-ton-per-day wood 
plant ranges from $50.1 million to $94.2 million, 

, -  .. as shown in Figure 10. A significant fraction (30 
percent or more) of the plant investment is asso- 
ciated with the generation, recovery, and recycle 
of the carbon monoxide, suggesting that this may 

.- . . --.be an area deserving research and optimization. 
Utilities also require major investsents. The 
high operating pressure and the large mechanical 
work requirements for compression, recycle, and 
wood grinding oper'ations result in heavy steam and 
power loads. Optimization of process.energy con- 
servation may'be quite cost effective in this case. 
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FUTURE ACTIVITIES 

Technology and cost analyses for the selected op- 
tions (see Table 1) will be completed for the data 
bank. Market penetration studies and interfuel 
competition analysis will then draw on the devel- 
oped data bank. 



Table  1 

TECHNOLOGY OPTTONS SET.F.CTEn 
FOR DATA BANK 

Thermochemical Options 

g E l e c t r i c  power g e n e r a t i o n  
I Steam gene ra t ion  
, Cogeneration 

D e n s i f i c a t i o n  
LBG (low p r e s s u r e )  
I B G  (low p r e s s u r e )  
SNG 
P y r o l y t i c  l i q u i d  p roduc t s  
Methanol 
C a t a l y t i c  l i q u e f a c t i o n  
Hydrocarbons from p l a n t s  

Biochemical Option? 

Ethanol  from suga r  crops  
Ethanol  from corn  
SNG and IBG from manure 
Ethanol  from wood 
Ethanol  from c rop  r e s i d u e s  
Ethanol  from a q u a t i c  biomass 
SNG from k e l p  



PROJECT PERFORMANCE SCHEDULE 

Year 11978-1- 1979 -11980 - 
M o n t i  10 11 12 1 2 3 4 .  5 6 7 8 9 10 11 12 1 ' 2 3 4 

I I . I  I I I I I I I 1 I I I I I I I J 
V Project Initiation 

V Program Definition 

Meth~odology Development 

V D a t a  Bank Construction 
A 

VSERl  Conference 

Federal Role Assessment 
F 

V B g i o n a l  ~ y r k e t  Penetration Analysis 
n 

V Interfuel Competition 
Analysis ( ~ a t i a n a l ) A  



State of 
Technology: 

Equipment 
Costing: 

Level of 
Cost Analysis: 

SOURCES OF UNCERTAINTIES FOR PLANT INVESTMENT ESTIMATES 

Basic and Technology 'and Demonstration or Commercial 
Applied Research Engineering Developlnent Prototype Plant Application 

Historical Vendor Quotes Firm Bids Installation 
Cost Data (General) (Specific) and Testing 

Scoping Conceptual Design Detailed Design Post Audit 
and Engineering 
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POWER GENERATION BY WOOD COMBUSTION 

[MID-1979 DOLLARS) 
9.1 1C 

Per kW 

i .ooa 

0.74 - 

1.62 

2.87 

2.88 

1' 
Basis: 1000 Dry TonsIDay of Wood Feed / 

44 M W  Power Output 
Utilities Financing L 

6.460 ,:I/' 

Low Base Case High 

11 
/ 

/ 
1'. 

/' 

/ 
0 

0 

//0.80@ 
0.54 

1.05 

1.95 

2.12 

4.920 ,/',: 
M & S  Misc. 

0'35 La,or 

Cap. Rel. 

Feed 

0.61 c 

0.64 

1.62 

1.70 

,/;/ H 

';, 

0 /  

)Od 



PLANT INVESTMENT ESTIMATES FOR 
ELECTRIC POWEW GENERATION BY WOOD COMBUSTION 

(MID-1 979 DOLLARS] 

Basis: 
$74.5 

1000 Dry TonslDay of Wood Feed (Mil l ion) 
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TOTAL PRODUC*TS' REVENUE REQUIREMENT FROM WOOD PYROLYSIS 
IMI.0-1979 DOLLARS) 
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PLANT INVESTMENT ESTIMATE FOR PRODUCTION 
OF OIL AND CHAR FROM WOOD BY PYROLYSIS 
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PRODUCT OIL REVENUE REQUIREMENT ESTIMATES 
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ABSTRACT 

This report  summarizes t h e  initial results of Phase 1 of a planned multi-year 

program sponsored by t h e  U.S. Depar tment  of Energy. The overall objective is t h e  

design, construction, and operation of a th ree  oven-dry ton per day process development 

unit (PDU) to demonstrate t h e  economic and technical feasibility of producing anhydrous 

ethanol from lignocellulosic biomass residues (wood, corn stover, wheat straw, principally). 

The report specifically focuses on a proposed conceptual  design for t h e  PDU. 

It  discusses biomass cost and availability in addition t o  unit operations: (I) pre t reatment ,  

(2) hydrolysis, (3) fermentation,  (4) alcohol recovery, ( 5 )  by-product utilization, and 

(6 )  environmental monitoring. Results of a process optimization and sensitivity 

analysis for dilute acid hydrolysis a r e  included. 



1.0 INTRODUCTION 

The conceptual  design for a th ree  oven-dry ton per day biomass fermentation 

facil i ty is presented. Based on a detailed evaluation of' emerging technologies and 

improved modifications of current  technology, a mainstream process and optional 

unit operations and sub-systems have been se lected which offer  t h e  greates t  probability 

of success for a n  economic and technically feasible. process for production of ethanol 

f rom lignocellulosic biomass (hardwoods, wheat straw, corn stover, etc.) 

The design is intentionally flexible as st ipulated in t h e  contractual  objectives. 

Recommendation of equipment is premised on i t s  versati l i ty for  multi-functional 

application, thus enabling investigators to assess a number of process configilratlons 

while adhering to  a cost-effective capital  investment in t h e  process development 

unit. A specif ic  cri terion in selection has been t o  faci l i ta te  t h e  generation of engineering 

data  based on t h e  application of t h e  results of research contractors  of t h e  U. S. 

Department of Energy. 

The design for a tota l  system includes t h e  facil i ty for  evaluation of pre t reatment  

options, fo r  isolation of by-product streams, for evaluation of acid and enzymat ic  

hydrolysis, sugar concentration, a l ternat ive  fermentation technologies and alcohol 

recovery for production of absolute ethanol. In order to  maintain capi ta l  cos ts  f o r  

t h e  PDU within reasonable l imits monitoring of by-product s t reams  will be  undertaken 

and, fo r  unit operations with medium-term potential  (such as membrane'concentration 

of ethanol), but  which a r e  in early s tages  of development, smaller-scale equipment 

andlor plumbing taps  for la ter  addition of full-scale (i.e., PDU-scale) equipment 

is recommended. 

The rationale, and process economics, upon which t h e  recommendations a r e  

based is detailed, a s  is a study of biomass feedstock availability. 

The presentation is necessarily brief and fur ther  details  may be found in t h e  

first two  quarterly reports of this con t rac t  (1,2). 



2.0 PROCESS DEVELOPMENT UNIT 

The preliminary design of t h e  process development unit is presented in Figure 1 

as a process block diagram. The preferred mainstream process is denoted by solid lines. 

3.0 BIOMASS FEEDSTOCKS AND AVAILABILITY 

Georgia-Tech es t imates  indicate tha t  t h e  total  national biomass potential, 

est imated a s  "annually recoverable", is over 305 million dry tons, of which agricultural 

residues represent 34.5% and woody biomass 65.5% of t h e  total. Assuming 10-33% 

usage of this total ,  30.5-101.7 million tons will be  available as  feedstock. This volume 

corresponds t o  87-290 plants of 1,000 ODTIday input which, exclusive of economic 

considerations, could be  sustained in prepet.uity on a nationwide basis. Wood could 

sustain 57-190 fermentation plants of this size. 

A 1000-ODTIday wood fermentation plant, operating 340 days per year, might 

produce about 17 million gallons of anhydrous ethanol. Consequently, a nationwide 

annual production level of from 1.1 to  3.2 billion gallons of anhydrous ethanol may 

b e  possible assuming between 10-33% usage of available feedstocks of wood. 

A survey of agricultural and forest  exper ts  and organizations has indicated 

t h a t  wood feedstocks a r e  available, on a delivered basis, for less than $ 3 0 / 0 ~ T ,  

with costs averaging about $26/ODT in Georgia. There is no evidence t o  suggest 

t h a t  corn stover or  wheat s t raw is available at costs approaching t h a t  nf wnod. 

Estimates for wheat straw delivered t o  Atlanta f rom within Georgia ranged f rom 

$40-80 per ton, with $60/ton being a norm. The cost  of corn stubble, undelivered, 

was $45/ton (wood, undelivered, ranged from $7.50 - $lO.OO/ton). The USDA, North 

Cenrral  Region (Peona, Illinois) quoted wheat and o a t  s t raw a t  $79.75/ton and "Hay, 

alfalfa,  heavy grass mixed, U. S. Grade No. 2" at $61.70/ton for  February of 1979. 

(See Table 1) 

The information stongly suggests t h a t  agricultural residues of a cellulose nature a r e  

not now ecsnamically a t t r ac l ive  as a feedstock for alcohol production on a large-scale. 



Figure I 

Biomass Fermentation Facility 
Process Block Diagram 
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4.0 PRETREATMENT 

Lignocellulosic materials  a r e  essentially immune t o  cellulolytic enzymes unless 

they a r e  pretreated.  The resistance is apparently due t o  the  close physical and/or 

chemical  association between lignin and t h e  cellulosic and hemicellulosic fractions 

and to t h e  crystallinity of t h e  cellulose. In order t o  utilize t h e  cellulose effectively 

s o m e  method of p re t rea tment  t o  disrupt t h e  physical association with lignin and 

which reduces t h e  molecular weight of t h e  cellulose o r  renders i t s  s t ruc tu re  amorphous 

is desirable. 

An investigation of various pre t reatment  options strongly indicates tha t  not 

only disruption of t h e  lignin-cellulosic "complexes" was preferred but also t h e  

physical isolation of t h e  lignin f rom t h e  raw material  is recommended prior t o  hydrolysis 

and fermentation.  The principal advantages of th is  approach are as follows: 

(a) Increased surface  a r e a  accessibility of cellulose 

(b) Reduced reactor  volume fo r  hydrolysis and fermentation (Higher throughput 

or lower capi ta l  costs) 

(c) Enhanced degree of enzymat ic  conversion 

(d) Removal of toxic lignin degradation products 

(el Possibility for recycling during acid hydrolysis leading t o  effect ive  conversion 

levels of 80-85% sugars from cellulose (See Process Economics). 

(f) Isolation of a "pristineff lignin by-product with high value-added commercial  

potential. 

A number of chemical  pre t reatments  and physical pre t reatments  (Table 2) 

which 'focus pflncipally on thc  rerr~uvd of . l i p i n  f rom the raw material  were  evaluated. 

Similarly, pre t reatments  which emphasize cellulose dissolution were assessed. The 

regenerated cellulose (rayon) fiber industry, and more recently investigators at Purdue, 

have studied t h e  l a t t e r  technique for some years. ~ y ~ i c a l  solve'nts a r e  given i n l a b l e  3. 

With regard to cellulose solvents their  cost  and problems of toxicity render them 

economically and environmentally unat t ract ive  with the  possible exception uf concen'.. -. :( 







sulfuric  acid. However, this t r e a t m e n t  t y p e  which was extensively s tudied as t h e  

Hokkaido Process,  and which more  recent ly  is being explored at .Purdue, appea r s  t o  
* 

be seriously impaired by t h e  lack of an economic  recovery method f o r  t h e  concen t r a t ed  

acid. 

Based on a technica l  and economic  assessment  of t h e  various p r e t r e a t m e n t s  

( s ee  Table  4),  t h e  proposed design fo r  t h e  process development unit might  incorporate:  

(a) S t eam t r e a t m e n t  wi th  or  without  so lvent  del ignif icat ion 

(b) Autoclaving with di lute ac id  and high shea r  mixing 

(c) Dilute ac id  prehydrolysis (hemicel lulose removal)  

(dl Cellulose dissolution. 

Final  select ion of t h e s e  p r e t r e a t m e n t s  r e s t s  on t h e  f inal  cap i t a l  cos t s  for  incorporation. 

This design allows t h e  isolation of t h e  hemicel lulosic f r ac t ion  prior t o  cel lulose 

hydrolysis or ,  a l te rna t ive ly ,  al lows hemicelluloses t o  be  ca r r i ed  through wi th  cel lulose 

f o r  l a t e r  hydrolyt ic  and f e rmen ta t ion  operations. 

Batch ex t r ac t ion  s tudies  on poplar wood chips and  on poplar chips whic'h have  

been  steam-exploded suggest  so lvent  del ignif icat ion ef f ic ienc ies  of 73-10096 may be  
' 

achievable a f t e r  a one-two hour ex t r ac t ion  of s team-exploded chips with 95% ethanol .  

This r ep resen t s  up t o  a five-fold inc rease  in  deg ree  of delignification. 

5.0 HY DP.OLY SIS 

In arr iving at recommended hydrolysis opera t ions  for  inclusion in  t h e  conceptua l  

design of t h e  PDU a deta i led  invest igat ion of ac id  and  e n z y m a t i c  processes w a s  

ini t iated.  The  principal processes  which were  inves t iga ted  a r e  given in Tables 5 and 6 .  

5.1 ACID HYDROLYSIS 

A process opt imiza t ion  study,  which will b e  de ta i led  e lsewhere  (3), was undertaken 

to  predic t  t h e  c o s t  of hexose production by d i lu te  ac id  hydrolysis using a continuously 

, s t ~ r r e d  r eac to r  (cSTR) and a plug f low reac to r  (PFR). 









I Previously published r epor t s  have  e s t ima ted  t h e  cos t  of hexose produced by 

the d i lu te  acid hydrolysis o i  cel lulose (4,5). Both studies employed a design which 
3 - , , 

! was based on opera.ting condit ions which maximized hexose production exi t ing  t h e  
, 
I reactor .  Opera t ing  condit ions which maximize  hexose concent ra t ion  would also 

represent  t h e  minimum cos t  for  hexose  produced, if t h e  cos t  of t h e  cel lulose raw 

ma te r i a l s  were  negligibie. In fact, t h e  contr ibutions of t h e  c o s t  of cel lulose raw 

ma te r i a l s  t o  t h e  cos t  of  hexose production is subs tant ia l  (1). This analysis has considered 

t h e  e f f e c t  of raw m a t e r i a l  cos t s  in order  t o  pro jec t  minimized hexose costs .  

The  analysis  was modelled on a process which assumes  a wholly cel lulose feeds tock  

en te r ing  t h e  hydrolyt ic  reac tor  where  i t  is r eac t ed  with d i lu te  su l fur ic  acid,  t h e  

sugar solut ion and unreac ted  cel lulose slurry exi t ing  t h e  r e a c t o r  being neut ra l ized  

by l ime, '  f i l te red  t o  recycle  t h e  un reac t ed  cellulose, with t h e  d i lu te  hexose solut ion 

being concen t r a t ed  by mul t i -e f fec t  evaporat ion (Figure 2). 
. . 

The major  cos t  e l emen t s  of producing hexose by th is  process is given as: 

cost - - Cost of cell  ulose consumed + cost of acid-lime + cost of reactor 
kg hexose ka hexose kg hexose . kg hexose 

i concentrator cost + cell  ul ose recycle cost 
kg hexose kg hexose ( E q n .  1.) 

The cost function ( E q n .  1 ) can be expressed symbolically as follows: 

cost - - v o ( c k 0  - Q C ; ) $ ~  + V o C ~ S ~  + V$ 
kg hexose v C C v + ( / C  - C * $cone + 

o g  9 0 CgVO 9 9 
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where Sc = cost  of cellulose, where vo = voJutnetric f lowrate,  
$/kg equivalent hexose m /hr 

$ - cost of acid-lime, 0 = fraction of cellulose 
, A / k g  acid exitil'lg t l ~ e  reactor  

. which can be recovered 
and recycled 

SR = cost  of reactor  CA = concgntration of acid, 
(fixed + oper  in 3 l3 k/gm charges), $/m reactor-hour 

= conufntrator charges, V = volume of reactor,  m 
3 

'conc $/m evaporated 

'recycle = recycle charges, * = desired concentration 
$/kg cellulose recycled Cg , of hexose, exi t  

concentrator,  kg/m 3 

The assumptions made in constructing t h e  model process a r e  shown in Table 7. 

The parameters  which were investigated a r e  given in Table 8. 

The kinetics for t h e  saccharification of cellulose.and t h e  degradation of glucose 

reported by Saeman were used t o  model t h e  reactions (6) .  This includes ra te  expressions 

both for  cellulose disappearance and glucose degradation. 

A separate  optimization was developed for both types of reactor,  CSTR and 

PFR. 

,The cost  optimization equations for a CS?R and PFR were  derived. Both minimized 

cost  functions were derived f rom differentation with respect t o  the  residence t ime, 

(hours). The optimum residence t imes  for both reactor  types were obtained as functions 

of temperature ,  acid concentration,  feedstock concentration,  etc. t o  obtain t h e  

minimum cost  of production of hexose solutions. A computer program was writ ten 

to evaluate  both optimum residence t i m e  and minimized hexose cost. 

Under standardized "baseline" operating conditions t h e  rninimited hexose cost  

and t h e  contributions of t h e  primary cost  elements of t h e  model process a r e  given 

in Table 9. It was determined t h a t  t h e  use of a plug flow reactor  is f a r  superior 

to  a continuously st irred reactor in t h e  dilute acid hydrolysis process. An expanded 

sensitivity analysis for PFR operation indicated t h a t  sugar production costs  could 

b e  lowered t o  4 . 7 ~ I l b  for a 20% feedstock slurry input and t o  4.4CIlb for  a 30% slurry, 

529 



TABLE 7 

PROCESS ASSUMPTIONS 

1. Cellulose feed  f r e e  of hemicellulose and lignin. 

2. Douglas f i r  kinetics (Saeman). 

3. Cost of cellulose based on wood cost  at 45% cellulose content. 

4. No cred i t  for lignin or hemicellulose. 

5. 90% recovery of unreacted cellulose from reactor  product stream. 

6. Lime neutralization of hydrolysis acid solution. 

7. Multiple-effect evaporation. 

8. 13% final hexose concentration. 

TABLE 8 

MODEL PARAMETERS 

Reactor  types  (CSTR, PFR, and Fixed Bed). 

Cost  of cellulose (wood). 

Concentration of cellulose feed. 

Concentration of sulfuric acid. 

Temperature 

Cost  of Reactor.  

Cost  of sulfuric acid and t h e  equivalent l ime for neutralization. 

Cost  of recycling unreacted cellulose. 

Cost  of concentrating hexose solution. 

Concentration of final hexose solution. 



TABLE 9. Minimized Hexose Costs Under Base Line Operating Condirions* - 

CSTR PFR 

$/kg Percent of $/kg Percent of  
Unit Costs Hexose Total Cost Hexose Total Cost 

Cell ulose Raw Material Cost . lo40 64.8 .0906 72.7 

Acid and Equivalent Lime Cost .0217 13 .6  .0150 12.0 

Reactor Cost .0002 .1 .0002 .1 

Hexose Concentration Cost .0264 16.5 .0150 12.0 

Cell ul ose Recycle Cost .0080 5.0 .0040 3.2 . . 

TOTAL ($/kg) 

TOTAL ($11 b )  

*lo% S l u r r y ;  1 % S u l f u r i c  Acid,; 2 1 0 ~ ~ ;  $30/ODT Wood; 13% Sugar Solu t ion  



PFR CSTR 
o 10% Feed Ceilulose Slurry 1 
A * 20% Feed Cellulose Slurry 

30% Feed Cellulose Slurry 

Cost Of Wood, $@DT 

Figure  3 . E f f e c t  of Wood-Cost on the  Elinimized c o s t  
' 

of  Producing a 13% Hexcse S o l u f i o ~ l  in a CSTR 
and a PFR System ( see  Table 4-3 f o r  o t h e r  
ope ra t ing  condi t ions) .  



(Table 10). whether a plug flow reactor can actually operate at t h e  slurry concentration 

T U S ~  be determined experimentally. The da ta  in Table 10, nevertheless, do point 

out t h e  significant cost  contribution made by t h e  raw material. 

Ethanol at $1.20/gallon of 95% alcohol ($15/MMBtu) is t h e  equivalent of $0.169/kg. 

The es t imated cost  of converting hexose t o  95% ethanol is $0.044/kg of hexose. 

Thus, i t  appears t h a t  the  cost  of ethanol (95%) can be held t o  $1.20/gal. if hexose 

can be produced from cellulose for $0.125/kg hexose. The results  of this study (Table . , 

10 and Figure 3) indicate tha t  an  optimized PFR recycle system will mee t  this cost  criterion. 

A similar optimization study is underway for a fixed bed reactor  (FBR) system 

and current results indicate tha t  t h e  FBR economics possibly will be superior t o  

those  projected for t h e  PFR. Based' on t h e  proven technological feasibility of FBR 

systems, and t h e  modern advances in materials  of construction and fluid dynamics, 

our conceptual  design favors t h e  FBR, with a strong recommendation for incorporation 

of an optional PFR unit. 

5.2 ENZYMATIC HYDROLYSIS 

The benefit  of sensitivity analyses, as was undertaken with dilute acid hydrolysis, 

is to predict t h e  advantages and relat ive meri ts  of production with different reactor  

designs. Centra l  t o  t h e  success of such analyses is t h e  reliability of a n  accura te  

chemical  model and reaction kinetics. Unfortunately, in t h e  case of enzymat ic  hydrolysis, 

the re  is a real  lack of da ta  to  e f f e c t  such a study. Our studies have confirmed tha t  

a number of organisms have a significant and increasing level of cellulolytic ac t iv i ty  

and t h a t  major improvements in cellulolytic ac t iv i ty  might be  expected in t h e  next 

f e w  years  by progressive strain selection. However, t h e  dear th  of kinetic information 

and engineering design makes i t  extremely difficult t o  specify hardware which could 

be incorporated into t h e  PDU'design, although i ts  utility in future  economic production 

processes based on enzymtic  hydrolysis is anticipated. 



TABLE 10 

Effect of Feed Concentration on Hexose Production Cost 
For PFR Operation 

Slurry 'Concentration 
Production 
Cost Components 

10% 20% 30% 
- - 

Cellulose Cost 

Cost of Acid and 
Equivalent Lime 12.0 6.7 , 4.2 

t 

Reactor Cost 0.1 0.1 0.1 I 

Hexose Concentration 12.0 2.3 0.0 I 

4.4 Cellulose Recycle 3.2 5.1 
I 

TOTAL 100.0 100.0 100.0 

Hexose Production 
C0.G 

Hexose Soln. Cdnc. 
Exiting Reactor 



As a n  initial determination our desigr, has excluded t h e  incorporation of an  

ancillary enzyme production sub-system. Future.studies in. t h e  PDU will undoubtedly 

explore more than one enzyme.sys tem and sizing and specification of enzyme production 

units a r e  influenced by the  nature  and r a t e  of production of an  enzyme. I t  has been 

fu r the r  judged t h a t  a recommended enzyme hydrolysis reactor  should emphasize 

versati l i ty in design. 

At this stage,  sim ui taneous saccharif ication and fermenta t ion (SSF), a s  represented 

by t h e  Gulf process; appears to have significant advantages, particularly on a n  economic 

basis, relat ive t o  mult istage enzymat ic  hydrolysis and fermenta t ion processes such 

as empioyed in t h e  Natick process. According t o  W. S. Fong (71,. in t h e  multi-stage 

processes, t h e  enzyme production and hydrolysis plant sections represent  t h e  most 

costly plant sections, accounting fo r  31% and'24% respectively, of t h e  fixed capi ta l  

investment. This major capi ta l  inves tment  is reduced in SSF operation. According 

t o  G. H. Emert,(8) in an  SSF process t h e  ethanol yield is increased by as much a s  40% 

by immediate  conversion of glucose on formation, thus eliminating glucose inhibition 

of hydrolysis. SSF eliminates t h e  need fo r  separa te  hydrolysis and fermenta t ion 

vessels and separa te  s tages  for recovery and concentrat ion of enzyme. 

An investigation of bioreactor designs included.those'identified in  Table 11. 

Our choice of design is based on a CSTR. I t  can be  specified in a variety of sizes 

and configurations and purchased conveniently. 

Its flexibility and versati l i ty is apparent  in t h e  ability t o  opera te  in batch or continuous 

modes. With a ' l a r g e  height-to-diameter ratio, within limits, it may be  adapted f o r  

operation a s  a fluidized bed reactor.  With appropriate ancillary piping i t  may be 

used.as a fixed bed-type reactor. The PDU design allows t h e  preferred SSF mode 

of operation also. 



TABLE 11 

REACTOR DESIGNS FOR ENZYMATIC HYDROLYSIS 

CSTR 
Natick 
Indian Istitute of Technology 
University of California - Berkeley 
CE - University of Pennsylvania (Counter-Current) 

Fixed Bed 
Tokyo Institute of Technology 
Massachusetts Institute of Technology 
Dynatech R and D Company 

Fluidized Bed 
Tokyo Institute of Technology 

. Oakridge National Laboratory 



6.0 FERMENTATION (. 

A number of designs were evaluatecl for t h e  fermentation operation 

(Table 12). 

Table 12 

Fermentation Processes 

Open-Vat Fermentation 

Deep-Vat Fermentation 

Tower Fermentation 

Vacuum Fermentation 

Deep Jet Fermentation 

It was decided to  se lect  t h e  deep vat  fermenter  which may be used as  an  open va t  ' 

fermenter ,  t o  evaluate  if a s t r i c t  asepsis is needed. I t  can also be used as  a deep 

vat fermentei '  will1 or withour asepsis, and to  study t h e  ex ten t  of power requirement 

depending on t h e  degree of agitation. The fe rmente r  can also be used in SSF type 

operation. Therefore, this universal design is qui te  flexible and can be operated 

in th ree  different modes. The same fermenter  may also be used for continuous vacuum 

fermentation as well a s  simultaneous saccharification and fermentation type operations. 

The flow diagram (Fig. 4 )  of a conventional continuous fermentation type operation 

indicates t h a t  carbon dioxide produced during t h e  course of fermentation causes 

an  ex t ra  load on t h e  vacuum system. This is undesirable. The proposed PDU unit 
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Figure 4 CONYNUOUS VACUUM FERMENTATION . (CONVEJI'IONAL) 



will include t h e  provision for  SSF and continuous fermentation with indirect vacuum 

(Fig. 5j.. This is superior to  t h e  classical vacuum fermentation; first,  carbon dioxide 

is recovered separately without causing any ex t ra  load on t h e  vacuum system; second, 

since t h e  flashed liquor is recycled i t  does reduce t h e  requirement of cooling water 

for t h e  fermenter.  Finally, since t h e  fermentation itself is carried out under normal 

conditions, I t s  control  is much simpler as compared with the  conventional vacuum 

fermentation. 

The tower  fermenter  is a desirable option. A decision for i t s  inclusion t o  handle 

full scale  throughput ra te  will be controlled by i t s  cost  but a small scale  unit t o  

process a side s t ream may be  desirable for t h e  following reasons: 

1. Considerable increase in t h e  efficiency is reported by t h e  European brewing 

industry. Fermentation t imes  as low as 2 hours, as compared with t h e  

batch fermentation t imes  of 3-5 days, a r e  reported. 

2. The unit is very simple t o  maintain and operate. 

3. Because of i t s  shape t h e  tower fermenter  occupies a much smaller floor 

space as compared with conventional CSTR type system. 

7.0 ETHANOL RECOVERY 

It  is well-recognized t h a t  t h e  production of 95% ethanol is relatively easy 

by conventional distillation but tha t  a costly energy-intensive azeotropic  distillation 

is required t o  produce anhydrous ethanol. Removal of water  is necessary for blending 

with gasoline. 

The fi l tered liquor a f t e r  fermentation contains not  only ethanol and water,  

but also small  quantities of many other  relatively volatile components, including 

low boiling-point acetaldehyde and es te r s  and a complex' mixture generally known 

a s  fuse1 oil. This has a higher boiling point than ethanol or i t s  aqueous azeotrope 
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and contains many higher alcohols including amyl, isopropyl and butyl, together with 

- their esters. I t  is impossible tu obtain pure ethanol in a single simple fractionation, 

but i t  can be obtained a s  t h e  azeotrope containing 4.4% water. The complete operation 

is usually split into several stages: 

1. The beer is stirpped with s team to  yield a dilute ethanol which still  contains 

part  of the  unwanted volatiles. 

2. This is fed through a heat  exchanger t o  a distillation column, from which 

separate  fractions can be taken off including: 

(a) Volatile es ters  and aldehydes 

(b) fuse1 oil 

(c) ethanol-water mixture containing about 25% ethanol 

(d) low fraction, mainly surplus water. 

3. The dilute ethanol i s  again taken through a heat  exchanger into another 

column from which the  azeotrope can be taken off near t h e  top  and water from 

t h e  bottom. This gives an ex t ra  opportunity for removal of last  t r aces  of other volatiles. 

A number of methods have been reviewed for production of absolute ethanol 

from t h e  azeotrope (Table 13). 

The pros and cons associated with each process a r e  detailed elsewhere (1,Z). 

It appears t h a t  azeotropic distillation, while still energy-intensive, provides t h e  

most economic means of production of absolute alcohol. While, classical commercial  

schemes uti l ize benzene as t h e  entrainer in azeotropic distillation, o ther  azeotrope 

' 
formers  have been used effectively with significant reductions in energy consumption. 

Cyciohexane has been substi tuted for benzene because of environmental control 

pressures. Gasoline has been suggested. The use of diethyl e the r  leads to  a reduction 

of net  dehydration energy. 



ALCOHOL RECOVERY 

Ateotropic Dbtillation 

Extractive Distillation 

Proprietary Distillation Processes 

-Vulcan Cincinnati 

Vogelbusch 

A.C.R. Process ~orp'orat ion 

Absorption of Water on Salts 

Vacuum Distillation (77 mm Hg) 
. . 

Freeze Concentration 

Solvent Extraction 

Membrane Separation 

Chemical and Physical Adsorption 



, 

Research  at t h e  Universi ty of California at Berkeley indica tes  t h a t  a reduced 
, 

, 
pressure sys tem will lead to  fu r the r  r ed i~c t inns  in energy consumption dur ing  t h e  

dist i l la t ion process. In general ,  40-60% reduction in  t h e  energy'consumption associa ted  

with benzene-based azeo t rop ic  dist i l la t ion a r e  c la imed by a number of propr ie ta ry  

processes. 

Anhydrous e thanol  can also be  produced by t h e  use of molecular  sieves, solvent  

ex t rac t ion ,  membrane  separa t ion ,  etc. but  al l  appear  t o  be  economical ly u n a t t r a c t i v e  

at th is  t ime.  The  PDU design has t h e  capabi l i ty  t o  incorpora te  new developments  

by t h e s e  sys tems,  nevertheless. Incorporat ion and tes t ing  of t h e s e  a l t e r n a t e  processes 

is visualized at a l a t e r  d a t e  and a t  smaller-than-PDU scale. 

8.0 BY-PRODUCT UTILIZATION 

During t h e  opera t ion  of t h e  proposed Process  Development  Unit  (PDU) a l l  

t h e  s t r e a m s  producing any product  o t h e r  t han  e thanol  would b e  moni tored  and eva lua t ed  

for  t h e i r  commerc ia l  value. I t  is n o t  in tended t o  propose a s e p a r a t e  pi lot  plant  at 

th i s  s t a g e  t o  process e a c h  of t h e s e  s t r e a m s  t o  produce der iva t ive  products  with t h e  

except ion  of pentoses. An assessment  of t h e  ut i l i ty  of by-products in t e r m s  of t he i r  

fuel  o r  chemica l  value is an t i c ipa t ed  as pa r t  of any  manufac tur ing  economics  analysis. 

The  various s t r e a m s  a r e  described as follows: 

Af Ler t h e  del lgnlf icat ion s t a g e  t h e  a t t e m p t  would b e  m a d e  t o  produce  lignin 

i n  t h e  d ry  form. This "pure" form of lignin will b e  eva lua ted  for  a var ie ty  of high- 

value added products  as chemica l  feeds tock ,  and  fo r  i t s  process fue l  value. 

During t h e  prehydrolysis s t a g e  where  hemicel lulose is conver ted  in to  C 5  and 

C6 sugars ,  t h e  quant i t ies  of C 5  and C6 will be  dependent  on  t h e  t y p e  or  t h e , s o u r c e  

of hemicellulose. I t  may be  very  prof i tab le  t o  produce a single ce l l  pro te in  

(SCP), fur fura l  or xylitol f r o m  C g  sugars. C5 c a n  also b e  conve r t ed  i n t o  

2,3-butanediols (Purdue, Auburn). Therefore,  a n y  f u t u r e  breakthrough c a n  easily 



be  assessed 'in t h e  proposed PDU for  t h e  to ta l  conversion of hemicellulose and cellulose 

in to  liquid fuels or  chemicals. 

The fermentat ion s tage  produces two  by-products; f irst ,  carbon dioxide' which 

c a n  only b e  monitored in terms of its value as dry ice, or  as a gas for t h e  food or 

beverage industry. Liquified C 0 2  is also a very valuable solvent t o  ex t rac t  various 

organic components f rom beans (decaffeination of cof fee  beans). It has been proven 

t o  b e  relat ively cheaper  to regenerate  t h e  carbon by liquified C O  as compared with 2 
t h e  high temperatu* cnnvcnt iond furnace system. Secondly, t h e  excess amount 

of yeast produced might be marketable as SCP o r  a source of vitamin B complex. 

At. this t i m e  w e  intend to  evaluate  these  by-product s t reams by monltorirlg only. 

9.0 WASTE TREATMENT MONITORING 

The PDU system will produce t h r e e  principal kinds of wastes: 

1. , Solid waste  or sludge produced by t h e  neutralization of acid stream. 

This will b e  separated and disposed of in a conventional manner. 

2. Very dilute liquid waste  s t reams generated by wash water  during t h e  

various stages of operation. 

3. Organic liquid waste  streams, generated during enzymatic hydrolysis 

and fermentat ion operations. 

The second and third i tems described above would be  of main concern t o  us. 

In PDU operation, i t  is planned to  collect  samples of every effluent s t ream 

nn a 24 hour basis, homogenize these  samples and then analyze t h e  samples lor BOD, 

COD, N, P, K, SO4, NO3, carbohydrates, etc. The above analyses will help in generating 

t h e  d a t a  for scaled up operations (e.g., 2000 ODT/day plant). W e  will also be able 

to evaluate  t h e  possibility of recycling these s t reams and ttieii ef feets  on t h e  overall 

operation of t h e  PDU system. I t  is also desirable to  have two  small tanks where 



o n e  can  be used a s  an  e f f luen t  holding tank  t o  homogenize t h e  was t e  s s r eams  and 

t h e  o the r  sank could be  used as ae ra t ion  tank  t o  reduce  t l ~ e  BOD values o i  t h e  eff luent .  

The  above informat ion  regarding agi tat ion,  ae ra t ion  and t h e  power requi rement  t o  

t r e a t  t h e  organic  was te  is essent ia l  fo r  a comlnerc ia l  s c a l e  design. 

. . 
10.0 SUMMARY 

. . 

This r epor t  has summar ized  a recommended conceptua l  design for  a t h r e e  

oven-dry ton per day cel lulose biomass-to-ethanol process development unit (PDU). 

The  u l t ima te  goal  is t o  cons t ruc t  and o p e r a t e  t h e  PDU in such a way t h a t  rea l  and 

rel iable engineering and economic  d a t a  can  be  gene ra t ed  so  t h a t  a commerc ia l  process 

c a n  b e  designed and subsequently tested.  

Immedia te  follow-on work i s  addressing de ta i led  engineering design and de ta i led  

cost e s t i m a t e s  for  t h e  PDU and a one-thousand ton per  day plant. 
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LOW COST METWYE CENEZATION 
ON SMALL FARMS 

W. J. Jewell, S. DelllOrto, K. J. Fanfoni, T. D. Hayes, 
A. P. Leuschner and D. F. Sherman 

, . 
ABSTRACT 

~ h i k  paper examine- the effect of farm size on the technical ,and economic 
... .. . . -- .. . .-- 

feasibility of methane ge~ieration, After the rationale is developed for 

consid,ering small farm installation of anaerobic fermentors, the technical 

requirements and information needs to implement low cos t  bingas generation 

syste~ns are identified. This .report summarizes the small farm fermentor 

development program that has been on-going at Cornell University since 1974. 

The large majority of agricultural residues are generated on relatively 

sma'll agricultural operations. More than three-quarters of all organic 

residues are generated at continuous rates of less than 2700 kg per day 

(3 tons per day). The average size of the U.S. farm was 364 ha in 1974, 

and 80% less than 204 ha. For this .:eason, on-~ize generation and utilization 

of energy is assumed to be required in many cases. 

The potential of snall farn methane generation is significant but it is 

essential that low-cost systems be developed. Laboratory, pilot scale, and 

full scale demonstration studies have identified a low-cost, easily constructed 

approach that may be cost-effective for operations as small as the 40-cow 

dairy. This system uses an unmixed plug flow design with the methane 

generation reactor cu~istructod with -n i l  supg~rted rubber-like pond liner 

material. Full-scale operation for.over a year, including the coldest New 

York winter, has shown thatthisunit is a feasible alternative. 

Finally, comparison of the total investment r e q u i i e d  for widespread 

adoption of merhane gcnerabion technology tn nuclear, fossil fuel, and 

massive installation of solar power indicates that it could be highly 

competitive. Installation of units on all dairies in New York State alone 

would result in the production of replacement energy equivalents about 500 

megawatts per day of energy generation capacity. Equivalent installation 

costs for small methane genzr?tinn systems are estimated to be $200 to $600 

per kilowatt of energy gene-.tion capacity, whereas other sources vary from 

$300 to $6,000 per kilowatt cf energy generation. 



Organic  r e s i d u e s  contr ibut .ed  from a l l  farm l a n d  i n  t h e  U.S. could b e  used 

t o  produce a n n u a l l y  more than  $30 b i l l i o n  wortil of e r r r g . '  Inc reased  p l a n t  

p roduc t ion  and u t i l i z a t i o n  of p r e s e n t l y  i d l e  l a n d  h a s  a  p o t e n t i a l  of i n c r e a s i n g  

t h i s  amount t o  as much as  one- th i rd  of t h e  t o t a l  U.S.  energy needs exceeding 

t h e  amount of a l l  imported f u e l s .  However, major q u e s t i o n s  r e l a t e  t o  t h e  

a v a i l a b i l i t y  and economics of convers ion  of o r g a n i c s  t o  energy .  Animal manures 

r e p r e s e n t  a s i g n i f i c a n t  biomass t h a t  i s  ava.l-zble and a l r c a d y  c o l l e c t e d ,  i n  

many a r e a s .  Unless  p r o p e r l y  handled t h e s e  o r g a n i c s  r e p r e s e n t  a  p o l l u t i o n  h a z a r d .  

The f e a s i b i l i t y  of u s i n g  t h e s e  n a t e r i a l s  as a  s o u r c e  of methane v i a  a n a e r o b i c  

f e r m e n t a t i o n  i s  t h e  t o p i c  of t h i s  paper .  

A p p l i c a t i o n  of a n a e r o b i c  f e r m e n t a t i o n  on i n d i v i d u a l  farms may be d i f f i c u l t  

t o  j u s t i f y  because  of t h e  s m a l l  s i z e  and a v a i l a b i l i t y  of c a p i t a l  and o p e r a t i o n a l  

s k i l l s .  But i t  may a l s o  be t h e  a r e a  where t h i s  method of c l e a n  and renewable 

f u e l  g e n e r a t i o n  h o l d s  g r e a t e s t  p o t e n t i a l  f o r  c o n r r i b u t i n g  t o  t h e  energy problem. 

T h i s  paper w i l l  summarize some of t h e  on-going work i n  t h i s  a r e a  by a  m u l t i -  

d i s c i p l i n a r y  team of r e s e a r c h e r s  a t  C o r n e l l  U n i v e r s i t y  s i n c e  1974 ( J e w e l l ,  

e t  a l . ,  1976; J e w e l l ,  e t  a l . ,  1978) .  The main emphasis on t h i s  team h a s  been -- 
t o  develop a p r a c t i c a l  and economical ly  f e a s i b l e  s m a l l  farm mezhane g e n e r a t i o n  

system. 

Biogas ( a  m i x t u r e  of methane [60% by volume] and carbon d i o x i d e )  i s  

perhaps  t h e  h i g h e s t  q u a l i t y  o f  energy t h a t  i s  e a s i l y  d e r i v e d  from photo- 

s y n t h e t i c  material a t  a r e a s o n a b l e  c o s t .  It can  d i r e c t l y  r e p l a c e  many torms 

of energy;  i . e . ,  l i q u l d  and gaseous  forms. Because i t  has  been known f o r  

over  a  hundred y e a r s ,  t h e  b a s i c  c o n c e p t s  of methane g e n e r a t i o n  from o r g a n i c s  

i s  w e l l  known. The a g r i c u l t u r a l  community is  open-minded and a p p e a r s  t o  be  

ready t o  adop t  t h e  technology as soon a s  i t  i s  a v a i l a b l e ,  and recoxmended 

f o r  implementat ion w i t h  accompanying f i n a n c i a l  and t e c h n i c a l  s u p p o r t  mechanisms. 

U n f o r t u n a t e l y ,  r e l a t i v e l y  l i t t l e  technology and f i n a n c i a l  a i d  e x i ~ t  t o  

implement methane p roduc t ion  from a g r i c u l t u r a l  r e s i d u e s ,  p a r t i c u l a r l y  i n  s m a l l  

 his assumes t h a t  one t o n  (dzy j  p e r  a c r e  is  c o l l e c t e d ,  t h e  o r g a n i c s  a r e  80 
p e r c e n t  o r g a n i c  (20 p e r c e n t  ~ s h )  and 50 p e r c e n t  of t h e . o r g a n i c s  a r e  conver ted  
t o  energy ,  l e a v i n g  t h e  r e f r a c t o r y  o r g a n i c s  o r  humus and p l a n t  n u t r i e n t s  
a v a i l a b l e  f n r  r e c y c l e .  



s c a l s o p e r a t i o n s .  The o b j e c t i v e s  of ~ h i . s  pzper  ? c e  t o  examine t h e  e f f e c t  of 

s i z e  o f  a g r i c u l t u r a l  o p e r a t i o n  on t h e  t e c h n i c ~ i  and economic f e a s i b i l i t y  of 

methane g e n e r a t i o n ,  t o  c o n s i d e r  t h e  t e c h n i c a l  r equ i rements  and i n f o r m a t i o n  

needs  t o  c o n s t r u c t  and o p e r a t e  f e r m e n t o r s  on smaller farming o p e r a t i o n s ,  and 

t o  p r e s e n t  some of t h e  i n i t i a l  d a t a  on t h e  s u c c e s s f u l  low c o s t  sys tem developed 

and o p e r a t i n g  a t  t h e  C o r n e l l  U n i v e r s i t y  r e s e a r c h  d a i r y .  

1MPLEME:FTATION OF METHANE GENERATION AT 

Background 

S e v e r a l  r e p o r t s  have concluded t h a t  i t  Is f e a s i b l e  and d e s i r a b l e  t o  u t i l i z e  

energy g e n e r a t i o n  technology t h a t  focuses on c l e a n ,  renewable  f u e l s  as a mean 

component of t h e  energy  p l a n  f o r  t h e  U.S. ( C a r t e r ,  1978; O f f i c e  of Technology 
/ 

Assessment; 1978) .  Obviously ,  w i t h  more t h a n  45 b i l l i o n  d o l l a r s  of f o r e i g n  

energy imported a n n u a l l y  t o  t h e  U.S., any  significant renewable energy supp ly  

shou ld  be  developed a s  r a p i d l y  a s  p o s s i b l e .  The t o t a l  q u a n t i t y  of biomass e n e r g j  

t h a t  cou ld  be  g e n e r a t e d  from a l l  animal  and c r o p  r e s i d u e s  h a s  been e s t i m a t e d  t o  

a be between 1 and 1 0  p e r c e n t  of t h e  t o t a l  U.S. needs.  A s  w i l l  be s e e n ,  it .  

a p p e a r s  t h a t  methane g e n e r a t i o n  from o r g a n i c  r e s i d u e s  can be implenertted on a 

broad s c a l e  i n  many a g r i c u l t u r a l  o p e r a t i o n s  and r e s u l t  i n  t h e  p roduc t ion  of a 

s i g n i f i c a n t  amount of s u b s t i t u t e  n a t u r a l  g a s  (b iogas )  a t  c o m p e t i t i v e  c o s t s  

w i t h  e x i s t i n g  fuel s o u r c e s .  T h i s  can  be accomplished u s i n g  a technology t h a t  

c o n s e r v e s  v a l u a b l e  p l a n t  n u t r i e n t s  and s o i l  humus and t h u s  encourages  

improvement o f  c r o p  p roduc t ion  c a p a b i l i t y .  

Number and S i z e s  of U.S. Farms 

One ton  of w e t  an imal  manure h a s  a maximum e n e r g y ' v a l u e  of about  5 d o l l a r s ,  

w i t h  t h e  o t h e r  c o n s ~ l ~ u c n t o ,  sl.lrh as  n u t r i e n t s ,  r e f e e d a b l e  p r o t e i n  and f i b e r ,  

and water having a combined v a l u e  of 5 t o  10 d o l l a r s .  Because of these r c l a t i l r ~  

low v a l u e s  p e r  u n i t  m a s s  i t  is  assumed t h a c  t r a n s p o r t  uf animal  was tes  w i t h  

l a r g e  amounts o f  wa te r  t o  c e n t r a l  p r o c e s s i n g  s i t e s  i s  n o t  p r a c t i c a l  i n  most 

c a s e s .  Thus, even f o r  l a r g e r  farms i t  may be  n e c e s s a r y  t o  c o n s i d e r  methane 

g e n e r a t i o n a t  o r  n e a r  t h e  food p r a d u c c i o n . c i t e ,  Also ,  because  of t h e  h i g h  c o s t  

of compressing and moving b o t h  b i o g a s  and b iogas  t h a t  h a s  been t r e a t e d  t o  

commercial n a t u r a l  g a s  s t a n d ~ r d s ,  o n - s i t e  u t i l i z a t i o n  o r  convers ion  w i l l  of1 

be t h e  most a p p r o p r i a t e  u s e .  



Although t h e  v i s i o n  of U.S. ,:grlcu;+ur- b?: become synonymous w i t h  l a r g e  

a g r i - b u s i n e s s ,  t h e  s i z e  of t h e  average  hmeric i I L a m  1s s t i l l  s m a l l .  The 

a r i t h m e t i c  average  s i z e  of t h e  2 .3  m i l l i o n  farms was 364 ha i n  1974, b u t  t h i s  

i n c l u d e s  many l a r g e  and r e l a t i v e l y  unproduc t ive  o p e r a t i o n s  i n  Aldska,  Arizona,  

Colorado,  Montana, Nevada, South Dakota and Wyoming (Committee f o r  t h e  World 

A t l a s  of A g r i c u l t u r e ,  1969;  U.S. Dept. of Commerce, 1974) .  For example, 

a l t h o u g h  t h e  t o t a l  numbers a r e  s m a l l ,  t h e  a v e r a g e  farm i n  Alaska and Arizona 

exceeds 2000 h a .  I f  t h e s e  s t a t e s  a r e  d e l e t e d  from t h e  c a l c u l a t i o n  t h e  average  

G.S. farm i n  1974 occupied a  l and  a r e a  of 129 h a ,  o r  o n l y  s l i g h t l y  l a r g e r  

than  t h e  1960 v a l u e .  Only a  l i t t l e  more t h a n  5% of t h e  f a n s  have more than  

400 ha  (1000 a c r e s ) .  

The d i s t r i b u t i o n  of animal manure r e s i d u e s  a s  determined from c e n s u s  

v a l u e s  f o r  animal  numbers and average  was te  p roduc t ion  r a t e s  i s  d i s t r i b u t e d  

among t h e  major groups  a s  f o l l o w s :  mi lk  cows - 36%, beef c a t t l e  - 28%, 

swine - 23%, and p o u l t r y  - 13%. I n  e s s e n c e  t h i s  i n d i c a t e s  t h a t  a l l  major 

animal groups  produce r e s i d u e s  w i t h  s i g n i f i c a n t  methane g e n e r a t i o n  p o t e n t i a l .  

Due t o  t h e  economics of s c a l e ,  t h e  p o t e n t i a l  f ~ r  each  an imal  p r o d u c t i o n  t o  

provide r e s i d u e s  f o r  energy p r o d u c t i o n  depends J , L  t h e  s i z e  of t h e  i n d i v i d u a l  

o p e r a t i o n s .  The two s i z e  extremes a r e  r e p r ~ 3 s e n t e d  by swine and b e e f .  With a  

modest f r a c t i o n  of e x c e p t i o n s ,  s w i n e - r a i s i n g  o p e r a t i o n s  a r e  r e l a t i v e l y  smal l  

(wi th  40 mature  p i g s  a  cormnon s i z e )  (U.S. Department of Commerce, 1972). 

The q u a n t i t y  of r e s i d u e s  g e n e r a t e d  by t h e s e  f a c i l i t i e s  may n o t  be l a r g e  

enough t o  w a r r a n t  i n s t a l l a t i o n  of a  g e n e r a t i o n  system s o l e l y  f o r  energy 

p roduc t ion .  However, o t h e r  was te  p . rocess ing n e e d s ,  such  a s  odor  c o n t r o l ,  

may war ran t  c o n s i d e r a t i o n  of the.  a n a e r o b i c  f e r m e n t a t i o n  p r o c e s s .  Con- 

v e r s e l y ,  t h e  huge q u a n r i t i e s  of r e s i d u e s  g e n e r a t e d  i n  beef f e e d l o t s  of 

more t h a n  100,000 c a t t l e  would i n d i c a t e  t h a t  t h e s e  would be  areas fav- 

ored f o r  c o n s i d e r a t i o n  o f  t h i s  technology.  However, t h e r e  a r e  o n l y  a  

few f a c i l i t i e s  of t h i s  s i z e  and 83% of a l l  beef p r o d u c t i o n  i n s t a l l a t i o n s  

have less t h a n  1 ,000  head (Loehr,  1977).  

A s i m p l i s t i c  approach t o  de te rmine  t h e  v i a b i l i t y  of t h e  technology on 

s m a l l  s c a l e  o p e r a t i o n s  would be t o  e s t i m a t e  t h e  t o t a l  q u a n t i t y  of r e s i d u e s  

t h a t  would be  genera ted  f r c n  a  g i v e n  s i z e  of o p e r a t i o n .  The p o t e n t i a l  g r o s s  

v a l u e  of t h e  energy g e n e r a t e 1  cou ld  then  be r e l a t e d  t o  t h e  c a p i t a l  investment  

r e q u i r e d  t o  i n s t a l l  t h e  methane g e n e r a t i o n  system.  T h i s  ovcrview i s  

developed i n  t h e  fo l lowing  s e c t i o n s .  



A summary of methane g e n e r ~ i t i c s  ,? tenr  .;i 1- ~m t h e  fou r  major animal g~ s 

is  shown i n  Table  1. The high gas  y i e l d s  f o r  manures from swine and pou l t ry  

r ep re sen t  a  more biodegradable  manure produced from t h e s e  animals .  Using t h e  

g a s  product ion p o t e n t i a l  l i s t e d  e a r l i e r  (Table l), and assuming a  conserva t ive  
6 

va lue  f o r  t h e  methane of $7.93 pe r  1 0  kca l  ( $ 2  per  l o 6  Btu) genera ted ,  t h e  

annual g r o s s  income from any ope ra t i on  can be a s t ima tea .  I f  t h i s  is assumed 

t o  represen t  t h e  maximum a v a i l a b l e  c a p i t a l  t o  pay f o r  t h e  ope ra t i on ,  and i t  must 

be completely paid f o r  l i t h i n  1 0  yea r s ,  t h e  maximum a l lowable  c o s t  of a system 

can be es t imated .  For ten axiimal u n i t s  the maximum accep tab l e  t o t a l  c o s t  would 

be  abouc $2400, whoteas $24,000 r e p r e s e n t s  t h e  maximum c o s t  f o r  a  100 animal u n i  

ope ra t i on .  Although t h i s  is a  h igh ly  s i m p l l s r i c  a n a l y s i s ,  i t  does l l ~ d i c a t a  rhe 

o r d e t  of uragnitudo ot e x p e n d l ~ u r e s  accep tab l e  w i t h  t h e s e  s i z e s  of ope ra t i ons .  

It should be emphasized t h a t  i n  c a s e s  where t h e  va lue  of odor c o n ~ ~ o l  o r  o t h e r  

c h a r a c t e r i s t i c s  of t h e s e  systems a r e  of b e n e f i t ,  t h e  accep tab l e  investment 

w i l l  rise. 

The r e l a t i o n s h i p  between t h e  s i z e  of t h e  a g r i c u l t u r a l  ope ra t i on ,  numbers 

of d i f f e r e n t  s i z e s  i n  t h e  U.S. and t h e  annual  energy va lue  of t h e  processed 

o rgan ic s  is shown i n  Figure 1. This  d a t a  a l s o  i nc ludes  t h e  number of human 

populat ion equ iva l en t s  t h a t  could be p o t e n t i a i l y  suppl ied  wi th  a l l  e ~ i e i g y  needs 

by p l a n t  and animal organic  r e s idue  product ion r a t e s .  This  equivalence was 

c a l c u l a t e d  by d iv id ing  t h e  energy generated by t h e  average annual  t o t a l  per  

c a p i t a  energy usage sate nf 300 m i l l i o n  Btu p e r  c a p i t a .  This  d a t a  emphasizes 

t h a t  t h e r e  a r e  s e v e r a l  m i l l i o n  farming ope ra t i ons  t h a t  have t h e  p0ce11Lial of 

genera t ing  between 0.5 and 3 t ons  per  day of a g r i c u l t u r a l  r e s idue  which would 

be a v a i l a b l e  f o r  i er~uentor  feed  m a t e r i a l  t h a t  would gene ra t e ,  annual ly ,  energy 

valued a t  between $1000 and $8000 per  year .  On t h e  o t h e r  hand, t h e r e  a r e  

s e v e r a l  thousand animal r a i s i n g  ope ra t i ons  t h a t  gene ra t e  g r e a t e r  than 10  tons  

of d r y  organic  per  day; and no crop o r  animal r a i s i n g  ope ra t i ons  under one 

management chat producu 1000 tons  per  day of a g r i c u l t u r a l  r e s idue .  

Providing an economically f e a s i b l e  small  farm system is  c l e a r l y  a d i t f l c u l  

problem i f  t h e  energy va lue  must pay f o r  t h e  e n t i r e  system. A t  an  energy va lue  

of $10 per  m i l l i o n  k c a l ,  t h e  65-cow d a i r y  may gene ra t e  energy wi th  a  g r o s s  

va lue  of $3000. Thus a  t o t a l  c a p i t a l  investment of l e s s  than about $30,000 

is r equ i r ed ,  depending on f a c t o r s  such as f r a c t i o n  of energy t h a t  is  u s e f u l ,  

loan  i n t e r e s t s ,  amor t i za t i o r  per iod ,  and ope ra t i on  and maintenance c o s t s .  

I f  i t  is  concluded t h a t  t he se  small  systems a r e  too  small  t o  be made 

economically a t t r a c t i v e ,  t h i s  d e c i s i o n  would e l imina t e  about 90% of a l l  



Tabie 1. Estimated manure proau~tion raze- oiogas generation potential 
from animal wastes (Estimated outpu!. in kg p e r  453.6 kg (1900 .lbs) 
live wcighc)." 

Dairy Beef 
Cattle Cattle Swine Poultry 

Manure Production 
kglday 3 9 2 6 2 3 2 7 

I 

Total Solids 
kglday 4.8 3.4 3.3 7.9 

Volatile Solids 
kglday 

Digester Efficiency 3 5 50 5 5 6 5 

COD/VS Ratio 1.05 1.12 1.19 1.28 

Biogas Production** 
literslkg VS added 

Liters cf/453.6 kg 
animallday 

*Actual values may vary from these values due to differences in feed ration 
and management practices. 

**Based on theoretical gas production rate of 831 liters per kg (13.3 cfllb 
VS) destroyed (where 0.45 kg (1 lb) COD stabilized equals 159 liters 
(5.63 cf) CH4 (McCarty, 1964) and assuming the CH :C02 ratio is 60:40 and 
the conversion factor for VS to COD is 1.42). 4 
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a g r i c u l t u r a l  res idue  generat ing opcrzz-ions 'rom ,..)nsidering on-site renewable 

f u e l  generation. 

Energy Balances on Small Farms 

It is  e r s e n t i a l  t h a t  the  technology of methane generat ion be a b l e  t o  

) produce a s i g n i f i c a n t  quant i ty  of energy and t h a t  it 3e i n  a form t h a t  can be 

e a s i l y  used f o r  e x i s t i n g  purposes i n  order  t o  d i sp lace  e x i s t i n g  c r i t i c a l  fue l s .  

To determine whether t h i s  could be poss ib le ,  de ta i l ed  energy balances were 

developed f o r  d a i r i e s  and medium-size beef f e e d l o t s  i n  an e a r l i e r  study (Jewell,  

et a 1  1976). A summary of energy flows on a d a i r y  is  shown i n  Figure 2.  - -* 9 

The t o t a l  energy use  per cow on 40 and 100-xw d a i r i e s  was found t o  be 4.1 x 10  
6 

6 
and 3.1 x 1 0  kcal  per year,  respect ive ly .  Depending on t h e  type of fermentor 

design u t i l i z e d ,  the  estimated t o t a l  per  cow n e t  quan t i ty  of energy t h a t  was 

estimated t o  be p o t e n t i a l l y  ava i l ab le  from a g r i c u l t u r a l  res idues  produced on 
6 6 

these  d a i r i e s  ( located i n  New York) was 3.4 x 10  kcal  t o  5.4 x 10 kcal  f o r  
6 the  40-cow da i ry  and 2.5 t o  4.7 x 10  kcal  f o r  the  100-cow dai ry .  These energy 

balances indica ted  t h a t  t h e  quant i ty  of energy u t i l i z e d  was o f t e n  equal t o  

o r  exceeded by the  energy content  of t h e  biogas generated from t h e  residues.- 

These energy balances i d e n t i f i e d  t h e  i n t e r e s t i s g  p o s s i b i l i t y  of developing 

energy s e l f - s u f f i c i e n t  food production operat ions.  They, however, do not  

address t h e  d i f f i c u l t  problems of u t i l i z a t i o n  including s torage  cos t  and e x i s t i n g  

energy system conversion f e a s i b i l i t y .  

Estimated Costs of Methane Production Systems 

A number of methane production'systems were designed and c o s t s  f o r  poss ib le  

use an d a i r i e s  and beef f e e d l o t s  (Jewell,  e t  a l . ,  1976). This economic ana lys i s  

included the  va lua t ion  of c a p i t a l  investments, maintenance, and opera t ional  

c o s t s  based on 1975 d o l l a r s .  A summary of c o s t s  f o r  t h r e e  d f f f e r e n t  designs 

i s  given i n  Table 2. Mote t h a t  t h e  estimates f o r  t h e  c o s t s  of t h e  fermentat ion 

systems use e x i s t i n g  components and only t h e  fiet a v a i l a b l e  energy (gross energy 

menu0 t h a t  used Lu m a t n ~ a i n  the  process temperature). The added c o s t  t o  use 

biogas is  not shown i n  Table 2. The exist i r ig cos t  of n a t u r a l  gas  is highly  
6 

var iab le ,  depending on the  s i t u a t i o n  but w i l l  cos t  $10 per  10  kca l  ($2.50 per 
6 10  Btu) o r  more. The cos t  of methane generat ion f o r  a 40-cow d a i r y  is about 

double present  c o s t s ,  but only 56% more than e x i s t i n g  coot a t  t h e  100-head 

s i z e ,  and only hal f  t h e  exioEing market va lue  f o r  t h e  1000-bead beef f eed lo t .  

When only considering energy generat ion costs , .  it would appear t h a t  animal 



r lgum 2. Energy flow on a 1UU cow dairy iarm (numbers are i n  mi l l ions  of k i loca lor i e s  per year).  



Le 2 .  Es t ima te  of t h e  c o s t  of g e n e r a t i n g  t h e  n e t  energy ( a v a i l a b l e  energy)  on d a i r i e s  and beef 
f e e d l o t s  (from J e w e l l ,  e t  al., 1976).  

-- 

40 Dairy  100 Dairy  1000 Beef 

CON B.L. P.F. CON B.L. P.F. CON B.L. P. F .  

- 
Investment 

T o t a l  $ 
$ Per  Cow 

Annual Cos t s  
T o t a l  $ 
S Per  Cow 

Gross 1:nergy -- 
Produc t ion  

Net Energy 
Produc t ion  
Cac tua-1) 
106 k c a l / y r  

Energy Product ion Cos t s  
$ / l o 6  k c a l  26.80 39.20 22.80 15 .20  2 l . 4 0  13.40 5.  I.(: 7.60 : I .  50 

( $ / l o 6  Btu) (6.80) (9.85) (5.75) (3 .85)  (5.40) (3 .40)  (1.30) (1 .95)  (1 .15)  



r a i s i n g  ope ra t i ons  wi th  more than 100 cows csz provide energy a t  compet i t ive  

cos t s .  

I f  t h e  c o s t s  of  gas  process ing ,  b iogas  conversion and u t i l i z a t i o n ,  and the  

v a r i a b i l i t y  of demand a r e  added t o  t h e  c o s t s  of gene ra t i on ,  t h e  t o t a l  c o s t s  of 

developing t h e  u s e f u l  energy can be determined. I f  a l l  t h e  biogas could be . 

u t i l i z e d ,  n e a r l y  a l l  s i t u a t i o n s  would gene ra t e  u s e f u l  energy a t  c o s t s  compet i t ive  

wi th  some a l t e r n a t i v e s .  However, because on ly  a  f r a c t i o n  i s  usable ,  t he  a c t u a l  

c o s t  of gene ra t i on  is h igher ,  thus  making only  t h e  l a r g e r  s c a l e  ope ra t i ons  appear 

- - - - -  - - .- 
.- - t o  be a t t r a c t i v e .  

I t  should be emphasized he re  aga in  t h e  -5ove approach r e l a t e s  t h e  va lue  

of anaerobic  fe rmenta t ion  of agricul tural  r e s idues  t o  t h e  n e t  u sab l e  energy 

produ~,ed-.-_ However, t he se  systems provide  b e n e f i t s  o t h e r  than  energy, such a s  

l abo r  reduc t ion ,  odor c o n t r o l ,  runoff  reduc t ion ,  a e s t h e t i c  va lue ,  gene ra l  ease  

of ope ra t i on ,  r e s i d u e  recovery,  and n i t rogen  conserva t ion .  Even i n  t h e  smal le r  

ope ra t i ons  t h e s e  combined va lues  may exceed t h e  c o s t  of i n s t a l l i n g  t h e  system, 

thus  making t h e  energy a v a i l a b l e  a t  a  low c o s t  o r  a  c r e d i t  t o  t h e  p o l l u t i o n  

c o n t r o l  system. 

The overview a n a l y s i s  emphasizes s e v e r a l  Lmportant a s p e c t s  of t h e  f e a s i b i l i t :  

of adopting t h i s  technology. The methane genera t ion  r e a c t o r  c o s t s  r e p r e s e n t  

about 80% of t h e  t o t a l  gas  usage f o r  t h e  40-cow d a i r y ,  bu t  d r o p ' t o  30% for t h e  

1000-head beef feedlot. The b a s i c  des ign  concepts  used i n  the previous d i s -  

cussion u t i l i z e  c u r r e n t  p r a c t i c e s  employed both f o r  sewage s ludge  d i g e s t i o n  and 

l i q u i d  manure s to rage .  Aspects t h a t  have p o t e n t i a l  f o r  c o s t  reduc t ion  a r e  i n  

t h e  development of low-cost methane gene ra to r s  composed of a v a i l a b l e  m a t e r i a l s  

and improved use  of energy. 

TECHNICAL BASIS FOR LOW COST METHANE GENERATOR DESIGNS 

Data presen ted  e a r l i e r  i nd i ca t ed  t h a t  t h e  l a r g e s t  m a j o r i t y  of a g r i c u l t u r a l  

ope ra t i ons  a r e  smal le r  than  t h e  100-cow d a i r y .  The es t imated  t o t a l  investment 

i n  t he  methane r e a c t o r s  v a r i e d  between $15,000 and $30,000 depending on t h e  

type of des ign  chosen. S ince  t h i s  l e v e l  of investment r e s u l t s  i n  marg ina l ly  

accep tab l e  energy c o s t s ,  and t h e  r e a c t o r s  r ep re sen t  t h e  l a r g e s t  f r a c t i o n  of t 

t o t a l  c o s t s ,  one obvious a l t e r n a t i v e  is t o  seek lower c o s t  r e a c t o r  designs.  



The e f f e c t  of h igh  r e a c t o r  c o s t  on t h t :  P C L J ! I ~ I I I ~ C  I e a s i b i l i t y  of methane 

g e n e r a t i o n  can be i l l u s t r a t e d  by comparing t h e  znnua l  v a l u e  of ene rgy  produced 

pe r  u n i t  volume t o  t h e  r e a c t o r  c a p i t a l  inves tment  expressed  on a  u n i t  volume 

h s i s .  Based on e x i s t i n g  d e s i g n  c r i t e r i a  f o r  methane r e a c t o r s ,  between 1' and 

3 c u b i c  m e t e r s  p e r  cow would be  t h e  r e q u i r e d  r z a c t o r  volume and t h i s  would 
3 3 

be loaded a t  8 .3  kg VS/m -day ( 0 . 5  l b  VS/f t  / d a y ) .  The g a s  p r o d u c t i o n  r a t e  

would be about  0.8 t o  2 volumes pe r  volume of r e a c t o r  p e r  day ,  o r  around 400 

volumes p e r  y e a r .  Minimum c o n s t r u c t i o n  c o s t s  f o r  t a n k s  would b e  abou t  $100 
3 3 

p e r  m . Since  t h e  b i o g a s  h a s  a  maximum v a l u e  of  $ 1 2  p e r  m p e r  y e a r ,  i t  i s  

c l e a r  why t h e s e  sys tems a r e  n o t  economical l ,  a t t r a c t i v e .  I n  e s s e n c e ,  t h i s  

i n d i c a t e s  t h a t  c o n v e n t i o n a l  r i g i d  t a n k  c o n s t r u c t i o n  i s  d i f f i c u l t  t o  j u s t i f y  

f o r  s m a l l  s c a l e  i n s t a l l a t i o n s  because  of t h e  h i g h  c a p i t a l  c o s t  and t h e  l a r g e  

volume r e q u i r e m e n t s .  I n s t e a d  lower c o s t  a l t e r n a t i v e  m a t e r i a l s  need t o  b e  

c o n s i d e r e d .  Also ,  t h e  s t r i c t  c o n t r o l  sys tems known t o  be  r e q u i r e d  f o r  sewage 

s l u d g e  d i g e s t i o n  need t o  be  examined f o r  a  uniform a g r i c u l t u r a l  r e s i d u e  r e a c t o r  

f e e d  . 
The C o r n e l l  U n i v e r s i t y  e f f o r t  t o  deve lop  low-cost  a l t e r n a t i v e s  h a s  

emphasized low-cost c o n s t r u c t i o n  materials and t e c h n i q u e s  t h a t  would be  

compat ib le  w i t h  e x i s t i n g  farm s k i l l s  of  s e l f  c o n s t r u c t i o n  and maintenance.  

Two f u l l - s c a l e  65 cow d a i r y  sys tems were p l a c e d  i n t o  o p e r a t i o n  i n  t h e  l a t e  

Spr ing  of 1978 a f t e r  l a b o r a t o r y  and p i l o t  p l a n t  o p e r a t i o n s  had i d e n t i f i e d  

s p e c i f i c  d e s i g n  needs .  Due t o  t h e  h i g h  c o s t  of r i g i d  t a n k s ,  t h e  emphasis i s  

on s o i l  suppor ted  s t r u c t u r e s  t h a t  a r e  l i n e d  and covered w i t h  f l e x i b l e  rubber-  

type  m a t e r i a l s .  It would appear  t h a t  m a t e r i a l s  a r e  a v a i l a b l e  t h a t  would be 

u s e f u l  and s i g n i f i c a n t l y  reduce  t h e  c o s t  of  such  sys tems.  For example,  s e v e r a l  

l i n e r  t y p e  m a t e r i a l s  a r e  a v a i l a b l e  c o s t i n g  less t h a n  $3.50 p e r  s q u a r e  mete r  

($0.50 p e r  s q u a r e  f o o t ) .  When u s i n g  a  r e a c t o r  w i t h  a  5 mete r  d e p t h ,  t h e  

c o s t  of t h e  r e a c t o r  v e s s e l  i t s e l f  w i l l  b e  l e s s  t h a n  $ 2  p e r  c u b i c  mete r  o f  

r e a c t o r  volume ($0.10 p e r  c u b i c  f o o t )  as compared t o  $100 p e r  m3 f o r  r i g i d  

t a n k  c o n s t r u c t i o n .  A d d i t i o n a l  c o s t  w i l l  be  e x c a v a t i o n ,  i n s u l a t i o n  and r e a c t o r  

t e m p e r a t u r e  c o n t r o l s  and pumping. I n s u l a t i o n  and s o i l  p r e p a r a t i o n  may add 

a n o t h e r  $3 p e r  c u b i c  mete r  ($0.14 p e r  c u b i c  f o o t ) .  Temperature  c o n t r o l s  and 

pumping w i l l  be common t o  a l l  sys tems.  I f  t h e s e  c o n s t r u c t i o n  m a t e r i a l s  have 

t h e  r e q u i r e d  c h a r a c t e r i s t i c s  f o r  d u r a b i l i t y  and h a n d l i n g  i t  would appear  t h a t  

r e a c t o r  c v s t s  cou ld  be  l e s s  t h a n  $5 p e r  c u b i c  mete r  ($0.25 p e r  c u b i c  f o o t ) .  



T h i s  low c o n s t r u c t i o n  c o s t  would a l s o  ens".: l ~ ~ r g e r  r e a c t o r s  t o  be b u i l t  w i t . .  

ou t  s i g n i f i c a n t l y  changing t h e  economic f e a s i b i l i t y  of t h e  system. For example, 

-- - - . - - - . - - - -a-change f rom-a  30-day hydrau l i c  r e t e n t i o n  t i m e  t o  a 60-day u n i t  would i nc rease  

t h e  c a p i t a l  c o s t  by S1500 f o r  a 100-cow da i ry .  ~ h b s  t h e s e  economics i n t roduce  

. -  . . .  
i n t e r e s t i n g  p o s s i b i l i t i e s  i n  i n t e r m i t t e n t  feed ing ,  l.over temperature  of 

ope ra t i on  and o t h e r  f a c t o r s  t h a t  may be  f e a s i b l e  i n  l a r g e  low r a t e  r e a c t o r s .  

Reactor Design   on side rations 

The main focus  of t h e  s i m p l i f i e d  r e a c t o r  development has  been on the use 

of low .cost  ma te r i - a l s  wi th  s i m p l i f i e d  ope ra t i on  and c o n t r o l  of t h e  r e a c t o r .  

Addi t iona l  d e t a i l s  can be  obtained from t h e  f i n a l  r e p o r t  by J ewe l l ,  e t  a l . ,  1979 

I n  e s sences the  approach has  been t o  use t h e  s imp le s t  des ign  f i r s t  and then t o  

modify each paramater when and i f  necessary.  Laboratory and p i l o t  p l a n t  t e s t i n g  

have been completed wi th  unmixed r e a c t o r s  and temperatures  a s  low a s  22°C. 

The main des ign  concept which has  been t e s t e d  is  t h e  "unmixed h o r i z o n t a l  

displacement r eac to r "  o r  t h e  plug f low design.  

I n  gene ra l ,  most of t h e  cond i t i ons  t e s t e d  should no t  l e ad  t o  succes s fu l  

r e a c t o r  ope ra t i on  according t o  t h e  bu lk  of information i n  t h e  l i t e r a t u r e .  

However, t he  d a t a  developed f o r  h igh ly  r e a c t i v e  and v a r i a b l e  s u b s t r a t e s ,  

such a s  sewage s ludge,  should no t  be expected t o  s imula te  t h e  more v i s cous  

and homogeneous animal and crop r e s idues .  The f a c t  t h a t  t h e  information 

developed so  f a r  wi th  s impler  r e a c t o r s  has  been p o s i t i v e  i n d i c a t e s  t h a t  some 

of t h e  parameters  found t o  be c r i t i c a l  wi th  sewage s ludge  a r e  no t  a s  s e n s i t i v e  

when t r e a t i n g  a g r i c u l t u r a l  r e s idues .  It is  l i k e l y  t h a t  t h e  i n c o n s i s t e n c i e s  

a r e  more a r e t l e c t i o r i  of varying reaecur Teed a l a L e ~ l ~ i 1  cl~arastcristics than 

changes i n  t h e  fundamental c o n t r o l l i n g  parameters  of anaerobic  fermentat ion.  

Descr ip t ion  of Experimental Approach 

Laboratory s t u d i e s  of t he  p lug  f l n w  r e a c t a r  feasibility app l i ed  t o  d a i r y  

manure were i n i t i a t e d  i n  1974 and expanded i n  1976 ' ( ~ e w e l l ,  e t  a l . ,  1976, 

J ewe l l ,  -- e t  a l . ,  1978).  These w e r e  bench s c a l e  s t u d i e s  wi th  about 2 0 - l i t e r  

r e a c t o r  volumes. Attempts t o  s imula te  an  a c t u a l  e longated plug flow r e a c t o r  

using a 6-inch diameter  tube  r e a c t o r  was no t  succes s fu l .  However, completely 

mixed r e a c t o r s  connected i n  s e r i e s  a r e  considered t o  be mathematical 

approximations of t h e  plug flow concept.  Three sets of fou r  r e a c t o r s  i n  

s e r i e s  ( 3 - l i t e r  l i q u i d  volume each) were opera ted ,  one each a t  2Z°C, 35"C, 

and 60°C. 



I n  t h e  f a l l  of 1976 a 5000-1jter plug flow ? i l o t  u n i t  was placed i n t o  

~,,rat5uu LU p ~ u c e s s  ~11u luallurt! produced from 3 o r  more cows (see Figure 3 ) .  

Most r ecen t ly  a cube-shaped 5000-l i ter  r eac to r  was placed i n t o  operat ion t o  

provide a comparison of r eac to r  shape and mixing on t h e  fermentation process. 

Based on p o s i t i v e  da ta  from these  experiments, two f u l l  s c a l e  r e a c t o r s  were 

placed i n t o  opera t ion  f o r  65-cow d a i r i e s  i n  May 1978. One u n i t  is a conventional 

completely mixed concrete tank reac to r ,  s imulat ing the  conventional sewage 

sludge d iges te r  design :see Figure 4 ) ,  and t h e  o the r  i s  a plug flow s o i l  

supported f l e x i b l e  cover r eac to r  (see Figure 5 ) .  These two u n i t s  have been 

operat ing i n  p a r a l l e l .  Valuable da ta  on cold cl imate opera t ion  of t h e  

s impl i f ied ,  plug flow reac to r  has been obtained. This i s  t h e  f i r s t  l a r g e  

s c a l e  p a r a l l e l  opera t ion  comparison of t h e  major design v a r i a b l e  of mixing and 

plug flow designed f o r  anaerobic fermentors. 

Plug Flow Fermentation of Dairy Manure Resul ts  

A summary of feed s u b s t r a t e  c h a r a c t e r i s t i c s  of t h e  d a i r y  cow manure is  

given i n  Table 3. It should be noted that t h e  biodegradable f r a c t i o n  a s  measured 

i n  long term batch s t u d i e s  va r i ed  from a low of 40 percent  of t h e  TVS t o  a high 

of 65 percent of a TVS over a 3-year period of t e s t i n g .  This  should be kept 

i n  mind i n  comparing da ta  and k i n e t i c  ana lys i s .  The primary reason f o r  t h i s  

v a r i a t i o n  would appear t o  be animal d i e t  v a r i a t i o n s .  

A summary of da ta  from t h e  bench scale labora tory  series r e a c t o r s  i s  given 

i n  Table 4.  The HRT expressed i n  t h i s  t a b l e  is f o r  the  t o t a l  i n  a l l  four u n i t s  

( i . e . ,  a 10-day HRT r e f e r s  t o  a'2.5-day r e t e n t i o n  period i n  each of t h e  series 

r e a c t o r s ) .  The labora tory  plug flow simulat ion d a t a  i n d i c a t e  t h a t  t h i s  design 

r e s u l t s  i n  s t a b l e  opera t ion  a t  r a t h e r  extreme condi t ions ,  including lower 

temperatures and a t  a l -day  HRT (with the  a i d  of e f f l u e n t  recycle) .  

From i n i t i a l  s ta r t -up ,  the  5000-l i ter  plug f low p i l o t  u n i t  operated w e l l  

with few problems as indica ted  by t h e  s t a r t - u p  i n  Figure 6 .  Steady s t a t e  gas 

production a t  3f°C wi th  8% t o t a l  s o l i d s  feed about 5150 li ters per day o r  

s l i g h t l y  more than one volume per  volume of r e a c t o r  per  day. A summary of 

condi t ions  t e s t ed  wi th  t h e  p i l o t  p lan t  and r e s u l t s  a r e  given i n  Figure 7 .  

Since the  maximum biodegradable f r a c t i o n  is  about 45%, most condi t ions  t e s t ed  

have achieved conversion of 60% o r  more of t h e  a v a i l a b l e  o r  biodegradable 

organic matter .  This  da ta  a l s o  indica ted  good c o r r e l a t i o n  between t h e  simulated 

nratnry p lug  flow da ta  and the  p i l o t  scale ana lyc i s .  



Figure 3. Photograph of the p i lo t  scale plug flow fer- 
mentor located a t  the waste management lab- 
oratory of the Cornell University Teaching 
and Research Center Harkord, New York. 



, I 

. .  1 . 
Figure 4 .  photograph of 65-cow dairy fu l l  scale completely mixed 

anaerobic fermentor tested in  parallel operation at 
Cornell University with a plug flow design of equal 
volurne . 
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Figure 5 .  Schematic and photograph of the f u l l  scale 65 cow dairy 
plug flow reactor tested i n  parallel operation at  Cornell 
University with a completely mixed reactor of equal vol- 
ume. Note, the photographed reactor does not have the 
top insulation installed. 



-1.1- 3. A summary of analyses conductea on aanure feedstocks and effluents 

trom plug flow pilot reaclu~. 

8% TS Feed Condition 10-12% TS Feed Condition 
irame ter Influent Effluent Influent Effluent 

Range Avg. Range Avg. Range Avg. Range Avg. 

Lkalinity, 
/ t  CaC03 

a, mg/R 

ree ,Ammonia, 
:I 11 

~tal Solids, 
I R 

Destroyed 28.0 21.4 

~tal Volatile ' . 

)lids, g/ll 54-79 71 36-65' 48 90-104 97 62-80 73 

Destroyed 32.4 24.7 



Table 4 .  Summary of example performance d e ~ s  f ~ o m  reactor systems of four 
CSTRs in series. 

Temp 22OC Temp 35OC 
HRT = 12 HRT = 30 HRT - 10 HRT = 12 HRT = 

days days days days d o -------- (recycle)---------, 

Influent Total 80.00 80.00 80.00 80.00 80.01 
Solids (gmll) 

Xnfluene Total ' 

Volatile Solids (gmlk) 71.69 71 .18 70.36 71.84 71.0 

Effluent Total Solids 
gmI (1 69.87 59.09 59.60 59.11 59.31 

% reduced 12.7 26.1 25.5 26.1 25.8 

Effluent Total 
Volatile Solids (gmI(1) 61.86 51.01 50.73 50.92 50.5 

% reduced 13.7 28.3 27.9 29.1 28.9 

Total Gas Production 
RIR reactor-day 0.268 0.368 1.298 1.318 1.31 

Methane Production Rates 
E/R reactor-day --- --- 0.543 ' 0.681 0.7 



H R I  = 30 DAYS 
I N F L U E N T  T.5.. 8 Ole 
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The m a j o r i t y  of more t h a n  a  y e a r ' s  opcraZiona1 d a t a  f o r  t h e  two f u l l  s c a l e  

u n i t s  is '  summarized i n  Tab le  5 and i l l u s t r a t e d  i n  F i g u r e  8 .  Under a l l  c o n d i t i o n s  

t h e  p lug  f low r e a c t o r  r e s u l t e d  i n  s i g n i f i c a n t l y  more s o l i d s  c o n v e r s i o n  t o  

b idgas .  Although a s p e c i f i c  d e s i g n  w i l l  most l i k e l y  be c o ~ i s t r a i n e d  by s i t e  

c h a r a c t e r i s t i c s ,  t h e  15-day HRT p lug  f l o w  r e a c r o r  ;ilzz produced g r e a t e r  than  2 . 3  

volumes of b i o g a s  p e r  volume of r e a c t o r  would appear  t o  be a  good compromise 

between r e a c t o r  s i z e  a n t  s o l i d s  c o n v e r s i o n  e f f i c i e n c y .  

E f f e c t  of Cold Cl imate  

The t empera tu re  of n o r t h e r n  New York o f t e n  d r o p s  below minus 30°C, and can  

average  minus 20°C f o r  s e v e r a l  weeks. S i n c e  maximum s p a c e  h e a t i n g  and o t h e r  

energy needs  may c o i n c i d e  w i t h  t h i s  p e r i o d  i t  i s  e s s e n t i a l  t h a t  c a r e f u l  n e t  

energy a n a l y s i s  of t h e  sys tem be known. Uninsu la ted  o r  p o o r l y  i n s u l a t e d  sys tems 

w i l l  n o t  r e s u l t  i n  p o s i t i v e  energy b a l a n c e  i n  c o l d  c l i m a t e s .  The f u l l  s c a l e  u n i t s  

were c h a r a c t e r i z e d  f o r  energy l o s s e s  under  d i f f e r e n t  c o n d i t i o n s  w i t h  t h e  r e s u l t s  

a s  i n d i c a t e d  i n  T a b l e  6 .  Note t h a t  even w i t h  a  w e l l  des igned  p l u g  f l o w  

r e a c t o r  o p e r a t e d  w i t h o u t  a n  i n s u l a t e d  g a s  c o v e r ,  r e s u l t e d  i n  a  n e g a t i v e  energy 

ba lance ;  i . e . ,  i t  r e q u i r e d  1 7  p e r c e n t  more energy t o  o p e r a t e  a t  35°C t h a n  

was produced.  However, a  w e l l  i n s u l a t e d  t o p  r e s u l t s  i n  a n e t  energy p r o d u c t i o n  

of 44  p e r c e n t  of t h e  t o t a l  even when t h e  a i r  t e m p e r a t u r e  averaged -18°C. 

The p r o j e c t e d  year-round v a r i a t i o n  of b i o g a s  p r o d u c t i o n  a s  a f f e c t e d  by a  c o l d  

c l i m a t e  is  shown i n  F i g u r e  9. Although i t  a p p e a r s  t h a t  o p e r a t i o n  of a  u n i t  

a t  a  lower fe rmentor  t e m p e r a t u r e  (such a s  25°C)  would r e s u l t  i n  a  h i g h  n e t  

ene rgy  p r o d u c t i o n ,  t h e  i n c r e a s e d  r e a c t o r  s i z e  and r e l a t e d  c o s t s  may n o t  j u s t i f y  

t h i s  o p e r a t i n g  c o n d i t i o n .  



! 
. . I 

Tab1.e 5 .  Sumnary of f i l l  sca le  operation of dairy manure anaerbbic fermenrors when fed a TS feed o f '  
129 grnill. I 

I 
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Gas Production I vol /vo l  

Gas Composition % CH4 

Sol ids  Destruction 1 X TVS 'red 

% TBVS red t-- 
Gas Product ion 
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% TBVS red t 
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Figure 8. Conlparison o f  s o l i d  c o n v e r s i o n  e f f i c i e ~ l c y  i n  f u l l  s c a l e  comp1eteJ.y 

nlj.xed and p l u g  f l o w  r r i i c t o r s  f e d  a b o u t  1 3  p e r c e t l t  s o l i d s  d a i r y  nlorlure 



Table  6 .  Comparison of  energy g e n e ~ a t i o n  w i t h  t h e  two f u l l  s c a l e  sys tems o p e r a t i n g  under c o l d  c o n d i t i o n s .  

Parameter 
P l ~ g  Flow Reactor  ,Completely Mixed Reac to r  . 

b0 Day HRTt 15  Day HRT* 1 5  Day HRT* 30 Day HRT 1 5  Day HRT 1 5  Day HRT* 

Ambient A i r  Temperature, (OC) 

Heat Loss t o  Surroundings ,  
(R tu /day)  

Feed Temperature,  (OF) 

Heat Loss  t o  Heat Feed, 
(B tu /day)  

T o t a l  Heat Required,  (Btu/dzy) 

T o t a l  Heat Supp l ied ,  (Btulday)  

Heat System E f f i c i e n c y  t % )  
3 T o t a l  Biogas Produced (E t  ) 

T o t a l  Energy Produced,  
(Btu /day) 

Energy Used, (Btu/day) 

Net Energy,  (Btulday)  

Energy Used, (%  of T o t a l )  

Net Energy, (% of  T o t a l )  

1 

78,250 

5 0 

942,210 

320,460 

736, OOO* 

42* 

2500* 

1,500,000* 

736 ,OOO* 

764, OOOk 

49* 

51* 

*Calcula ted  v a l u e s  from measured the rmal  c h z r a c t e r i s t i c s  

YChe n e g a t i v e  energy b a l a n c e  t h a t  occur red  w i t h  t h e  30 day HRT p l u g  f l o w  r e a c t o r  experiment r e s u l t e d  from 
o p e r a t i o n  i n  w i n t e r  wezther w i t h  no i n s u l a t i o r .  a p p l i e d  t o  t h e  g a s  c o l l e c t i o n  cover .  The remainder  of  t h e  
p lug  f low exper iments  were c a r r i e d  o u t  a f t e r  i n c h e s  of  f i b e r g l a s s  i n s u l a t i o n  and a hypalon s h e e t  were 
p laced on t h e  r e a c t o r  t o p .  



GROSS ENERGY PRODUCTION, 25OC S ~ O C ,  - -  - - - - - - - -  - -  

YEAR IN MONTHS 

F i g u r e  9 .  Annual  v a r i a t i o n  of  n e t  e n e r g y  p r o d u c t i o n  f rom a p l u g  f l o w  
d a i r y  a n a e r o b i c  f e r m e n t o r  when o p e r a t e d  a t  two t e m p e r a t u r e s .  



The s i z e  d i s t r i b u t i o n  of U.S. farms and t h e  q u a n t i t i e s  of o rganic  

r e s i d u e s  i n d i c a t e  t h a t  a s  much a s  75% of t h e  t o t a l  i s  generated by small  s c a l e  

a g r i c u l t u r e .  Most of t h e s e  farms could supply a  raw a g r i c u l t u r a l  r e s idue  feed 

of l e s s  than  2700 kg per  day (3  t ons  per day) on a  year  round b a s i s .  Although 

t h e r e  a r e  reasons  o t h e r  than  energy product ion why anaerobic  fe rmenta t ion  may 

be i n s t a l l e d ,  i t  would be d e s i r a b l e  f o r  t he se  systems t o  be capable  of 

gene ra t i ng  energy t h a t  would be c o s t  compet i t ive  w i th  e x i s t i n g  supp l i e s .  

This  would enable  d i r e c t  replacement of common f u e l s  such a s  gaso l ine ,  d i e s e l  

o i l ,  and n a t u r a l  gas, and i n d i r e c t  replacement of e l e c t r i c i t y .  However, 

convent iona l  de s igns  do no t  appear t o  beeconomical ly  f e a s i b l e  s i n c e  t h e  va lue  

of t h e  r e s u l t i n g  energy v a r i e s  from 2 t o  10  t imes a s  expensive a s  e x i s t i n g  

supp l i e s .  

A number of f a c t o r s  can be considered t o  change t h e  economic f e a s i b i l i t y  

of methane gene ra t i on  technology f o r  smal l  s c a l e  farms. F i r s t ,  more e f f i c i e n t  

use of  t h e  energy is  r equ i r ed .  This  means t h a t  a b e t t e r  match of t h e  supply 

w i th  t h e  vary ing  energy demands i s  necessary.  Th i s  may be  d i f f i c u l t  t o  ach ieve  

without  s i g n i f i c a n t  c a p i t a l  investment i n  conversion and s t o r a g e  of t h e  energy. 

L i t t l e  work appears  t o  be on-going i n  t h i s  a r e a .  

The second a r e a  where s i g n i f i c a n t  sav ings  nay be ob ta ined  is  i n  t h e  b a s i c  

des ign  and o p e r a t i o n  of t h e  r e a c t o r s .  The s imp le s t  and lowest  c o s t  reaceor  

would involve  t h e  use  of low c o s t  f l e x i b l e  m a t e r i a l s  and s o i l  supported 

s t r u c t u r e s .  A number of more p r a c t i c a l  f u l l  s c a l e  i n s t a l l a t i o n s  have b u i l t  

t h e s e  types  of systems, but  l i t t l e  ope ra t i ng  d a t a  i s  a v a i l a b l e  (Fry,  1974; 

Meynell, 1976).  The d e f i n i t i o n  of ope ra t i ng  requirements  f o r  mixing and 

temperature  have been t h e  major focus  of Corne l l  ~ n i v e r s i t y ' s  r ecen t  a c t i v i t i e s  

For t h e  f i r s t  t i m e  i t  has  been c l e a r l y  demonstrated t h a t  t h e  s i n p l i f i e d ,  low- 

cos t  plug f low des igns  t h a t  have been t e s t e d  on a  l a b o r a t o r y ,  p i l o t  p l a n t  

s c a l e  and f u l l  s c a l e  a r e  more e f f i c i e n t  than t h e  convent iona l  completely mixed 

r e a c t o r  des ign  commonly used f o r  sewage s ludge  t rea tment .  The plug flow des ign  

when app l i ed  t o  d a i r y  cow manure wi th  feed s o l i d s  up t o  13% t o t a l  s o l i d s  

has achieved 10  t o  30 percent  g r e a t e r  s o l i d s  conversion than a  completely 

mixed r e a c t o r  of equal  s i z e  opera ted  under i d e n t i c a l  cond i t i ons  i n  p a r a l l e l  

t e s t s .  Although f u r t h e r  i n f o r m a ~ i o n  i s  necessary ,  i t  would appear  t h a t  

ope ra t i on  a t  lower temperature  w i t h  d a i r y  cow manure may be f e a s i b l e .  On-g g 

demonstration of t h e  s i m p l i f i e d  r e a c t o r  des ign  wi th  low c o s t  m a t e r i a l s  and 

cons t ruc t ion  techniques w i l l  con t inue  t o  c l a r i f y  s p e c i f i c  des ign  requirements .  



Although s e v e r a l  l a r g e  s c z l e  ? l u g  :lob: r e a ~ t o r s  have been used f o r  

i g n i f i c a n t  t ime  p e r i o d s ,  t h e r e  remains  a l a c k  of d a t a  t o  i n t e r p r e t  che basir 

mechanisms t h a t  e n a b l e  a c t i v e  f e r m e n t a t i o n  t o  proceed under  t h e s e  a d v e r s e  

r e a c t o r  c o n d i t i o n s .  The e f f l u e n t  v o l a t i l e  a c i d s  from t h e  p l u g  f low p i l o t  p l a n t  

were u s u a l l y  l e s s  than  300 mg/L a s  a c e t i c  a c i d  and most of t h e  a c t i v i t y  occur red  

i n  t h e  f i r s t  t h i r d  of t h e  r e a c t o r .  Apparen t ly  ?nough mixing was induced by 

d i f f u s i o n ,  t empera tu re  g r ~ d i e n t s ,  and bubb le  movement t o  p r o v i d e  t h e  minimum 

mixing requ i rements  t o  ~ u p p o r t  t h e  complex m i c r o b i a l  a c t i v i t i e s  r e q u i r e d  t o  

form met l~ane .  A d d i t i o n a l  s t i l d i e s  on t h e  fundamentals  need t o  be completed 

b e f o r e  t h e  i n f l u e n c e  of t empera tu re  and mixing on a g r i c u l t u r a l  r e s i d u e s  

f e r m e n t a t i o n  i s  c l a r i f i e d .  

F i n a l l y ,  i t  i s  n e c e s s a r y  t o  p r o v i d e  some o v e r a l l  p e r s p e c t i v e  on t h e  

c o m p e t i t i v e n e s s  of t h e  methane g e n e r a t i o n  t echno logy  i n  r e l a t i o n  t o  competing 

energy s o u r c e s .  S i n c e  t h e r e  a r e  n e a r l y  10 ,000  d a i r i e s  w i t h  100 head of c a t t l e  

i n  Rew York S t a t e ,  i t  i s  i n t e r e s t i n g  t o  c o n s i d e r  what t h e  t o t a l  energy 

g e n e r a t i o n  p o t e n t i a l  would b e  i f  i t  was p o s s i b l e  t o  i n s t a l l  t h i s  number o f  

sys tems,  and a l s o  t o  compare t h e  t o t a l  i n v e s t m s n t s  t o  t h o s e  b e i n g  c o n s i d e r e d  

f o r  o t h e r  t e c h n o l o g i e s .  The t o t a l  p o t e n t i a l  b i d b a s  energy g e n e r a t i o n  c a p a c i t y  

would be about  483 m i l l i o n  w a t t s  p e r  day (P-lergy e q u i v a l e n t  t o  t h e  methane) .  

I f  t h e  a v e r a g e  inves tment  p e r  100-cow d a i r y  e q u a l l e d  $30,000 e a c h ,  t h e  c o s t  of 

implementing t h i s  t echno logy  would be $620 p e r  k i l o w a t t  of  g e n e r a t i o n  c a p a c i t y .  

I f  t h e  improvement p r e s e n t e d  i n  t h i s  paper  prove t o  be s u c c e s s f u l ,  t h e  r e s u l t i n g  

g e n e r a t i o n  c o s t s  would d e c r e a s e  t o  as low a s  $200 p e r  k i l o w a t t .  Comparison of 

t h i s  s o u r c e  of energy t o  c o s t s  f o r  n u c l e a r  and f o s s i l  f u e l  e l e c t r i c i t y  g e n e r a t i o n  

g iven  i n  Table  6  shows t h a t  t h e  c o s t  of b i o g a s  i s  p r e s e n t l y  c o m p e t i t i v e ,  and 

~ o u l l l  be U I I ~  u1: che feasr expens ive  o p t i o n s  a v a i l a b l e  i f  on-going e f f o r t s  a r e  

s u c c e s s f u l  i n  deve lop ing  lower  c o s t  sys tems.  Thus i t  would appear  t h a t  t h e  

s m a l l e r  farms shou ld  p l a y  a  major  r o l e  i n  p r o v i d i n g  c l e a n ,  renewable  c o s t  

c o m p e t i t i v e  energy i n  t h e  n e a r  f u t u r e .  

SIWAiKY AND CONCLUSIONS 

.The p o s s i b i l i t y  of i n s t a l l i n g  methane g e n e r a t i o n  t echno logy  on smal l  

f a rming  o p e r a t i o n s  r a i s e s  complex q u e s t i o n s  r e l a t i n g  t o  t h e  a v a i l a b i l i t y  of 

o r g a n i c  r e s i d u e s ,  l i m i t e d  f i n a n c i a l  r . a p a b i l i t y ,  a v a i l a b l e  s k i l l s ,  and a p p r o p r i a t e  

technology.  The o b j e c t i v e s  .>f t n i s  paper  were  t o  examine t h e  e f f e c t  of s i z e  

- &  a g r i c u l t u r a l  o p e r a t i o n  on t h e  t e c h n i c a l  and economic f e a s i b i l i t y  of methane _ l e r a t i o n  and t o  c o n s i d e r  t h e  t e c h n i c a l  r e q u i r e m e n t s  and i n f o r m a t i o n  needs  t o  

c o n s t r u c t  and o p e r a t e  f e r m e n t o r s  on s m a l l e r  f a rming  o p e r a t i o n s .  



Table 6 ;  Comparison of the capital cost oT ~n.-- rgy generation using various 
technologies (in 1978 dollars). 

Unit Nominal Cost 
Type of. Size, Megawatts $ per kW 
Generation per day of Generation Reference 

Capacity 

Nuclear 

Coal 

850 New York Power Pool 197l 

. 740 11  

Gas Turbines 1 1  --- 230 

Pumped Storage Hydro 1000 312 I I 

Methane Generation on 
New York dairioa 

(10,000 units) U.05 200 to 620 This Study 

Mass Produced Solar 
Power Systems --- 1600 to 6000 Barber 1978 



Number and S i z e s  of U.S. Farms 

The a r i t h m e t i c  average  s i z e  of t h e  2 .3  n i l l i o n  farms i n  t h e  U.S. i s  364 h a ,  

and 80% o f  a l l  farms a r e  l e s s  t h a n  204 ha (500 a c r e s )  i n  s i z e .  Only a l i t t l e  

more than  5% of t h e  farms have more t h a n  400 ha (1000 a c r e s ) .  

The p r e s e n t  t o t a l  amount of manures i s  d i s t r i b u t e d  among t h e  major animal  

groups  a s  f o l l o w s :  m i l k  cows - 3 6 % ,  beef' c a t t l e  - 28%, swine - 23%, and 

p o u l t r y  - 13%.  The s i z e s  of most e x i s t i n g  a g r i c u l t u r a l  o p e r a t i o n s  and t h e  

r a t e  of g e n e r a t i o n  of o r g a n i c  r e s i d u e s  t h a t  would be  a v a i l a b l e  a s  a n  energy 

f e e d s t o c k . i n d i c a t e s  t h a t  t h e  l a r g e  m a j o r i t y  produce l e s s  t h a n  3 . t o n s  ( d r y )  per  

day.  Be r e l a t i n g  t h e  b i o d e g r a d a b i l i t y  of t h e  o r g a n i c  m a t t e r  t o  t h e  p o t e n t i a l  

energy g e n e r a t e d ,  t h e  approximate  a c c e p t a b l e  c a p i t a l  investment  was e s t i m a t e d .  

The investment  t h a t  could  be o f f s e t  by t h e  methane genera ted  by 100 animal  

u n i t s  v a r i e s  between $ ~ 0 , 0 0 0  and $35,000 depending on t h e  b i o d e g r a d ' i b i l i t y  

of t h e  animal  manures . ,  

Energy Balances  on Small  Farms 

Due t o  t h e  h i g h  m o i s t u r e  c o n t e n t  of most o r g a n i c  r e s i d u e s  and t h e  low 

g e n e r a t i o n  r a t e ,  i t  i s  n e c e s s a r y  t o  s .onsider b o t h  o n - s i t e  g e n e r a t i o n  and 

u t i l i z a t i o n  of t h e  energy.  D e t a i l e d  energy f iow s t u d i e s  i n d i c a t e d  L5ai t h e  t o t a l  

amount of d i e s e l ,  g a s o l i n e  and e l e c t r i c i t y  f u e l s  u s e  i n  m i l k  and beef p roduc t ion  

was l e s s  t h a n  t h e  energy t h e o r e t i c a l l y  con ta ined  i n  t h e  b i o g a s  from a n a e r o b i c  

f e r m e n t a t i o n  of t h e  a g r i c u l t u r a l  r e s i d u e s .  These energy b a l a n c e s  s u p p o r t  t h e  

p o s s i b i l i t y  of deve lop ing  energy s e l f - s u f f i c i e n t  food p roduc t ion  u n i t s .  

However, a  l a r g e  amount of development work remains  t o  produce economical ly  

feasth1.e 1.1ti.l.l.zation systems.  

Est imated Cos t s  of Anaerobic Fermenta t ion  Systems 

S e v e r a l  d i f f e r e n t  c a t t l e  manure a n a e r o b i c  f e r m e n t a t i o n  systems were des igned  

and c o s t e d  i n  o r d e r  t o  e s t i m a t e  t h e  t o t a l  c o s t  o f  t h e  energy developed i n  t h e s e  

sys tems.  Compared t o  t h e  e x i s t i n g  c o s t  of n a t u r a l  g a s  of abou t  $10 per  l o 6  k c a l ,  

t h e  l o s e s t  c o s t  of g e n e r a t i o n  w a s  about  double  t h i s  v a l u e  f o r  40-cow d a i r i e s ,  

1 . 5  t imes  t h e  market p r i c e  a t  t h e  100-cow d a i r y  s i z e ,  and abou t  h a l f  t h i s  

l e v e l  f o r  1000 head beef f e e d l o t s .  Addi t ion  of t h e  c o s t s  f o r  g a s  hand l ing  

and convers ion  and a d j u s t i n g  t h e  c o s t  due t o  t h e  was t ing  of energy a t  times 

when t h e  demand and supp ly  d i d  n o t  match r e s u l t e d  i n  making t h e  g a s  more than  

t w i c e  a s  c o s t l y  a s  t h e  above v a l u e s .  



Thus t h e s e  estimates i n d i c a t e  t h a t  s i f i n i f i c a n t l y  decreased  c o s t s  of b i o g a s  

g e n e r a t i o n  would have t h e  p o t e n t i a l  of producing s i g n i f i c a n t  q u a n t i t i e s  of usabl  

energy a t  c o s t  c o m p e t i t i v e  w i t h  e x i s t i n g  f u e l s .  

Techn ica l  Basis f o r  Low Cost Methane Generat . ion Systems 

The d e f i n i t i o n  of low c o s t  s i m p l i f i e d  a n a e r o b i c  fe rmentor  t h a t  would be  

s e l f - e r e c t a b l e  by t h e  fa rmer  has  been a main g o a l  o f  t h e  C o r n e l l  U n i v e r s i t y  

program s i n c e  1974. I n  o r d e r  t o  deve lop  t h e  b a s i s  f o r  t h e  technology t h e  

minimum needs  f o r  mixing,  t empera tu re  c o n t r o l ,  r e a c t o r  s i z e ,  and new c o n s t r u c t i o n  

m a t e r i a l s  have been examined. These c o n s t r a i n t s  have l e d  Lo l a b o r a t o r y ,  p i l o t  

planr: aud p~ e s t n t l y  f u l l  3 c a l a  tecting of i . ! ~ m - i x r r l ,  s o i l  sugpor ted  r e a c t o r s  

c o n s t r u c t e d  of low c o s t  r u b b e r - l i k e  pond l i n e r  m a t e r i a l .  , 

Because of t h e  u n i f o r m i t y  of t h e  d a i r y  manure f e e d  its high v i a c u s i t y ,  

o p e r a t i o n  o f  l a b o r a t o r y  and p i l o t  s c a l e  p lug  f low r e a c t o r s  have been s u c c e s s f u l .  

F u l l  s c a l e  demons t ra t ion  a t  a  65-cow s i z e  h a s  shown t h a t  t h i s  d e s i g n  i s  s u p e r i o r  

i n  o p e r a t i o n  t o  a comple te ly  mixed d e s i g n  f o r  d a i r y  manure s u b s t r a t e  f e d  a t  1 3  

p e r c e n t  TS i n  a lmos t  every  way. Based on the. e s t i m a t e d  c o s t  of t h i s  s i m p l i f i e d  

r e a c t o r  d e s i g n  i t  i s  e s t i m a t e d  t h a t . t h e  t o t a l  c o s t  cou ld  d e c r e a s e  from about  

$30,000 u s i n g  r i g i d  t a n k  c o n s t r u c t i o n  s i n i l a r  t o  t h a t . u s e d  w i t h  sewage s l u d g e  

t o  a s  l i t t l e  a s  $10,000. Th is  r e d u c t i o n  d e c r e a s e s  t h e  c o s t  o f  energy s u f f i c i e n t l y  

such t h a t  s m a l l  d a i r i e s  may be a b l e  t o  g e n e r a t e  b i o g a s ' e n e r g y  a t  a c o s t  

c o m p e t i t i v e  w i t h . o t h e r  energy s o u r c e s .  

F i n a l l y ,  comparison of t h e  t o t a l  inves tmcnt  r e q u i r e d  f o r  wjrlespread a d o p t i o n  

of methane g e n e r a t i o n  technology i n  a g r i c u l t u r e  t o  n u c l e a r ,  f o s s i l  f u e l ,  and 

massive i n s t a l l a t i o n  of d i r e c t  s o l a r  power i n d i c a t e s  t h a t  i t  would be  h i g h l y  

compet i t ive .  Energy e q u i v a l m i :  LV u e a i l y  500 megawatt0 par day rolllrl h~ replaced 

by b iogas  energy produced on New York d a i r i e s  a l o n e ,  a t  a  c o n s t r u c t i o n  c o s t  

v a r y i n g  between $200 and $620 p e r  kW of  g e n e r a t i o n  c a p a c i t y .  T h i s  compared t o  

v a l u e s  from $1000 t o  $6000 per  kW g e n e r a t i n g  c a p a c i t y  f o r  a l l  a l t e r n a t i v e  energy 

sources .  
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SUhI:dARY REPO2T 

ON THE 

BIOLOGICAL PKOUUC'TION OF LIQUID FUELS FRCM BIOI\lASS 

by 

Arthur E. Humphrey,' University of Pennsylvania 

Edward J. Nolan, General E lec t r ic  Company. 

The pulpose of  t h i s  Sm,ary  is t o  --- descr ibe pas t ,  p resen t ,  and pro- 

posed tedmologies  for  t he  b io logica l  production of l i qu id  f u z l s  and 

dlcmical feedstocks f r o m  b i o m ~ s s  raw r a t e r i a l s  and t o  a55css , t h e i r  

po t en t i a l  f o r  c ~ n ' t r i b u t i n ~  t o  t he  na t iona l  energy s q ~ p l y .  Tile b i o m s s  

raw r a t e r i a l s  of i n t e r e s t  can be grouped i n t o  four  c 3 t ~ g o r j e s ,  i . e . ,  

1) cerea l  grain s ta rches ,  2) sugar from o n e  and o ther  s i ini lar  agr icu l -  

t u r a l  CI-ops, 3) ce l lu lose  fl-m a g r i c u l t u r a l  residues 2nd ~ i m i c i p a l  . 

:s.-.;tcs zn=! 9) v s d .  D.e Lei m d e r  co~~ide??! t inn  is alcohol derived by 

ie~mctntation pl-ocrsses ( s j n o n ) m ~  with e t h y l  alcoilol and etl~arlol) .* 

Selected ci1e1ni ca l  fceikiocks examined include butanol-acetone and acet5.c 

acid. liowever, none of  these  ~r la te r ia l s  :lave the p o t e n t i a l  t h a t  alcohoi 

does a s  a s ign i f i can t  d ~ c m i c a l  feedsto& a l t e r n a t i v e  1ijt110ut rrajor break- 

tl~rou$l-~s in h igher  fel-ncntation corlcentrations and p roduc t iv i t i e s  of 

t he  product znd s i g n i f i c a n t l y  b e t t e r  separat ion techniques than d i s t i l l a t i o n  

o f  d i l u t e  feed, strew. For t h i s  reason, t h e  major focus o f  t h i s  Summary 

is on t i i c  production o f  alcohol f r o m  bionass.  

The Sunnary cor~prises ~ r c e  m j o r  considerations:  

1. Econonic analysis 01 chistirig process technologies a ~ d  

e s t i m t i o n  o f  s3cohol production cos t s  of these pmcess r s  

t m s l a t e d  i n t o  mid-1978 costs .  

%is should not be c o n h e d  xith n c t l ~ ; ~ o l  dcrii-cd by pyro lys i s  of coa l  
or ~ ; ~ d .  



2.  Comparison of processes based on present and envisioned tech- . 

nological developments. 

3. Technological challenges and breakthroughs needed t o  make the 

production of  alcohol from biomss.economically and energet- 

i c a l l y  a t t rac t ive .  

The e s sen t i a l  findings of these examinations a r e  summarized below. 

Economic Analysis 

Ut i l iz ing  the design of  a 25,000,000 gallon per  year alcohol pip- 

duction p lan t  s rhe basis for making cos t  comparisons, r.he pruduction 

costs  f o r  95% alcohol (190° proof) a s  the base case product were 

estimated. If anhydrous alcohol is the desired end product, approfimately 

3t/gallon should be added t o  the costs  reported here. In  the production 

cost analysis ,  no byproduct c red i t s  .were' given; mainly because these a r e  

t r u l y  ~ d c n o ~ n  i f  s igni f icant  quant i t ies  of  byproducts, i . e . ,  (XI2, 

fur fura l ,  xylose, fuse1 o i l ,  animal feed, and waste' so l ids  such a s  l ignins 

f o r  burning fuel c red i t ,  etc., a re  produced. 1Ve believe t h a t ,  a t  bes t ,  i 
,t 

a 20$ t o  .25$ per  gallon credit f o r  animal feed and a 50 t o  64 per  gallon 
h! 

credit f o r  waste s o l i d  fue l  is the most c red i t  t ha t  can be reasonably 
# 

assigned t o  the  process. However, we have l e5 t  it t o  the readers and rl 
1' 

. .: 
i; 

-ers of .  the Summary t o  se lec t  from the data  presented those byproduct 
k 

. credits tha t  they wi.sh t o  assign i n  t h e i r  consideration. Further; we  W 
. , jt 

I 

have not included any return on investment (ROI) i n  the production cost  I; 
k" 
r'; 

because these can be s o  variable dependent upon the nleans of p lan t  '1' 

financing. For exarrple, the  i n t e l e s t  'charges f u r  the cap i t a l  investnent 
M y  



] ra ised from t he  s a l e  of i~nmicipal bonds (perhaps f o r  a plant  t o  consume 

garbage) would be su5s tan t ia l ly  l e s s  than t h e  charges fo r  cap i i a l  ra ised 

as equity and from standard bonds. Id th  these constra ints  and assurrp- 

t ions ,  the following production cos t s  and cap i t a l  investments \$.ere 

obtained f o r  the  various processes: 

Basis : 25,000,000 gal/yr of  95% Alcohol Product 
P o  byproduct c r ed i t s )  

Assumed Raw 
Material Costs Capital Costs Production Costs 

Rahr Material delfvered $/1,000,000 $/gal  - 

Sugar from sugar $13.50/ton o f  sugar 37.6 1.15 

cane juice in cane 

Molasses from $ 5 0 / t ~ n  of m l a s s e s  17.7 1.08 

sugar cane 

Starch fr~iii $2.50/bu 29.4 1.40 

corn g-min 

Starch from $1.96/bu 29.4 1.24 

grain sorghum 

Cellulose from , $20/oven dry ton 88.8 1.37 

wood chips 

Cellulose $24/oven dry ton 64.8 

, waste paper 

Cellulose from $30/oven dry ton 67.4 

corn s tover  

Syrup sheet  

sorghum 

$7.80/ton 37.4 

(yield  27 tons/acre) 



Process Comparison 

A number of processes were considered f o r  producing alcohol. These 

included : 

A. Cellulosic  Subst'rates: Natidc Process 
Gulf O i l  Process 
SRI/Wilke Process 
SRI/Tsao Process 
Purdue Ts30 Process 
BaLtelle Rcport 
Katzen Process 
Madison Process 
.Pem/C;E Process 

B., bblasses Substrates : S&af fer /Bat tel le  Report 
ICAITI EX- FXWI Process 
SRI/Tilby Process . 

C. Grain Substrates: Schelle r Process 
Seagram Process 
Schaf fe r /Bat te l le  Report 
Schaffer/Rattelle Process 

Inter tech Process 
Gregor Process 
Dynatech/Kolbe Process 

The cel l l l losic  substrate  processes u t i l i z e  inexpensive substrates ,  

available in' large quant i t ies ,  but current ly re la t ive ly  e~pcns fve  ~~luthcrds 

f o r  converting the cel lulose t o  alcohol. In general, the yields  a r e  

poor ( less  than 50%). The alcohol cos ts  are i l l  Lhe rnngo of $1.0n - $ 2  -00 

per  gallon. O f  these processes, only the Nadison and Gulf O i l  processes 

have been run at  mre than bench scale  - level.-  Hence, considerably greater , 
study is needed before these processes can be U l y  evaluated. I 

I 
The production of alcohol from molasses is e ~ s t i n g  technology x~hich 

is beirig applied i n  mmy co~mtr ies .  Thus, the technical de ta i l s  a r e  m r e  

r e l i ab le  than for  the other  processes. I t  would appear tha t ,  i f  large 
d 



quant i t i es  of molasses were available a t  $50/ton, alcohol could be pro- 

duced f o r  cos t s  of aromd $l.08/gallon and sold corrpetitively today 

,cith alcohol produced from ethylene. Unfortunately, nnlasses is a 

l imited raw material i n  the U.S. 

Horcever, there  i s  a s t rong p o s s i b i l i t y  t h a t  syrup sweet sorghum can 

be used a feedstock adjunct t o  molasses. In  the  Southliest, syrup sweet 

so.r$um i s  harvested a f t e r  the sugar cane season thereby e f f ec t ive ly  

extending the use o f  sugar feedstock t o  a year-round bas i s .  lbreover;  

it is h o i m  t h a t  s y q  sweet sol-gl~um can grow i n  many o ther  areas of  

the  U.S. in .addition t o  Southern regions. In p a r t i c u l a r ,  sxeet  sorghum can 

grow ~chere'ver corn is gl-am. This r a i s e s  the p o s s i b i l i t y  t h a t  the  sweet 

sorghum may be used a l s o  in place of  o r  in conjunction with con1 a s  

a feedstock f o r  making alcohol. 

Irlith.respect t o  grain subs t ra tes ,  alcohol production f r o m  corn, milo, 

wheat o r  o ther  grains i.s ex i s t i ng  technology. The Sche l le r  process 

appears t o  be based on such technology. Further, Schel ler  appears t o  be 

overly op t imis t ic  i n  terms of  subs t ra te  cos t s ,  equipment cos t s ,  and by- 

product c r ed i t s  i n  a r r iv ing  a t  a production cos t  of  $0.94/gallon. 

However, t he  bas i c  =s~myt ions  i n  h i s .  est imates are c l ea r ly  spe l led  out 

and can be corrected t o  whatever case t he  person analyzirig the process 

f e a s i b i l i t y  should wish. Other estimates based on corn, wheat and milo 

suggest an alcohol production p r i ce  in t h e  range of  $1.27 - .$2.05/gallon. 

\\'it11 respect t o  o ther  processes,  such a s  the  In te r tech  process based 

growth. of  algae i n  open ponds. follo~sed by production o f  alcohol from 

a l g a l  carbohydrates and the  Gregor process based on the use o f  mmbranes 



for various separation s teps , . the  alcohol cost estimates cannot he given 

serious consideration because many problems have been overlooked and 

neither process has been reduced to  practice. 

If  one wished t o  produce alcohol in  the next few years, it would 

appear ' t o  be feasible t o  do so a t  costs estimated t o  range from $1.00 to 

$2.00 per  gallon from mlasses ,  grain o r  cellulosic substrates using - 

processes described in the Schaffer report for  molasses, the Scheller 

process for  grain, iind the bkdison process for saivd&f. 

Technological Challenges 

This review of the alcohol process economy indicates that  the major 

barr ier  t o  the conversion of biomass t o  alcohol fuel  is in  the price of 

the f2ecktock. Clearly, ted.;nologics m i s t  be c ;3 l%~d  to  ~ t i l i z c  cheap 

feedstocks such as municipal and agricultural residues, etc. Utilization 

of these materials not only affords cheaper s tar t ing materials but thei r  

development may allow financing throu.& municipal bond issues, thus 

reducing the r isk and encouraging more private entrepreneurs to par t i -  

cipate i n  construction of such processes. .Cheap collection and biomss 

separation techniques are key t o  the solution of these problems. Also, 

the potential of sweet sorghum as a feedstock supplement needs to .be  

verified and i ts  bmad base su i tab i l i ty  for agricultural production 

tested. - . 

Kith respect t o  the process technology, there are, several important 

technologies that can use further development. These include irrprovement 

in recovery techniques and enh'mcenent of the alcohol concentration i n  



the f e m n t s t i o n  in order.  t o  reduce the separation energy demands. Also, 

- mans of  increasing product iv i t i es  should be invcst.igatr.d i n  nirlc-r t o  

reduce f e m n t a t i o n  equipment s ize .  

Kith respect t o  low energy separations,  a l te rna t ives  t o  d i s t i l l a t i o n  

should' be studied.  l hese  include mmbrane separat ions ,  ex t rac t ive  f e m n -  

t a t i on ,  \;acuum f e m n t a t i o n ,  e t c .  .Developmnt of t h e m - t o l e r a n t  alcohol . 
. . 

producing orga..isms a r e  e s s e n t i a l  ' t o  m c m  f e m n t a t i o n  techniques. . . 

Also, a lcohol- tolerant  yeasts  need t o  be developed t h a t  w i l l  give e i t h e r  

h i sher  r a t e s  of alcohol production f o r  8-10% broth concentrations o r  

produce broths a t  14-20% a t  s imi l a r  ra tes .  

In dealing with dleap biomass sources such as ag r i cu l tu ra l  residues 

and municipal wastes, cheap co l lec t ion  cos t s  i n  order  t o  achieve economics 

of sca le  1nus.i: be found a s  well  as ways t o  i q r o v e  the r a t e s  o f  ce l lu lose  

s a c d ~ a r i f i c a t i o n  e i t h e r  through ac id  o r  enzymatic hydrolysis o f  these 

materials.  N s o ,  ways must be developed t o  u t i l i z e  the  hemicellulose and 

l i gn in  associated with the  ce l lu lose  and/or s t a r ch  i n  these materials.  

Final ly ,  byproduct credits a r e  very inportant  t o  the  overa l l  process 

economics. Burning the  byproducts f o r  f~ le l  c r e d i t  is  not the  solut ion.  

h t h e r ,  e f f ec t ive  ways r u t  be found of  upgrading the byproducts i n t o  

high value feed and chemicals. This l a t t e r  area  has received very l i t t l e  

a t t en t ion  and must be developed i f  fue l s  from biomass a r e  ever  t o  be 

economical processes. 
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Energy Factory 

M. Fraser ,  InterTechnology 
So la r  Corp. 

2:20 - 2:45 p.m. Potent ia l  Water Qua1 i t y  Impacts M. Torpy, Argonne 
from Large Scale Crop Residue 
Harvesting 

Carbohydrate Crops AS a Source 
o f  Fuels 

E. Lipineky, B a t t c l l e  
Col umbus Labs 

3:10 - 3:30 p.m. COFFEE BREAK 

Savannah River tnergy Plan 

Herbaceous Species Screening 
Program 

.A. Ta l ib ,  MITRE 

K. Saterson,  Arthur D. 
L i t t l e ,  Inc. 

SESSION IVB: BIOMASS REFINING 
L.  Douglas, SERI 

~ h a i  man  

1:30 - 1:50 p.m. Hemicell ulose Recovery and Pentose R. Chambers, Auburn 
Uti 1 i za t ion  in  a Biomass Processing Universi ty 
Compl ex 

1 :50 - 2:10 p.m. , Improvement of Yields and Rates H.  Klei., Connecticut 
Using Immobilized Enzymes during Universi ty 
the  Hydrolysis of  Cel lulose t o  
Gl llcose 

Bioconversion of P lan t  Biomass t o  R. Brooks, General 
Ethanol E l e c t r i c  Company 

Enzymati c Saccharl f l  ca t'ion o f  
Waste Cell ulose 

M. Mandels, W.S.  Amy , 

Nati ck Research Labs 

3:00 - 3:20 p.m. COFFEE BREAK 

3:20 - 3:40 p.m. A n  Overview of Fuel Gas Production D. Wise, ~ y n a t e c h  
via Anaerobic Fermentation of 
Selected Muni c i  pal Wastes, Agrl cu l -  
tu ra l  Resi dues, and Crop-Grown Biomass 

Experimental Anaerobic Fermentation D. Lizdas , Hamil ton 
Faci 1 i t y  Standard 

4:OO.- 4:20 p.m. Engineering Analysis of Anaerobic E. Ashare, Dynatech 
Di ges t o r  Concepts 

4:20 - 4:40 p.m. Low Cost Methane Generator f o r  W .  Jewel 1 , Cornel 1 
Small Fawns University 
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Session IVB. ( c o n t ' d )  

4:40 - 5:00 p.m. Methane from Ag r i cu l  t u r a l  Residues J. P f e f f e r ,  U n i v e r s i t y  
Process Conversion E f f i c i e n c i e s  o f  I l l i n o i s  

SESSION I VC : THERMAL CHEMICAL CONVERSION 
G. F. Scn ie fe lbe in ,  B a t t e l l e  Labs 

Chai rman 

1 :30 - 1 :45 p.m. Overview o f  SERI Thermochemi c a l  T. Reed, SERI 
Conversion Program 

1:45 - 2:10 p.m. Biomass Energy Systems Program - G. F. Sch ie fe l  be in ,  
An Overview o f  Thermochemi c a l  B a t t e l  l e  Labs 
Conversion A c t i v i t i e s  

2:10 - 2:35 p.m. Development o f  Wood as an A1 t e r n a t i v e  J.. Hamrick, Aerospace 
Fuel f o r  Large .Power Generat ing Research Corpora ti on 

.Sys tems 

2:35 - 3:00 p.m. Advanced Systems Demonstrat ion f o r  B. M i l  1 igan, Wheel a b r a t o r  
U t i l i z a t i o n  o f  Biomass as an Energy Cleanfue l  Corpora t ion  
Source 

3:00 - 3:15 p.m. COFFEE BREAK 

3:15 - 3:40 p.m. Thermal Conversion o f  Biomass . i n  a J. Turp i  n , Uni v e r s i  ty 
Rotary  K i l n  System o f  Arkansas 

3:40 - 4:05 p.m. Syn the t i c  Fuels f rom a Large G a s i f i e r  V. F lan igan,  U n i v e r s i t y  
o f  M issour i  -Ro l l  a 

4:05 - 4:30 p.m. The SGFM Biomass G a s i f i e r  S. Beck, Texas Tech Univ. 

4:30 - 4:55 p.m. Cata lyzed Steam G a s i f i c a t i o n  o f  J.  Coffman, Wr ight -Mal ta  
Biomass Corpora t ion  

4:55 - 5:30 p.m. C a t a l y t i c  G a s i f i c a t i o n  

7:00 - 9:00 p.m. DISCUSSION GROUPS 

Biomass Ref in ing  

Anaerobi c D iges t i on  

Biomass Product ion 

Thermochemi c a l  Conversion 

L. Mudge, B a t t e l l e  
P a c i f i c  Northwest Labs 

Green Center 

H. Bungay, RensseTaer 
Chai rman 

D. Wise, Dynatech 
Chairman 

R. Inman, SERI 
Chai rman 

T. Reed, SERI 
Chai rman 

8iomass U t i l i z a t i o n  as a Fuel 
Chairman 



Thursday, June 7 ,  1979 

SESSION V: THREE CONCURRENT SESSIONS. Green Center 

SESSION VA: BIOMASS PRODUCTION 
R. Inman, SERI 

Chairman 

9:00 - 9:50 a.m. Research and Development of 
. In t ens ive ly  Cultured Plan ta t ions  

f o r  Maximum Biomass Production 

D. Dawson, USDAI 
Forest  Servi ce 

To be announced 

COFFEE BREAK 

Energy and Chemicals from Woody 
Species i n  Florida 

L .  Conde, University 
of  Florida 

NU~I-Commercf a1 Woody P l  arr 1s as  
Potent i  a1 Biomass Fuel Producers : 
An Ecological Rational f o r  Their  
Se lec t ion  

H. Ragsdale, Emory 
Universl t y  

Species Se lec t ion  and Si 1 vi cul t u r a l  
Systems f o r  Producing Fuels from 
Woody Biomass i n  the  Southeastern 
United S t a t e s  

LUNCH (on own) 

D. Fredrick,  No. Carolina 
S t a t e  Universi ty 

11:20 - 12:OO noon 

SESSION V B :  BIOPlASS REFINING 
D. Jantzen,  SERI 

Chairman 

A.S.E.F. Sol id  Waste tn Methane Gas P. Ware, Waste Management 

Design and Evaluation of a Methane 
Gas System f o r  a Hog Farm 

W .  Turnac l i f f ,  Bio-Gas of 
Colorado, Inc. 

Heat Treatment O f  B 1 ~ 1 1 1 b s s f o r  
Increasing Biodegradabil i ty  - 

P. NcCarty, Stanford 
Uni versi  t y  

10:15 - 10:30 a.m. COFFEE BREAK 

10:30, - 10:55 a.m. ~ n a e r o b i  c Fermentation of Beef 
Ca t t l e  and Crop Residues 

A. Hashimoto, U.S. Dept. 
o f  Agricul ture 

10:55 - 11:20 a.m. 
3 The Operation of  183 m Anaerobic 

Digestor a t  t he  Monroe S t a t e  Dairy 
Farm 

E .  coppi nger , Ecotope 
Group 

11:20 - 12:OO noon P i l o t  P lan t  Den~onstration of an 
Anaerobic, Fixed-Fi lm Bioreactor  f o r  
Wastewater Treatment 

R. Genung, Oak Ridge 
National Lab 

12:OO - 1:30 p.m. LUNCH (on own) 
614 



;day, June 7 ,  1979 (con t '  d. ) 

SESSION VC: THERMAL 'CHEIVIICAL CONVERSION 
G .  F. Sch ie fe lbe in ,  B a t t e l l e  Labs 

Chai man 

9:00 - 9:25 a.m. Conversion of Forest  Residue t o  a H .  Feldmann, B a t t e l l e  
Methane-Ri ch Gas Columbus Labs 

9 .~25  - 9:50 a.m. Thennal Conversion of Biomass t o  D .  G a r r e t t ,  Ga r r e t t  
Gaseous Products Energy R & D 

9:50 - 10:15 a.m. Thennochemical Ca t a ly t i c  Conversion R.  L .  Garten, Ca t a ly t i c a  
of Biomass i n t o .  Gas and Liquid Fuels Assoc ia tes ,  Inc. 

0:15 - 10:30 a.m. COFFEE BREAK 

Research and Evaluation of Biomass 
Resources/Conversion/Util i za t ion  
Sys tems 

Wood Residuals Fuel f o r  Thermal 
Chemical Conversion 

Biomass Based Me than01 Processes 

Poten t i  a1 of Wood Gas i f i c a t i on  
f o r  Indus t r i  a1 Applicat ion 

LUNCH (on own) 

SESSION VI: SUMMARY A N D  OPEN FORUM 
S. Harr i s  , DOE 

Chai man 

Biomass Energy Sys tems : A Cri t i  cal  
Economic Analysis 

R .  s t r i n g e r ,  G i lbe r t  
Assoc ia tes ,  Inc. 

A .  Nyce, Gorham 
In te rna t iona l  , Inc. 

E .  Wan, Science 
Appl ica t ions ,  Inc. 

A. Tal i  b, MITRE 

A. Kam, SRI I n t ' l .  

1 :50 - 2:14 p.m. A Summary of an Economic Study of A. Humphrey, Universl t y  
the  Biological Production of  Liquid . o f  Pennsylvania 
Fuels 

E .  Manual , Brookhaven 
National Lab 

Open Di scussion/Summary 
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