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EDITORIAL NOTE 

This Environmental Statement has been prepared i n  seven volumes, each conta in ing  one 

o r  more Sections, t he  t i t l e s  of which are l i s t e d  on the  f l y l e a f .  

i s  contained i n  each volume and a summary i s  provided i n  f r o n t  o f  each Sect ion.  The 
o u t l i n e  and contents o f  t he  Statement genera l l y  f o l l o w  the  sub jec t  coverage requ i red  
by the  Nat ional  Environmental Po l i cy  Act (NEPA) o f  1969. 

A Table o f  Contents 

VOLUME I contains a summary o f  t he  e n t i r e  Environmental Statement and background i n -  
format ion on the  U.S. energy economy, the  LMFBR Program and the  r e l a t i o n s h i p  between 
the  two. I t  includes discussion o f  t he  past, cu r ren t  and p ro jec ted  uses o f  energy 
and i t s  importance t o  society,  and describes the  r o l e  o f  e l e c t r i c i t y ,  i n c l u d i n g  t h a t  
produced by nuclear reactors,  i n  he lp ing  t o  meet the  Nat ion 's  energy requirements. 
This volume a l so  summarizes the  o r i g i n s  and h i s t o r y  o f  t he  LMFBR Program and provides 
a b r i e f  d iscussion o f  t he  several experimental and spec ia l  purpose f a s t  reac tors  t h a t  
have been b u i l t  i n  t he  Un i ted  States s ince the  l a t e  1940's. Volume I a l s o  reviews 

the  f a s t  reac to r  programs i n  o the r  i n d u s t r i a l i z e d  nat ions.  
cu r ren t  U.S. LMFBR program i s  o f f e r e d  which h i g h l i g h t s  the  important program planning 
mechanisms, the  key reac to r  p lan ts  now under design and construct ion,  and the  var ious 
support ing s tud ies  on LMFBR costs, technology, environmental impacts, and program 
planning. 
c h a r a c t e r i s t i c s  o f  t he  LMFBR. 

A discussion o f  t he  

Th is  volume lays  t h e  background f o r  examination o f  t he  environmental 

VOLUME I 1  describes the  d i r e c t  environmental impact o f  each element o f  t he  LMFBR f u e l  
cycle. I t  examines the  power reactors,  f u e l  f a b r i c a t i o n  p lan ts  and f u e l  reprocessing 
p lan ts  t h a t  make up the  LMFBR f u e l  cyc le  and discusses for each the  s i t i n g  considera- 

t i ons ,  p l a n t  cha rac te r i s t i cs ,  e f f e c t s  on the  environment from cons t ruc t i on  and normal 
operat ion,  and environmental mon i to r ing  programs t h a t  together  e n t a i  1 a complete 
environmental evaluat ion.  Volume I 1  a l so  includes an eva lua t ion  o f  t he  p o t e n t i a l  
environmental impacts o f  var ious types o f  accidents i n  the  f a c i l i t i e s  comprising the  
LMFBR f u e l  cycle.  

ma te r ia l s  between these f a c i  1 i ti es and the  management o f  r a d i  o a c t i  ve wastes produced 
i n  LMFBR a c t i v i t i e s ,  and analyzes i n  d e t a i l  t he  p roper t i es  o f  p lutonium and i t s  
behavior i n  the  environment, and the  r e s u l t i n g  hea l th  e f f e c t s .  Extensive support ing 
data a r e  provided i n  the  appendices t o  Volume 11. The volume concludes w i t h  an 
examination o f  the  r e l a t e d  s o c i o p o l i t i c a l  impacts o f  t he  LMFBR. 

I n  add i t ion ,  t h i s  volume examines the  t ranspor ta t i on  o f  rad ioac t i ve  

VOLUME I11 examines i n d i v i d u a l l y  t h e  var ious a l t e r n a t i v e  technologies, nuclear as we l l  

as nonnuclear, t h a t  might be u t i l i z e d  i n  conjunct ion w i t h  o r  ins tead o f  t he  LMFBR t o  

s a t i s f y  the  Nat ion 's  f u t u r e  e l e c t r i c  power requirements. 
inc lude the  f u r t h e r  implementation o f  var ious types o f  nuclear power reac tors  such as 
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the  already e x i s t i n g  L i g h t  Water Reactor and High Temperature Gas-Cooled Reactor, as 
we l l  as the  development o f  a l t e r n a t i v e  breeder reac tors  such as the  Gas-Cooled Fast 
Reactor, L i g h t  Water Breeder Reactor and Mol t en  S a l t  Breeder Reactor. The development 
of another p o t e n t i a l  nuclear energy system, c o n t r o l l e d  thermonuclear fusion, i s  a l so  
addressed. The p o s s i b i l i t i e s  o f  increased emphasis on the  use o f  conventional f o s s i l  
fuels, namely coal, o i l  and na tu ra l  gas, and the  development o f  unconventional f o s s i l  
f u e l s  such as o i l  shale and domestic t a r  sands are discussed next,  fo l lowed by con- 
s ide ra t i on  o f  t he  f u r t h e r  development of add i t i ona l  nonnuclear energy sources such as 
hyd roe lec t r i c  power systems, geothermal energy, s o l a r  energy, and o the r  p o t e n t i a l  
sources o f  power. 
base, t he  research and development program t h a t  would be requ i red  ( i f  any) t o  b r i n g  
the  op t i on  i n t o  commercial use, t he  environmental imp l i ca t i ons  o f  i t s  u t i l i z a t i o n  and 
the  costs and bene f i t s  associated w i t h  i t s  use, i t i  o rder  t o  assess i t s  c a p a b i l i t y  f o r  
s a t i s f y i n g  pro jec ted  energy requirements. This volume a l so  discusses the  use o f  i m -  
proved energy conversion and storage devices such as gas turbines, f u e l  c e l l s  and 
magnetohydrodynamics, and concludes w i t h  an examination o f  t he  various elements o f  a 
p o t e n t i a l  na t iona l  e f f o r t  i n  energy conservation t o  assess t h e i r  c a p a b i l i t i e s  f o r  
reducing p ro jec ted  energy demands and thereby rep lac ing  p a r t i a l l y  o r  e n t i r e l y  the  
need fo r  add i t i ona l  power sources such as the  LMFBR. 

Each op t i on  i s  examined as t o  the  ex ten t  o f  i t s  energy resource 

VOLUME I V  provides a broad overview o f  t he  many imp l i ca t i ons  o f  LMFBR program implemen- 
t a t i o n ,  up t o  and encompassing a f u l l y  developed LMFBR power p l a n t  economy, i nc lud ing  
the  secondary impacts, t he  unavoidable adverse environmental impacts, cumulative 

env i  ronmental impacts, and cost-benef i  t analyses, and a l so  discusses a1 t e r n a t i  ve energy 
s t ra teg ies .  Under t h e  heading o f  secondary impacts, i t  examines the  na t i ona l  imp l i ca -  
t i o n s  o f  t he  a v a i l a b i l  ty  o f  e l e c t r i c i t y  from LMFBRs, and the  s p e c i f i c  economic impacts 
o f  t he  LMFBR program. This volume a l so  discusses the  c u r r e n t l y  f e a s i b l e  a l t e r n a t i v e s  
and p o t e n t i a l  f u t u r e  a te rna t i ves  f o r  m i  t i g a t i n g  adverse environmental impacts of t he  
LMFBR f u e l  cycle, and i n  t h i s  contex t  analyzes the  problems o f  safeguarding spec ia l  
nuc lear  ma te r ia l  from p o t e n t i a l  d i ve rs ion  t o  unauthorized purposes. Also covered i n  
Volume I V  are the  cumulative environmental e f f e c t s  o f  LMFBR opera t ion  t o  the  Year 2020, 
t he  decomiss ion ing  o f  LMFBRs and f u e l  cyc le  f a c i l i t i e s  upon the  completion o f  t h e i r  
use fu l  l i f e ,  the  i r r e v e r s i b l e  and i r r e t r i e v a b l e  commitments o f  resources t h a t  w i l l  
accompany implementation o f  an LMFBR economy, and an ana lys is  o f  t he  costs and bene f i t s  
o f  implementing the  LMFBR Program. 

VOLUMES V - V I 1  con ta in  copies o f  a l l  formal comments rece ived on the  D r a f t  Statement 

and copies o f  t he  AEC's r e p l i e s .  Where appropriate, these comments have been 
i d e n t i f i e d  and discussed i n  the  t e x t ,  and are f u r t h e r  i d e n t i f i e d  by footnotes i n d i -  
c a t i n g  the  l e t t e r  and page number i n  which the  comen t  appears. 
includes in fo rmat ion  concerning the  p u b l i c  hear ing  h e l d  on A p r i l  25-26, 1974. 

F i n a l l y ,  Volume V I 1  
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PERSPECTIVE ON ALTERNATIVE TECHNOLOGY OPTIONS 

In meeting the objective of a sufficient electrical energy supply, several courses 
of action are available. 
paths which m i g h t  be proposed t o  arrive a t  the same goal. 
are examined objectively, and one i s  selected while the others are assigned lower 
priorit ies for various reasons: the technology i s  too d i f f icu l t  t o  b r i n g  them t o  
fruition within the time frame available; the resource base behind the technology i s  
insufficient to  meet the long-term requirements; the alternative, while equally 
promising, would be far  more expensive; and so on. Sometimes the goal i s  so vast 
and enduring that no one alternative can meet the entire need and several alterna- 
tives must be pursued simultaneously. The l a t t e r  situation corresponds most closely 
to the problem o f  meeting the Nation's growing electrical energy requirements. 

For almost any p a t h  t h a t  i s  chosen, there are alternative 
These alternative actions 

The energy requirements of the United States are so large and are expected t o  expand 
such t h a t  no single method currently available for meeting our needs i s  completely 
adequate for the j o b .  
protect environmental values while a t  the. same time meeting the  challenge t o  the 
economy posed by our growing oil  and gas shortages and our increasing dependence on 
unreliable foreign sources. Thus, the energy c r i s i s  has stimulated a re-examination 
of a l l  possible means of producing and conserving energy t o  determine which have 
the potential of significantly contributing t o  meeting our energy needs, i n  the near 
term as well as i n  the more distant future, in environmentally acceptable ways. 

The situation i s  made more complex by the necessity t o  

This Section will attempt t o  p u t  in perspective a l l  reasonably foreseeable options 
for generating and conserving electrical energy--those already i n  existence, those 
approaching commercial u t i 1  i z a t i o n ,  and  those which a r e  only conceptual a t  th is  
time--so as to  assess their  potential for  meeting the Nation's electrical energy 
requirements. No attempt will be made t o  assess the  potential of each energy 
system for meeting other energy requirements (such as, for  example, the transporta- 
tion or petrochemical industries). 
pertinent, attention i s  drawn t o  the fact  t h a t  other uses for the energy source 
exist. 
different economic structures and which have been considered b u t  bypassed in the 
Uni t ed  States i n  favor  of o ther  energy production systems are n o t  discussed. 
i n  point is the heavy water reactor system which has had favorable operating 
experience i n  Canada, i s  vigorously supported by the Canadian government, and i s  
attracting interest  i n  other parts of the world where the capital structure i s  

However, when such an  application i s  particularly 

Similarly, energy systems which may have application i n  other countries w i t h  

A case 
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favorable and the capability of this reactor type t o  operate on natural uranium i s  
a major consideration. 
moderated system and reaffirmed the position i t  has held for several years t h a t  the 
system does not warrant increased consideration i n  the United States primarily 
because of licensability and cost considerations.* 

The AEC recently re-evaluated the heavy water cooled and 

In the following assessments we will attempt to: 

Examine the extent o f  the energy resource t o  determine whether i t  i s  
sufficient t o  support a l l ,  or a significant port ion,  of the Nation's 
energy requirements. 
Examine the technology and the amount of  research and development 
necessary t o  bring each system t o  the point of commercial uti l ization. 
Where possible, estimates of the research and development costs and 
schedules will be provided. 
system is.  the less accurate such estimates will be. 
insufficient work has been done on the concept t o  warrant making 
other t h a n  generalized estimates. 
Evaluate the environmental impact of each alternative system t o  
determine whether the impact i s  acceptable or what would need t o  be 
done t o  make i t  acceptable. 
Evaluate the costs and benefits of each system t o  determine whether i t  
has the potential t o  compete economically w i t h  existing conventional 
electrical energy production systems or  w i t h  other alternatives. For 
many of these systems, only qualitative evaluations of costs and 
benefits can be made. Economic competitiveness i s  an important factor 
because energy costs have a major effect on the economic well being of 
the consumer. 
Finally, b r i n g  each system into perspective by assessing i t s  probable 
role in the energy supply picture t o  the year 2000 and beyond. 

In  this  regard, the less developed a 
In many cases, 

In a discussion of this  sort  where many systems are examined which vary i n  maturity 
from fully developed, tested and proven systems t o  conceptual systems t h a t  have 
not  as yet been developed, certain milestones must be delineated so t h a t  meaningful 
comparisons can be made. 
been done will inevitably look most attractive since the  natural enthusiasm of their  

Otherwise, those systems on which l i t t l e  or  no work has 

*See response t o  Professor Richard Wilson, Comment Letter 9, for a detailed 
discussion of these points. 

6P-2 

n 



proponents w i l l  h i g h l i g h t  the advantages o f  the system wh i le  the d i f f i c u l t i e s  and 

l i m i t a t i o n s  are minimized or,  most l i k e l y ,  have no t  been discovered. 

These milestones are based on pas t  experience i n  b r i n g i n g  o ther  concepts from the  
e a r l y  stages o f  establ ishment o f  f e a s i b i l i t y  t o  commercial u t i l i z a t i o n .  
experience has demonstrated t h a t  three phases o f  development are usua l l y  fo l lowed 

i n  b r i n g i n g  a technology t o  ma tu r i t y :  

Past 

The i n i t i a l  research and development phase i n  which f e a s i b i l i t y  i s  
es tab l i shed and the basic techn ica l  aspects o f  the concept are 
confirmed through a n a l y t i c a l  i nves t i ga t i ons ,  labora tory  scale 
experiments, and conceptual engineering. 
The second phase i n  which engineering and manufacturing c a p a b i l i t i e s  
are developed. 
p roo f  t e s t i n g  o f  f i r s t - o f - a - k i n d  components and systems u t i l i z i n g  
complex and c o s t l y  experimental i n s t a l l a t i o n s  and support ing t e s t  
f a c i l i t i e s  t o  assure adequate understanding of design and performance 
charac ter i  s ti cs . 
The t h i r d  phase i n  which the u t i l i t i e s  make large-scale commitments-- 
f i r s t  through p a r t i c i p a t i o n  i n  the cons t ruc t ion  and operat ion o f  one 
o r  more demonstration p lan ts  t o  e s t a b l i s h  whether o r  no t  the system 
i s  r e l i a b l e ,  safe, and economical--and then through comni tment t o  
f u l l  -scale comnercial u t i l i  zat ion.  

This development requ i res  in-depth engineer ing and 

Figure 6P-1 i l l u s t r a t e s  the stages f o r  three nuclear power reac to r  systems: 

system, LWR; a nea r l y  mature system, HTGR; and a system en te r ing  the  demonstration 
reac to r  phase, LMFBR. 

notable. An attempt w i l l  be made i n  Section 6A t o  i d e n t i f y  the phase w i t h i n  which 
each concept l i e s  so as t o  assess i t s  p o t e n t i a l  t o  he lp  meet the Nat ion's energy needs. 

a mature 

The general s i m i l a r i t y  i n  the t i m e  scales f o r  each system i s  

I n  add i t i on  t o  expanding our energy resources by developing e l e c t r i c a l  energy produc- 
t i o n  systems us ing  new fue l s  such as uranium and deuterium o r  e x p l o i t i n g  the na tu ra l  
energy ava i l ab le  i n  geothermal formations, the  t i des ,  and the sun, much might be done 
i n  more e f f e c t i v e l y  u t i l i z i n g  the  conventional f ue l s  we c u r r e n t l y  depend upon. 
Several types o f  energy conversion and storage devices are ava i l ab le  o r  under 
development which might have the p o t e n t i a l  f o r  s i g n i f i c a n t l y  improving o r  comple- 
menting the  steam tu rb ine  cycle,  the e l e c t r i c a l  generation system i n  most prevalent 

use today. Included i n  t h i s  category are the i n t e r n a l  combustion engine, gas tu rb ine ,  

b ina ry  cycle,  magnetohydrodynamic, thermoelectr ic,  thermionic, f u e l  c e l l ,  and b a t t e r y  
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systems. These w i l l  be reviewed i n  Section 68 under the  same gu ide l ines  and 
ob jec t ives  as those used f o r  a l t e r n a t i v e  energy sources. 

F i n a l l y ,  the  a l t e r n a t i v e  need not be an e l e c t r i c a l  energy product ion system. A 
number o f  energy conservation measures are  ava i l ab le  which could be employed t o  
reduce consumption o f  energy and thereby lead t o  more c l o s e l y  balancing supply and 
demand. These range from improving the  y i e l d  o f  use fu l  energy ex t rac ted  from the 
ground (e.g., inc reas ing  the percentage o f  o i l  recoverable from an o i l  f i e l d )  t o  
u t i l i z i n g  waste heat, reducing energy t ransmiss ion losses, and reducing wastefu l  
consumption o f  energy a t  the i n d u s t r i a l ,  c o m r c i a l ,  and consumer leve ls .  
ex ten t  t o  which such measures might be successful and the re fo re  become a t  l e a s t  a 
p a r t i a l  s u b s t i t u t e  t o  the development o f  a new energy source such as the LMFBR i s  
considered i n  Section 6C. 

The 

Several commenters have charged t h a t  the  energy research and development budget i s  
unbalanced and t h a t  the r a t e  o f  research and development e f f o r t  on a l t e r n a t i v e  
energy op t ions  should be accelerated. Thus, the Environmental P o l i c y  Center* 

stated, 

... the fus ion  a l t e r n a t i v e  w i l l  n o t  be ava i l ab le  i n  demonstration form 
before the mid-1990's ... the reason t h a t  the w a i t  may be so long i s  
r e l a t e d  t o  the r e l a t i v e  funding l e v e l s  f o r  f us ion  reac tors  vs. the  
breeder reac tors  more than i t  i s  t o  technologica l  a v a i l a b i l i t y ,  

Also, 

With s u f f i c i e n t  funding, o ther  major geothermal deposits can be 
developed t o  prov ide a d e f i n i t e  a l t e r n a t i v e  t o  the  LMFBR w i t h i n  the 
t ime span spec i f i ed  by the AEC i n  WASH-1535. The FY 1975 federa l  
energy budget , c a l l s  f o r  spending on ly  $44.7 m i l l i o n  i n  geothermal 
energy research, hard ly  a ser ious amount. 

S i m i  l a r l y ,  

A major problem i n  demonstrating competing s o l a r  technologies i s  the  
d i s p a r i t y  i n  federa l  funding. 

And f i n a l l y ,  

The panel* found t h a t  1.546 x lo1' Kw-hrs o f  wind power could be 
developed i n  the U.S. by the year 2000, w i t h  a subs tan t ia l  federa l  

*Comment L e t t e r  42, pp. 36, 38, 42-44. 
**Referr ing t o  the NSF/NASA Solar  Energy Panel repor t ,  "An Assessment o f  Solar  

Energy as a National Resource," December 1972. 
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development program. The panel suggested a 10-year development program 
o f  $610 m i l l i o n .  
$7 m i l l i o n  i n  wind power. 

The FY 1975 federa l  budaet c a l l s  f o r  spending about 

The Natural  Resources Defense Counci l ,  quo t ing  views expressed a t  t he  23rd Pugwash 
Conference,* stated, 

..,research and development on a l t e r n a t i v e  energy sources - p a r t i c u l a r l y  
so la r ,  geothermal and fus ion  energy, and cleaner technologies f o r  f o s s i l  
f u e l s  - should be g r e a t l y  accelerated. 

The Fr iends o f  t he  Earth** stated, 

When what t h i s  n a t i o n  needs i s  a cogent statement o f  why we should 
spend $5.1 b i l l i o n  on the  breeder program r a t h e r  than on o the r  energy 
a l te rna t i ves ,  the  AEC has given us a statement t h a t  t e l l s  us why we 
should spend $5.1 b i l l i o n  on the breeder program r a t h e r  than n o t  
spend i t  a t  a l l .  

t M r .  Robert W. Freedman stated, 

It i s  n o t  obvious t h a t  s o l a r  energy can be e l im ina ted  from considera- 
t i o n  as an acceptable a l t e r n a t i v e .  
s i g n i f i c a n t  ex ten t  upon the  ex ten t  o f  research fundinp. 

The t ime sca le  depends t o  a 

5 Other commentersl--t expressed s i m i l a r  views. However, one commenter sees the  
problem from a somewhat d i f f e r e n t  perspect ive.  

s ta tes ,  

The Pro-ject frlanagement Corporat ion 

There has been d iscuss ion  about the  l a rge  percentage o f  t he  energy R&D 
budget which i s  app l i ed  t o  nuclear energy. 
i nd i ca tes  t h a t  a t  present nuclear energy and the  LMFBR are the  optimum 
a l t e r n a t i v e s  f o r  e l e c t r i c  power generat ion and hence should rece ive  
p r i o r i t y  f o r  R&D money. We would aqree t h a t  more money should be made 
a v a i l a b l e  t o  energy R&D and app l i ed  t o  a l t e r n a t i v e  technologies; 
however, i n  a l i m i t e d  funding s i t u a t i o n  we must apDly these l i m i t e d  
resources where the  grea tes t  l i k e l i h o o d  o f  success e x i s t s .  I f  t h i s  i s  
n o t  done, we w i l l  n o t  have a new technology ava i l ab le  when we need it. 

Pursuing the  LMFBR Program through the  technology development and 
demonstration p l a n t  stage does n o t  i r revocab ly  commit t he  na t i on  t o  
the  commercial u t i l i z a t i o n  o f  the  breeder. I f a t  any p o i n t  a more 
a t t r a c t i v e  a l t e r n a t i v e  becomes ava i l ab le ,  t he  breeder could be pu t  
aside. I n  f a c t ,  the  u t i l i t y ' s  r e s p o n s i b i l i t i e s  t o  provide power t o  

The Environmental Statement 

*Comment L e t t e r  38J, p. 3, quot ing  f rom 23rd Pugwash Conference on Science and 

i-Comment L e t t e r  2, p. 21. 

§Comment L e t t e r  9, p. 1, 2. 

World A f f a i r s ,  Aulanko, Finland, Aug. 30 t o  Sept. 4, 1973. 
**Testimony a t  Pub l ic  Hearing, p. 278. 

t*Cornment L e t t e r s  26, p. 12; - 25, p. 25; 41, a l l ;  40, pp. 1-3; 52, p. 4. 
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i t s  customers a t  reasonable cos t  would d i c t a t e  t h a t  t h i s  be done. 
However, i f  the LMFBR Program were no t  pursued and if a l t e r n a t i v e  
energy sources were no t  rea l i zed ,  then the cos t  t o  soc ie ty  would be 
too la rge  t o  measure i n  d o l l a r s  alone. I f  on the other  hand, the 
LMFBR Program i s  given p r i o r i t y  a t ten t ion ,  and i f  the subsequent 
development o f  a l t e r n a t i  ve technologies obviates the need f o r  the 
LMFBR, then the costs incur red  are analogous t o  the cos t  o f  an i nsu r -  
ance premium t o  buy the p ro tec t i on  the LMFBR can o f f e r .  When the 
consequences o r  r i s k s  o f  no t  pursuing the LMFBR Program are balanced 
against  the h ighest  costs-at might be incur red  from pursu i t ,  i t  
becomes obvious tha t  the pub l i c  i n t e r e s t  demands vigorous p u r s u i t  o f  
the LMFBR. 

Spec i f i c  t reatment o f  each a l te rna t i ve ,  i t s  research and development requirements 
and the funding l eve l s  recommended fo r  each, i s  given i n  the appropr ia te par ts  o f  
Sect ion 6 and w i l l  no t  be addressed here. However, the general tenor  o f  the views 
expressed above mer i ts  discussion. There appears t o  be a shared conv ic t ion  among 
the m a j o r i t y  o f  these c o m n t e r s  t h a t  support ing development o f  the LMFBR automati- 
c a l l y  forecloses adequate development of o ther  technology opt ions.  This i s  n o t  the 
case, e i t h e r  from the viewpoint  o f  forec los ing use of o ther  energy systems merely 
because the LMFBR has been developed a t  great cos t  and there fore  must be used t o  
recover the investment, o r  from the viewpoint  t h a t  the costs o f  developing the LMFBR 
are so la rge  there i s  no money ava i lab le  f o r  developing competing systems. 

With regard t o  the f i r s t  po in t ,  i t  should be understood t h a t  the LMFBR program i s  
pure ly  a research and development program w i t h  the goal of developing a v iab le  
energy product ion system opt ion.  Whether o r  not  t h a t  op t ion  i s  exercised w i l l  
depend upon the r e l a t i v e  mer i ts  o f  t h i s  energy opt ion as compared w i t h  the mer i ts  
o f  o ther  opt ions ava i lab le .  I t  i s  axiomatic t h a t  - no energy opt ion,  LMFBR included, 
should be exercised i f  i t  i s  unsafe o r  environmental ly unsound. Idea l l y ,  the f u l l  
costs o f  making an energy technology safe and environmental ly acceptable w i l l  be 
r e f l e c t e d  i n  the t o t a l  costs o f  the engineered and admin is t ra t i ve  systems, i n c l u d i n g  
the a n c i l l a r y  costs o f  a l l  i t s  serv ice  funct ions such as fue l  reprocessing, mining, 
safeguard procedures, and waste management, so t h a t  a proper economic assessment can 
be made. 
tak ing  these ex terna l  costs i n t o  account (i .e., i n t e r n a l i z i n g  the costs*) than many 
p o t e n t i a l  a l t e r n a t i v e  energy technologies which have no t  as y e t  progressed f a r  
enough t o  r e a d i l y  i d e n t i f y  and evaluate these costs. With regard t o  the second 

po in t ,  the repor t ,  "The Nat ion 's  Energy Future,"** which lays ou t  an i n teg ra ted  

* " I n t e r n a l i z i n g  the costs"  r e f e r s  t o  adding d i r e c t l y  t o  the cost  o f  the energy 
those "ex terna l "  costs which i n  the pas t  have o f ten  been ignored (e.g., the  
environmental costs o f  mine wastes, s t r i p  mining, and s u l f u r  d iox ide  emissions 
i n  the coal and e l e c t r i c  u t i l i t y  i ndus t r i es ) .  

**"The Nat ion 's  Energy Future," A Report t o  the President o f  the Uni ted States 
by the Chairman, USAEC, Report WASH-1281, December 1973. 

I n  t h i s  regard, the LMFBR i s  perhaps f u r t h e r  advanced i n  recogniz ing and 
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energy research and development program f o r  the Nat ion a t  the request o f  the 
President, a l loca tes  about one-quarter o f  the  pro jected f i ve-year  energy research 
and development budget f o r  the LMFBR w h i l e  three-quarters i s  reserved f o r  o ther  
systems. 
n o t  , preclude pursuing any o ther  promising energy technology. 

I t i s  evident t h a t  LMFBR research and development should not, and does 

Also, w i t h  respect t o  r e l a t i v e  energy research budgets, the opin ion i s  o f t e n  
expressed by the commenters c i t e d  above t h a t  f a r  too much money i s  d i rec ted  t o  LMFBR 
research and development as compared w i t h  a l t e r n a t i v e  technologies. 
cotrunenters then s t a t e  t h a t  i f  there were more equal funding among the  a l t e r n a t i v e s  
they would be developed more q u i c k l y  and the LMFBR would n o t  be needed. 

ment neglects two key points :  
speculat ive nature o f  assuming t h a t  the a l t e r n a t i v e  technologies w i l l  indeed prove 
out t h e i r  p o t e n t i a l  and become v i a b l e  energy opt ions.  

Some o f  the  

This argu- 
the r e l a t i v e  stage o f  the  technologies and the  

With regard t o  the f i r s t  po in t ,  the LMFBR i s  a h igh cost  technology which i s  i n  the 
f i n a l  and most c o s t l y  stages o f  i t s  development, the la rge  scale t e s t i n g  and demon- 
s t r a t i o n  phases. 
fusion, are i n  the i n i t i a l  staqes o f  development where research costs are less and 
the expensive, large-scale equipment and machines are only  beginning t o  be required. 
It i s  misleading t o  compare annual costs i n  a year  such as FY 1975 f o r  two technol-  
ogies i n  such d isparate stages o f  development. 
the t o t a l  p ro jec ted  development costs o f  CTR (est imated a t  t h i s  e a r l y  stage t o  be 
i n  the $8 t o  10 b i l l i o n  range f o r  e i t h e r  magnetic confinement o r  laser  fus ion)  w i t h  
a t o t a l  p ro jec ted  cos t  f o r  the LMFBR o f  about the same magnitude. 

Other h igh cos t  technologies, such as c o n t r o l l e d  thermonuclear 

A b e t t e r  gauge would be t o  compare 

For o ther  technologies, such as s o l a r  energy, geothermal, and wind power, the research 
and development costs are r e l a t i v e l y  less  subs tan t ia l  and the funding l e v e l  should be 

correspondingly laver .  
concept funded a t  a l e v e l  as c lose t o  the optimum as poss ib le .  
l eve l  , however, e n t a i l s  many fac to rs  i n  a d d i t i o n  t o  determining the t o t a l  funds 

needed. Many p o t e n t i a l  a l te rna t ives ,  as the word p o t e n t i a l  impl ies,  have subs tan t ia l  
uncer ta in t ies  associated w i t h  them, such as the amount o f  energy a c t u a l l y  c o n v e r t i b l e  
t o  economic use, the geographical d i s t r i b u t i o n  o f  the energy ( i n  order t o  determine 

the importance o f  the energy source), and the requirement f o r  a n c i l l a r y  technology 
such as energy storage ( i n  order  t o  make the energy system f u n c t i o n a l l y  meaningful).  
These uncer ta in t ies  must be explored e i t h e r  i n  advance of f u l l - s c a l e  technology 

development o r  a t  the very l e a s t  i n  p a r a l l e l  with it. 
abandon o r  delay an energy technology opt ion which i s  i n  a mature stage o f  development 

An optimum leve l  o f  support should be determined and each 
Determining an optimum 

It would be improvident t o  

6P-8 



and whose contribution t o  the Nation's energy research supply can be c l e a r l y  seen i n  

order t o  pursue other seemingly a t t r a c t i v e ,  but unproven, energy options a t  a f a s t e r  
than optimum pace. This course would run the r e a l  r i s k  o f  having no adequate energy 
option ava i lab le  when i t  i s  needed. 
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SUMMARY 

This sec t ion  examines i n d i v i d u a l l y  the various options o the r  than the  cons t ruc t ion  

o f  LMFBRs t h a t  might  con t r i bu te  t o  meeting the Nat ion's e l e c t r i c  power requ i re -  
ments. The opt ions considered inc lude the f u r t h e r  implementation o f  various types 
o f  nuc lear  power reactors such as the already e x i s t i n g  l i g h t  water reac to r  and high- 
temperature gas-cooled reactor,  as we l l  as the development o f  a l t e r n a t i v e  breeder 
reac tors  such as the  gas-cooled f a s t  reactor,  l i g h t  water  breeder reactor,  and 
molten s a l t  breeder reac tor .  
p o t e n t i a l  nuc lear  energy system--control l e d  thermonuclear fusion. 

f \  

The sec t ion  a lso  addresses the development o f  another 

The p o s s i b i l i t i e s  of increased emphasis on the use o f  conventional f o s s i l  f ue l s ,  
namely coal, o i l ,  and na tu ra l  gas, and the development o f  unconventional f o s s i l  f u e l s  
such as o i l  shale are discussed. Also considered i s  t he  f u r t h e r  development o f  
add i t i ona l  non-nuclear energy sources such as hyd roe lec t r i c  power systems, geo- 
thermal energy, s o l a r  energy, and o ther  p o t e n t i a l  sources o f  power. 

Each op t i on  i s  examined as t o  the ex ten t  o f  the energy resource, the research and 
development program t h a t  would be requ i red  ( i f  any) t o  b r i n g  the  op t i on  i n t o  
commercial use, the environmental imp l i ca t i ons  o f  i t s  u t i l i z a t i o n ,  and the costs and 
bene f i t s  associated w i t h  i t s  use i n  o rder  t o  assess i t s  c a p a b i l i t y  f o r  s a t i s f y i n g  

p ro jec ted  energy requi  rements. 

The sec t ion  a lso  discusses the use o f  improved energy conversion and storage 
devices such as gas turbines, f u e l  c e l l s ,  and magnetohydrodynamics, which, wh i l e  n o t  
a l t e r n a t i v e  energy sources per se, can con t r i bu te  toward a1 l e v i a t i n g  the  Nation's 
energy resource problem by u t i l i z i n g  these resources more e f f i c i e n t l y .  

F i n a l l y ,  the  various elements of a na t i ona l  e f f o r t  i n  energy conservation are 
examined t o  assess t h e i r  p o t e n t i a l  f o r  reducing the need f o r  a d d i t i o n a l  power 
sources. 
increased e f f i c i e n c i e s  o f  power p l a n t  energy conversion, transmission, d i s t r i b u t i o n ,  
and u t i l i z a t i o n  o f  e l e c t r i c i t y  as w e l l  as end-use conservation measures. 

These elements i nc lude  improved e x t r a c t i o n  o f  energy resources and 

I n  sumnary, the a l t e r n a t i v e  energy opt ions ava i l ab le  t o  the Nation i f  the  LMFBR i s  
n o t  pursued can be c l a s s i f i e d  as: 
(2) non-nuclear energy sources, (3 )  more e f f i c i e n t  means o f  conver t ing  energy 
resources t o  use fu l  forms, and (4) more conservative means o f  us ing the  ava i l ab le  

energy. Combinations of various opt ions w i l l  most l i k e l y  be necessary t o  meet the 
Nat ion 's  f u t u r e  energy needs. 

(1) o t h e r  means of e x p l o i t i n g  nuc lear  energy, 
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In the first category, nuclear energy can be extracted either through the fissioning 
of heavy metals (notably uranium, plutonium, and the thorium derivative, U-233) or 
by the fusion of light elements (particularly deuterium and tritium, derived from 
lithium). 
ment and a substantial light water reactor (LWR) industry is well established. A 
comparable high-temperature gas-cooled reactor (HTGR) industry is in the process of 
becoming established with the placement of several orders by utilities for large 
HTGR power plants. Both of these options depend, however, upon uranium-235 (U-235) 
as their primary fuel, and the relative scarcity of U-235 in relation to its far 
more plentiful 'fertile counterpart uranium-238 (U-238) limits the exploitation of 
uranium resources to about 1 to 2% of the total energy available in natural uranium. 
Another fission option for which much of the technology is highly developed is the 
light water breeder reactor (LWBR), which has the potential for self-sustaining 
operation on'the uranium-thorium fuel cycle and thereby gives promise of utilizing 
a far greater percentage of the energy available in nuclear resources than do the 
LWR and the HTGR. 

In the nuclear energy area, fission processes are more advanced in devel- 

Other fission options are less well developed but also give promise of utilizing 
far greater percentages of the energy available in uranium than can be realized 
using present types of LWRs. These are the molten salt breeder reactor (MSBR), 
which also uses the uranium-thorium fuel cycle, with a liquid fuel and continuous 
on-line fuel processing to achieve modest breeding with acceptable doubling times, 
and the gas-cooled fast reactor (GCFR), which is designed to operate on the same 
fuel cycle, uranium-plutonium, as the LMFBR but has the potential for higher breed- 
ing ratios because of its more energetic neutron spectrum. As pointed out, none 
of these has been fully developed nor are there any assurances that any will pro- 
gress to full cornnercial uti1 ization. These fissior! reactor-systems have funda- 
mentally the same environmental impact as the LMFBR and do not offer any significant 
difference in that respect. 
have to deal with the problems of plutonium, they substitute the high-energy 
radiation problems associated with the handling of U-232. 
as important for the MSBR, however, since it operates with essentially continuous 
on-line fuel reprocessing which greatly reduces the formation of U-232. 

A1 though thorium-uranium-233-fueled reactors do not 

This consideration is not 

The remaining nuclear energy option is the controlled thermonuclear reactor (CTR) 
system which has not yet been demonstrated to be scientiftcally feasible. 
estimated that even with a successful , vigorous research and development effort 
the CTR option cannot contribute significantly to our energy supply until well after 
the start of the next century. 

It is 

However, the extensive energy resources this option 
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can exploit, coupled w i t h  the avoidance of most o f  the environmental problems asso- 
ciated w i t h  fission-product production i n  fission reactors, makes worthwhile a 
serious effor t  t o  develop this system t o  i t s  full  potential. 

In the category of energy sources t h a t  do not depend on nuclear reactions, the 
fossil  fuels--coal, o i l ,  and gas--are not only fully established b u t  comprise the 
great bulk of our energy resources today. However, several problems limit the capa- 
b i l i t y  of these fuels t o  maintain their pre-eminent share of the energy market. 
Firs t ,  oil and gas have peaked in production in this country and cannot be expected 
t o  sustain their  current place i n  the electrical qeneration market, much less keep 
pace w i t h  our steadily expanding requirements. Recent developments have shown t h a t  
oil  and gas imports are not adequate solutions to  this fuel gap. Second, there i s  
a continuing and mounting need for our  oil  and gas resources in the transportation 
and petrochemical f ields and for residential use. Efforts are under way t o  develop 
additional oil  and gas supplies from our large oil shale deposits. Successful 
development of this source would add substantially t o  oil  and qas reserves and 
ameliorate current supply problems. 
range situation. 

I t  would  no t ,  however, change the basic, long- 

Although coal reserves are far more plentiful t h a n  reserves of oil and gas,  the 
problems of significantly increasing coal's role in meeting the Nation's energy 
requirements and the associated environmental problems are severe. Mr. Thomas V .  

Falkie, chairman of the Interagency Coal Task Force has estimated* t h a t  doubling 
the Nation's coal o u t p u t  by the year 1985 will only increase the share of the 
Nation's energy needs provided by coal from 18 t o  21% i f  energy requirements 
cont inue t o  increase a t  the r a t e  o f  4.5% per year. Very large amounts o f  c a p i t a l  

are needed t o  increase the Nation's coal mining and coal transportation capacity 
i f  coal i s  t o  meet the expanded energy role contemplated for i t .  Wilbur Heit of 
the National Coal Association has estimated** t h a t  reaching the qoal of doubling 
the Nation's coal production by 1985 would involve opening one new surface mine 
and one new deep mine every month  for the next ten years. The required capital 
investment i n  mining  fac i l i t i es  and associated transportation would reach $23 
bil l ion,  more t h a n  $2 billion a year, which i s  more t h a n  five times w h a t  the 
industry invested in 1970. Even i f  the needed capital is made available, there are 
short-term deficiencies i n  the industrial capacity needed t o  provide the additional 
equipment for these act ivi t ies .  The backlogs i n  ordering new equipment will hamper 
expeditious expansion of coal production. 

**AS reported i n  Weekly Energy Report, September 23, 1974, p. 4. 

Of course, neither of these two problems, 

*As reported in the Washington Post, October 8, 1974, p. A18. 
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h igh  capital investment requirements and industrial capacity deficiency, i s  unique 
t o  coal; indeed, they are common t o  the energy production industry, including the 
LIIIFBR. 
requirements are t o  be met. 

Means must be found t o  resolve these problems i f  the Nation's energy 

The environmental problems associated with the use of coal range from despoilment 
of large areas i n  the mining processes t o  air and water pollution from i t s  combus- 
tion products. 
means t o  alleviate these problems, and these efforts must prove successful i f  coal 
i s  t o  maintain or increase i t s  share of the energy market. In the final analysis, 
the practical difficult ies involved i n  greatly expanding coal production, along 
w i t h  the cost and efficacy of the measures taken t o  make coal environmentally 
acceptable, will determine the extent of the role t h a t  coal will play i n  the energy 
economy. Clearly, coal alone cannot provide sufficient energy t o  meet the ijation's 
energy needs. 

Research and development efforts are being intensified t o  find 

Conventional hydroelectric power provides a modest percentage (15%) of our current 
electrical  generating capacity, and ,  because of limitations on the extent of this 
resource and the geographical restrictions on suitable s i t e s ,  i t s  share of the 
energy market i s  expected t o  decline t o  about  7% i n  1990. Greater utilization of 
hydroelectric power can be achieved th rough  the use of pumped storage modes of 
operation, b u t  hydroelectric power would s t i l l  provide a rather small amount of 
the Nation's total energy. 

Geothermal energy has the potential for p rov id ing  a significant contribution t o  the 
Nation's energy resources in those geographical areas whe;.e i t  i s  abundant  and 
feasible t o  tap.  
tiguous United States and Alaska. 
available resources, r ang ing  from about  a one-half year supply a t  the projected 
consumption rate for the entire Nation in the year 2000 t o  several orders of magni- 
tude higher, depending upon estimates of probable and undiscovered reserves, the 
quality of the heat, and the technological feasibil i ty o f  extracting the energy a t  
economical prices. A t  the present time, only a very small amount o f  this energy 
source is  being tapped, although act ivi t ies  i n  this area are being significantly 
accelerated. However, the technology required t o  exploit the most widely distributed 
and largest source of geothermal energy is  not in hand, and research and development 
t o  verify the practicality of extracting energy from hot dry rock formations must 
be undertaken and proven successful if  geothermal energy i s  to achieve i t s  ful l  
potential. Further efforts t o  develsp known geothermal resources are i n  order, 

These areas are predominantly in the western t h i r d  of the con- 
Estimates vary widely as t o  the extent o f  the 

A 

9 
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s t rong at tempt t o  narrow the  wide range i n  es t imat ion  of t he  ex ten t  o f  t h i s  resource 
seems t o  be warranted so t h a t  a b e t t e r  assessment can be made o f  i t s  p o t e n t i a l  and 
the  importance o f  pressing ahead v igorous ly  w i t h  f u l l - s c a l e  technological  and 
commercial development. 

Solar energy u t i l i z a t i o n  has g rea t  appeal because i t  i s  the  most d i r e c t ,  p l e n t i f u l  
and, renewable form o f  energy known. 
cepted by the  e a r t h  c o n t i n u a l l y  a t  a r a t e  of about 130 wat ts  per square f o o t  ( W / f t  ) . 
Various f a c t o r s  such as n igh t ,  weather, l a t i t u d e ,  and atmosphere reduce t h i s  t o  an 
average o f  17 W / f t  f o r  t he  Un i ted  States, which i s  s t i l l  t he  equ iva len t  o f  700 times 
the  energy we produce from conventional f u e l s .  Unfor tunate ly ,  t he  poor e f f i c i e n c i e s  
o f  t he  a v a i l a b l e  systems f o r  c o l l e c t i n g  and transforming s o l a r  energy i n t o  use fu l  
forms, the  wide f l u c t u a t i o n s  over the  pe r iod  o f  a day i n  the  energy rece ived 
( r e q u i r i n g  energy storage systems), and the  d i l u t e  na ture  o f  t he  energy ( r e q u i r i n g  
l a r g e  c o l l e c t i o n  areas) m i l i t a t e  aga ins t  la rge-sca le  use o f  t h i s  energy form f o r  
cen t ra l  s t a t i o n  power app l i ca t i on - - i n  the  nex t  few decades a t  l eas t .  Home heat ing  
and poss ib l y  some r e s i d e n t i a l  e l e c t r i c i t y  product ion,  which would reduce requ i re -  
ments f o r  c e n t r a l  s t a t i o n  power generation, appear t o  be the  most l i k e l y  near - te rn  
app l i ca t i ons  f o r  s o l a r  energy, s ince technology t o  accomplish these app l i ca t i ons  i s  
ava i lab le .  
heat ing and e l e c t r i c i t y  u n i t s )  , aesthe t ics  and s i t e  r e s t r i c t i o n s  o f  s o l a r  homes , 
and soc ia l  a c c e p t a b i l i t y  i n  general a re  l i k e l y  t o  hamper r a p i d  and ex tens ive  
i n t r o d u c t i o n  o f  t h i s  form o f  s o l a r  energy. 
more extensive app l i ca t i ons  o f  s o l a r  energy i s  c e r t a i n l y  warranted cons ider ing  the  
ex ten t  o f  t he  energy resource p o t e n t i a l l y  ava i lab le .  

Enormous amounts o f  s o l a r  energy a re  i n t e r -  
2 

2 

However, t he  h igh  cost,  energy storage problems (necess i ta t ing  backup 

Research and development l ook ing  toward 

There a re  o the r  energy resources t h a t  a r e  so la r - re la ted ,  p a r t i c u l a r l y  wind power 
and ocean thermal gradients.  
t i d a l  energy can marshal impressive s t a t i s t i c s  as t o  the  t o t a l  energy i nhe ren t  i n  
each o f  these energy resources. 
e x t r a c t a b i l i t y  problems and geographic, economic, and p r a c t i c a l  l i m i t a t i o n s  t h a t  
make these systems more l i k e l y  t o  be use fu l  i n  s p e c i f i c  s i t u a t i o n s  r a t h e r  than as 
broad-based energy sources o f  l a r g e  s ign i f i cance .  

Proponents o f  these op t ions  as w e l l  as proponents o f  

However, each o f  these s u f f e r s  t o  some ex ten t  from 

Energy conversion and storage devices a r e  means by which e x i s t i n g  and prospect ive 
energy sources can be more e f f i c i e n t l y  u t i l i z e d  e i t h e r  by d i r e c t l y  inc reas ing  the  
e f f i c i e n c y  o f  energy product ion (magnetohydrodynamics, b ina ry  cycles,  gas tu rb ines) ,  

by t ransforming energy i n t o  a more convenient form ( f u e l  c e l l s ,  syn the t i c  f ue l s ) ,  o r  

by p rov id ing  means o f  energy storage ( f u e l  c e l l s ,  b a t t e r i e s )  so t h a t  i t  can be used 
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a t  more convenient times. Many o f  these devices a re  i n  commercial use today i n  
l i m i t e d  appl icat ions,  and a l l  o f  them a r e  under i n v e s t i g a t i o n  f o r  more widespread 
and large-scale use. They deserve a t t e n t i o n  so t h a t  t he  f u l l  p o t e n t i a l  and the 
at tendant technica l  and non-technical d i f f i c u l t i e s  and l i m i t a t i o n s  of each are 
understood and so t h a t  proper choices f o r  development i n t o  large-scale commercial 
u t i l i z a t i o n  can be made. 

I n  a d d i t i o n  t o  new energy sources and conversion methods, a wide v a r i e t y  o f  energy 
conservation measures e x i s t s  and could be considered as a means o f  reducing pro jected 
energy growth demands, thereby making the  necess i ty  o f  developing new energy opt ions 
such as the LMFBR l e s s  urgent. 
considerably. A number o f  p o t e n t i a l  conservat ion measures, wh i l e  a t t r a c t i v e  i n  
p r i n c i p l e ,  do n o t  appear capable o f  o f f e r i n g  major r e l i e f  from f u e l  s c a r c i t i e s  and 
growing demands, and some might lead t o  s i g n i f i c a n t  economic o r  environmental 
penal t ies.  
resource e x t r a c t i o n  f o r  coal ,  o i l ,  gas, and uranium; g rea te r  e f f i c i e n c i e s  i n  the  
t ransmission and d i s t r i b u t i o n  o f  e l e c t r i c i t y ;  and conventional improvements i n  power 
p l a n t  conversion e f f i c i e n c i e s ,  such as a reduc t i on  i n  the  eneray devoted t o  p o l l u t i o n  
con t ro l .  Although each o f  these methods i s  worthy o f  f u r t h e r  study and i s  l i k e l y  t o  
be implemented t o  some extent,  t h e i r  costs  and b e n e f i t s  w i l l  have t o  be c a r e f u l l y  
balanced before a dec is ion i s  made t o  proceed on a large-scale basis.  

The p o t e n t i a l  o f  each o f  these measures va r ies  

Included i n  t h i s  category a re  most poss ib le  improvements i n  methods o f  

Other conservat ion methods, p a r t i c u l a r l y  those i n  the  end usage o f  energy, appear t o  
s a t i s f y  most energy, economic, and environmental c r i t e r i a  and should be implemented 
where pract icable.  Foremost among these i s  the more e f f i c i e n t  usage o f  e l e c t r i c i t y  
i n  commercial, i n d u s t r i a l  , and r e s i d e n t i a l  appl icat ions.  By e l i m i n a t i n g  waste, 
swi tch ing t o  more energy -e f f i c i en t  processes, and otherwise making optimum use o f  
the e l e c t r i c i t y  t h a t  i s  consumed, appreciable energy savings a re  possible.  However, 
a l though short- term savings have been achieved i n  response t o  the energy c r i s i s  over 
the l a s t  year, t he  long-term achievement o f  these savings presupposes var ious degrees 
o f  success i n  the f o l l o w i n g  respects: 

(1)  t h a t  governmental bodies w i l l  encourage and f i n a n c i a l l y  support, t o  a 
much greater  extent  than i n  the  past, research and development i n t o  
mechanisms and processes f o r  conserving energy; 
t h a t  improved energy conservat ion measures w i l l  be developed and prove 
successful i n  p r a c t i c e  over the years i n  reducing energy usage t o  the 
pro jected ex t e n t  ; 

( 2 )  

6S-6 



(3)  t h a t  i ndus t r y  and the  p u b l i c  w i l l  accept t he  considerably h igher  energy 
p r i ces  inherent  i n  some o f  t he  conservat ion s t ra teg ies  and measures 
proposed; and 
t h a t  t he  p u b l i c  w i l l  accept t he  moderate t o  severe inconveniences and 
changes i n  l i f e s t y l e  t h a t  would i n e v i t a b l y  accompany a number o f  t he  
proposed conservat ion measures. 

(4 )  

I f  a l l  these problems are  s a t i s f a c t o r i l y  resolved, then, according t o  several s tud ies  
by government agencies and p r i v a t e  organizat ions,  energy savings perhaps on the  order 
o f  30% o f  t o t a l  p ro jec ted  consumption by the  year  2000 might  be achieved. These are, 
o f  course, t h e o r e t i c a l  p ro jec t i ons  r a t h e r  than f i r m  p red ic t i ons  based on p r a c t i c e  o r  
experience, and there  i s  no assurance t h a t  conservat ion measures w i l l  y i e l d  the  
pro jec ted  savings. 
imply correspondingly l a rge  reduct ions i n  e l e c t r i c a l  energy demand. 
some areas r e l a t i v e l y  accelerated e l e c t r i f i c a t i o n  may r e s u l t ,  as energy conservat ion 
nay emphasize the  use o f  a v a i l a b l e  and environmental ly acceptable energy sources. 

Thus, t he  o b j e c t i v e  o f  conserving h i g h l y  mobi le f o s s i l  f u e l s  may r e q u i r e  e l e c t r i f i -  
c a t i o n  o f  ground t ranspor ta t i on  and r e s i d e n t i a l  energy uses. I n  general,  optimum 
a l l o c a t i o n  o f  f u e l  resources and min imiza t ion  o f  environmental impact may r e q u i r e  
increased e l e c t r i f i c a t i o n  and commensurate increase o f  c e n t r a l  s t a t i o n  power 
generat ion u t i l i z i n g  abundant, c lean fue l s .  

Further,  reduct ions i n  t o t a l  energy demand do n o t  necessar i l y  
I n  fact ,  i n  

CONCLUSIONS 

A f t e r  rev iewing  the  spectrum o f  a1 t e r n a t i v e  technology opt ions,  t he  f o l l o w i n g  con- 

c lus ions  have been reached: 

(1)  No s i n g l e  energy op t i on  i s  s u f f i c i e n t  t o  meet the  Nat ion 's  long-term 
e l e c t r i c a l  energy needs. Each o f  t he  a l t e r n a t i v e s  now i n  use has i t s  
i n d i v i d u a l  drawbacks and l i m i t a t i o n s .  For example, gas and o i l  usage 
f o r  u t i l i t y  b o i l e r  f u e l  is.becoming more and more r e s t r i c t e d ;  a v a i l a b l e  
hyd roe lec t r i c  power s i t e s  a re  l i m i  t ed  and encounter env i ronmenta l i s ts '  
ob jec t ions ;  f i s s i o n  reac tors ,  w h i l e  economical ly i n s e n s i t i v e  t o  r i s i n g  
cos ts  o f  uranium ore, face r i s i n g  environmental concerns as the  mining 
o f  lower-grade, h igher -cos t  uranium ores beconzs necessary. 
o f  coal appears t o  be s u f f i c i e n t  t o  l a s t  from 50 years t o  several 
cen tur ies ,  depending upon how ex tens ive ly  i t  i s  r e l i e d  upon. 

the  p r a c t i c a l  problems associated w i t h  g r e a t l y  expanding coal p roduc t ion  

The supply 

However, 

a re  severe, and the  environmental e f f e c t s  associated w i t h  mining and 
burnins t h i s  f u e l  a re  g rea t .  These problems must be resolved i f  coa i s  
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t o  take the substantial role i n  electrical  energy production that i s  
foreseen for i t  i n  the near term. 
A number of alternatives taken i n  combination have the potential t o  form 
a viable energy economy, b u t  none of those n o t  already i n  widespread use 
i s  sufficiently developed t o  assure t h a t  i t  will successfully prove i t s  
potential b o t h  technically and economically. 
One o f  the most a t t ract ive alternatives, i n  principle, i s  solar energy. 
However, the h i g h  costs and large land areas associated w i t h  i t s  use as a 
central station power source and the h igh  cost ,  social acceptability, and 
the inertia associated w i t h  local, distributed use mili tate against this 
form of electrical energy production making a substantial contribution 
i n  th is  century. 
storage system to  compensate for the extreme variabil i ty and interrupti- 
b i  1 i ty of this energy source. 
Other solar-related energy sources , particularly wind power and ocean 
thermal gradients, also offer  large reservoirs of energy which, i n  p r i n -  

ciple,  could be tapped and p u t  t o  use. Wind power suffers from the same 
disabi l i t ies  as direct  solar power--variability, interruptibil i ty,  lack of 
energy storage, and large area requirements. 
power suffers from the low-grade heat which must be exploited which makes 
the equipment size and pumping power enormous and the technical problem 
of extraction severe. 
Geothermal power i s  another attractive source of "natural energy" which, 
i n  principle, could provide substantial amounts of electrical  energy. 
date, the magnitude of this  energy source has n o t  been adequately assessed 
and this assessment should be expeditiously made. 
uti l ization of geothermal resources i s  largely limited t o  the western 
t h i r d  of the Nation. 
extensive resources of h o t  dry rock. 
appear to be major problems of this  technology, and the environmental 
consequences of geothermal energy extraction are not t r iv ia l .  
Controlled thermonuclear fusion i s  a t t ract ive i n  that  i t  can exploit an 
extremely large energy source available i n  deuterium and lithium. 
However, scientific feasibi l i ty  has yet to  be established, and fusion is  
n o t  expected to  make a significant contribution t o  meeting the Nation's 
energy needs until the next century. 
Recital of the aboie limitations and prpblems of various alternative 
energy options does n o t  mean that they should not be explored thoroughly t o  
determine the extent of their  contribution to  the energy resource capital 

A severe handicap i s  the lack of a practical energy 

Ocean thermal-gradient 

To 

W i t h  current technology, 

Technology must be developed to u t i l i ze  the more 
Corrosion and erosion of machinery 
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of the Nation. On the contrary, i t  i s  essential that  the Nation develop 
and exploit a l l  the possible energy options available t o  assure that a 
sufficient amount of energy will be available t o  sustain the economic 
l i f e  of the country. 
Energy conversion improvement systems can make a contribution towards 
meeting the Nation's energy needs by improving the efficiency w i t h  
which energy sources are transformed into electrical  energy. The p r i n -  
ciples of many of these systems have been known for years, b u t  they have 
not for one reason or another, technical or economic, received extensive 
acceptance. 
research and development to determine which of these systems can make an 
economic contribution. 
Finally, energy conservation i s  a recognized means o f  b r i n g i n g  energy 
supply and demand i n t o  balance and should be vigorously pursued. 
appears that  energy conservation i n  combination w i t h  increased re1 iance 
upon coal and current nuclear power systems i s  the best hope for meeting 
the Nation's short-term energy needs. 
substantial potential as a supplement t o  new energy sources. The  extent 
to which this potential may be realized i n  the long term, however, i s  
subject to question. Several conditions, such as technical feasibi l i ty  
and public acceptance, must be met before the ful l  promise o f  energy 
savings via conservation may be relied upon. While energy conservation 
alone does not appear to be an adequate substitute for the development 
o f  new energy sources such as the LMFBR, i t  can provide some mitigation 
of the energy supply problem i n  the transition period d u r i n g  which new 
energy options are  be ing  developed and b r o u g h t  i n t o  use, and i t  i s  

worthy of vigorous implementation. 
meet a l l  necessary technical, economic, social, and other appropriate 
c r i te r ia  should be made a part o f  the Nation's energy use patterns as 
soon as practicable. 

(8) 

The current energy c r i s i s  warrants further exploration and 

(9) 
I t  

I n  addition, conservation has 

Those conservation measures that 
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6 A  

ALTERNATIVE ENERGY SOURCES 

FOR 

PRODUCTION OF E L E C T R I C I T Y  



6A.1 OTHER FORMS OF NUCLEAR POWER 

6A. 1.1 L i g h t  Water Reactors 

6A. 1.1.1 Introduction 

6A. 1.1.1.1 General Description 

Plants known as Light Water Reactor (LWR) plants use light ( i .e . ,  ordinary) water 
both to moderate* the fission neutrons and t o  transfer the heat generated i n  the 
nuclear fuel t o  the steam-generating equipment or  directly t o  the turbine-generator 
i n  the form of steam. Fuel for  LWR plants i s  derived from naturally occurring 
uranium ores through the processes of :  ( 1 )  min ing  and milling of the ore t o  pro- 
duce a uranium concentrate, ( 2 )  further purification of the concentrate and 
conversion t o  a chemical form suitable for isotopic enrichment, ( 5 )  enrichment of 
the U-235 isotope from i t s  natural abundance of 0.71 weight percent t o  2-4 weight 
percent, and (4) conversion of the sl ightly enriched product to useable fuel forms. 
These processes are discussed i n  following sections. 

There are two types1 of LWR plants, those using Pressurized Water Reactors (PWRs) 
and those using Boiling k’dter Reactors (BWRs). 
generate steam by bulk boiling of pressurized water in the nuclear core. In PWRs, 
the pressurized water surrounding the nuclear core i s  no t  allowed to go into bulk 
boiling, b u t  rather i s  used t o  generate steam i n  equipment external t o  the nuclear 
core. In either case, pressurized steam i s  produced as the working fluid used t o  
spin a turbine-generator and produce electricity.  
generating plants use pressurized steam i n  the same manner. 

BWRs, as the name implies, 

Fossil-fueled electr ic  

The heat energy produced d u r i n g  operation o f  LWRs comes basically from the 
fissioning of the easily fissioned U-235 atoms i n  the fuel,  with a small contribu- 
tion (about 53) from the fissioning of U-238 atoms (the fission of U-238 occurs 
only w i t h  very energetic neutrons). As the reactor operates, however, another 
easily fissioned atom--plutonium-239 (Pu-239)--is produced from U-238 atoms.** 
For each gram of U-235 consumed i n  LWR fuel,  as much as 0.9 g of f i s s i l e  Pu-239 
and Pu-241 i s  fonned w i t h i n  the fuel. 

* 

Generally more t h a n  half of the plutonium 

*Moderate refers t o  the process o f  slowing down the fas t  neutrons generated d u r i n g  
nuclear fission to the low energies a t  which they can readily fission U-235. 

**On the average, each fissioning atom in LWR fuel ejects two neutrons, one of which 
i s  needed t o  sustain the fission chain reactlon. Those neutrons not entering i n t o  
fission reactions either leak from the fuel o r  are captured by surrounding 
materials. When U-238 captures a neutron n o t  sufficiently energetic t o  cause i t s  
f ission, i t  transforms spontaneously t o  neptunium-239 which i n  t u r n  transforms t o  
plutonium-239 over a relatively short time span. 
Pu-241 isotopes are subsequently produced by successive neutron captures. 

Smaller quantities of Pu-240 and 
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formed undergoes fission i n  place, t h u s  contributing significantly t o  the energy 
produced i n  the power plant. 
Pu-239/Pu-241 per gram of U-235 consumed) is recovered from the spent LWR fuel 
when i t  is removed from the power plant and sent t o  a reprocessing p l a n t  (see 
Section 6A. 1.1.3.3). 

Plutonium that  escapes fission (about 0.30 g 

6A. 1.1 .l. 2 History 

Commercial nuclear e lec t r ic  power was introduced i n  the U.S. 17 years ago (1957) 
through the operation of the 60-MW(e)* Shippingport nuclear steam-electric plant, 
a joint  venture of the Atomic Energy Commission (AEC) and the Duquesne L i g h t  
Company i n  Pennsylvania. The Shi ppingport reactor is based largely on technology 
that had been developed for Naval nuclear propulsion units. In 1960 and 1961, 
respectively, the Dresden-1 (200 MWe) BWR and the Yankee Rowe (175 Me) PWR plants 
were placed i n  operation. These plants drew heavily upon Naval reactor base 
technology b u t  used different nuclear core designs. 
capacity, to  date, is  indicated i n  Table 6A.1-1. 

The growth of commercial LWR 
2 

Table 6A.1-1 
GROWTH OF COMMERCIAL LWR CAPACITY IN THE USAa 

Yearb No. of Units We, Net MWe, Cumulative 

1957 1 90 90 
1960 1 200 290 
1961 1 175 465 
1962 1 265 730 
1963 1 69 799 
1964 1 22 82 1 

1 70 891 
0 0 891 

1965 
1966 
1967 0 0 89 1 
1968 2 1,005 1,896 
1969 2 1,265 3,160 
1970 3 1,776 4,936 
1971 6 3,459 8,396 
1972 8 5,546 13,941 
1973 10 7,769 21,710 

'Source: Division of Reactor Development and Technology, "Status of Central 
Station Nuclear Power Reactors--Significant Milestones , ' I  Report WASH-1208 
(1-74), U.S. Atomic Energy Commission, Washington, D.C. 20545. 

byear i n  which commercial operation was achieved, except 1973, for  which a l l  
plants achieving in i t i a l  c r i t i ca l i t y  are included. 

*Later increased to  90 MWe. 
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6A. 1 .l .  1.3 Status 

LWR plants are by far the predominant type of nuclear power plant being purchased 
and installed by U.S. u t i l i t i e s  a t  this time. As of December 31, 1973, U.S. 
u t i l i t i e s  had bui l t ,  ordered, or  announced plans for 217 commercial nuclear 
e lec t r ic  plants (209 LWRs and 8 HTGRs), having an aggregate capacity of about 200 
thousand e lec t r ic  megawatts.2 T h i  rty-nine LWRs and one h i g h  temperature gas- 
cooled reactor (HTGR) were then i n  operation. S ix  more LWRs were added to  the 
total  of b u i l t ,  ordered, or  announced plants i n  the f i r s t  three months of 1974. 
Projecting from present trends i n  the purchase of fossil  and nuclear plants by 
the u t i  1 i ties, i t  appears 1 i kely that nuclear energy w i  11 become the predominant 
source of e lectr ic i ty  i n  the U.S. w i t h i n  the next 20 years or   SO.^ AEC projections 
of the growth of the nuclear e lectrfc  industry are discussed i n  Section 6A.1.1.8. 

6A. 1.1.2 Extent of Enerqy Resources 

6A.1.1.2.1 U.S. Uranium Supply 

The currently estimated U.S. uranium reserves a t  a cut-off cost of $8 per pound of 
U308* are 277,000 tons. An additional potential resource of 450,000 tons is esti- 
mated to  occur i n  known favorable geologic environments. A t  higher cut-off costsI 
the resources are larger. Resources u p  t o  $30 per pound o f  U308 are  primarily i n  
deposits such as those currently being mined, primarily tabular pods i n  Sandstones, 
sometimes referred to  as conventional deposits (Table 6A.l-2) .4'5 Large quanti ties 

Table 6A.1-2 
ESTIMATED U.S. URANIUM R E S O U R C E S ~ P ~  

Total 
(cumulative thousands of short tons U308) up to: 

($/lb) 

8.00 280 450 730 
10.00 340 700 1040 
15.00 520 1000 1520 
30.00 700 1700 2400 

- $08 Cost Reserves Potential 

aSource: 

bSource: 

USAEC, "Potential Nuclear Power Growth Patterns ," Report WASH-1098, Supt. 

USAEC, Divdsion of Production and Materials Management, Nuclear Fuel 
of Documents, U.S. Government Printing Office, Washington, D.C. 20402, May 1973. 

Supply," Report WASH-1242, Supt. o f  Documents, U.S, Government P r i p t i n g  Office, 
Washington, D.C. 20402, May 1973. 

could be produced a t  specified costs. Sales prices are determined by the 
market, and will likely be higher than the AEC production cost estimates. 

*AEC reserve estimates represent the calculated maximum amount of uranium that 
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of uranium also occur i n  certain shales and granites b u t  the uranium occurs i n  small 
concentrations in comparison w i t h  conventional deposits (Figure 6A.1-1).6 The cost 
of production from these sources would be much higher, and very large tonnages o f  
"ore" would need t o  be mined and milled to produce significant amounts of uranium 
(see Section 6A.1.1.6). 
would also be significantly greater. 

The environmental impact of using these low grade resources 

The currently known conventional uranium deposits are located in the western pa r t  of 
the U.S., principally i n  the states of Colorado, New Mexico, Texas, Utah, Washington, 
and Wyoming. Figure 6A.1-2 shows the locations of known reserves and producing 
areas. Most conventional uranium deposits are small, containing several hundred 
tons of U308 on the average. 
reserves. 
The average uranium content of ore mined i n  1972 was about  0.21% U308 (or 2100 ppm). 

7 

A relatively few large deposits have the bulk o f  the 
About 10% o f  the known deposits contain 85% o f  the $8/lb 

An impor t an t  characteristic o f  the U.S. conventional sandstone deposits i s  depicted 
i n  Figures 6A.1-3 and 6A.1-4. Most of the uranium i n  a typical deposit is found i n  
those portions which assay a t  0.1% U308 and higher. By mining  t o  a cut-off i n  the 
assay range corresponding t o  $30 per pound of U308 recovery cost, substantially all 
of the uranium in the deposit would be recovered. 
could be recovered a t  costs i n  excess of $30 per pound of U308 from conventional 
deposits appear t o  be very small. 

The quantities of uranium t h a t  

.While a large number of wide-spread exploratory drillings have been made i n  the 
western portion of the U.S., there i s  no evidence of large deposits o f  low-grade 
uranium ores which could bridge the apparent gap between the sandstone deposits ( a t  
$8 t o  $30 per pound of u308) and the Chattanooga shales (second and t h i r d  bars of 
Figure 6A.1-1) w i t h  currently estimated recovery costs ranqing uptards of $90 per 
pound of U308 (see Section 6A.1.1.9). This does not  necessarily mean t h a t  there 
are no such deposits, b u t  rather t h a t  the existence of such deposits has not been 
established from the considerable amount of d a t a  on hand.* 

6A.1.1.2.2 Foreign Uranium Supply 

Foreign reserves5 a t  a cut-off o f  $10/lb U308 are estimated a t  abou t  800,000 tons 
of U308, and potential additional resources a t  500,000 tons a t  the same cut-off 

*Some compensation i s  made for this uncertainty in the estimated uranium prices 
used in the LMFBR cost-benefit analysis. 
a range of assumptions, including the assumption t h a t  portions of the Chattanooga 
shales would yield U308 a t  costs within the apparent $30 t o  $90 gap. 

Table 11.2-29, Section 11.2, i s  based on 
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cost. Aust ra l ia ,  Canada, South Afr ica,  and South West A f r i c a  have about 75% o f  
these resources. The remainder i s  p r i m a r i l y  i n  Central  A f r i c a  and Europe. 

Despite an apparent ly b e t t e r  supply p o s i t i o n  w i t h  respect t o  low-cost ores than i s  
c u r r e n t l y  ev iden t  i n  the U.S., t he re  are l i m i t a t i o n s  on the product ion ra tes  
a t ta inab le .  
South West A f r i c a n  resources are contained i n  a few deposi ts f o r  which there are 
phys ica l  and economic l i m i t a t i o n s  on product ion leve ls .  

South A f r i can  uranium i s  a byproduct o f  go ld mining. Canadian and 

7 As depicted i n  Figure 6A.1-5,6 the f o r e i g n  uranium supply-demand s i t u a t i o n  i s  
expected t o  be much l i k e  t h a t  expected i n  the U.S. (See f o l l o w i n g  sec t i on  and 
Sect ion 6A.1.1.8.) To foresee t o  what ex ten t  f o r e i g n  uranium w i l l  be a v a i l a b l e  
i n  the long run  as a source f o r  U.S. use i s  d i f f i c u l t .  It seems u n l i k e l y ,  
cons ider ing f o r e i g n  demands, t h a t  the U.S. can r e l y  on the  a v a i l a b i l i t y  o f  l a r g e  
amounts o f  f o r e i g n  uranium. 

6A.1.1.2.3 Estimated A v a i l a b i l i t y  and Consumption o f  Uranium 

Uranium requirements i n  the U.S. are c u r r e n t l y  about 12,000 tons of U 0 per  year  
(1974), and are expected t o  increase r a p i d l y - - i n  the range of 30,000 t o  36,000 
tons/year by 1980 and 84,000 t o  125,000 tons/year by 1990.8 Current m in ing /m i l l i ng  
capaci ty  i n  the U.S. i s  about 18,000 tons U308 per year so t h a t  the m in ing /m i l l i ng  
i n d u s t r y  i s  f ac ing  a per iod o f  major growth. Enlargement o f  U.S. uranium resources 
w i l l  be a necessary p a r t  o f  the expansion i n  product ion t h a t  w i l l  be needed t o  meet 
p ro jec ted  requirements. This w i l l  necess i ta te subs tan t i a l  c a p i t a l  investment i n  
e x p l o r a t i o n  several years i n  advance o f  product ion and cons t ruc t i on  o f  new mining 
and m i l l i n g  f a c i l i t i e s .  Between 1973 and 1990, the c a p i t a l  investment needed i s  
est imated a t  $10 b i l l i o n ,  o f  which $6 b i l l i o n  would be f o r  e ~ p l o r a t i o n . ~  The need 
f o r  subs tan t i a l  exp lo ra t i on  stems from the  f o l l w i n g  fac to rs .  

3 8  

(1) Ore reserves are f a r  less than fo recas t  requirements f o r  the next  few 
decades. The estimated p o t e n t i a l  l i s t e d  i n  Table 6A.1-2 i s  y e t  t o  be 
discovered, and add i t i ona l  p o t e n t i a l  resources a lso must be i d e n t i f i e d .  
The p o t e n t i a l  resources l i s t e d  i n  Table 6A.1-2 have been estimated by 
the  AEC by comparing the c h a r a c t e r i s t i c s  o f  known deposi ts and t h e i r  
geologic environment t o  o the r  s i m i l a r  geolog ic  areas. While there i s  
a reasonable expectat ion t h a t  the estimated q u a n t i t i e s  o f  ores e x i s t  

i n  these areas and w i l l  be found, i t  w i l l  take t ime and e f f o r t  t o  
discover and de l i nea te  the deposits. Exp lo ra t i on  e f f o r t  i n  the U.S. 

the l a s t  few years has n o t  expanded reserves s i g n i f i c a n t l y  (see 
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Figure 6A.1-6).6 
maintain a satisfactory resource base. 
As a practical matter, ore reserves a t  any time should be equal t o  a t  
least  the following eight years' requirements (see Figure -6A.1-7). 
E i g h t  years i s  the approximate lead time between ini t ia t ion of 
exploration and in i t ia l  production of U308. 

for justif ication of investment in mines and mills, for amortization of 
capital, and for contracting for sale of products. From 700,000 t o  
950,000 tons of U308 must be produced t o  satisfy requirements between 
the beginning of 1973 and the end of 1990. 
t h a t  time would be about another million tons i n  the ground. 

Increased efforts wi l l  be needed in the future t o  

( 2 )  

A reserve base i s  necessary 

An eight-year reserve a t  

Today there i s  about a 10-year forward reserve7 of U308 i n  the $8/lb category i n  
the U.S. The practically achievable production from ore reserves and estimated 
potential $8/lb resources would evidently fa1 1 behind demand in the early 1980's. 
To keep up w i t h  requirements beyond t h a t  time will require discovery of adddtional 
resources o r  production from progressively higher-cost and lower-grade conventional 
ores, and/or use of non-conventional ores. 

Expansion of Resources 

AEC evaluation of U.S. uranium resources has been, until recently, largely concen- 
trated i n  and around the established uranium mining  areas. 
t o  the magnitude of resources which may exist  beyond those included i n  AEC estimates. 
Viewpoints vary widely among knowledgeable people i n  the uranium industry. 

A question remains as 

On the one hand, some believe that past exploration has been so extensive that all 
major d is t r ic t s  have now been found and,  while some minor addi t ions  are likely w i t h i n  
those d is t r ic t s ,  no large additions t o  low-cost resources are likely.* On the other 
hand, there are a few who believe t h a t  many other sedimentary environments i n  the 
United States are j u s t  as favorable for uranium deposits as the Grants mineral belt  
and the Wyoming basin areas. They, in effect ,  think t h a t  ample resources will be 
found as needed.** Between these two extremes i s  the more common viewpoint t h a t  
known d i s t r ic t s  are likely to  expand and some additional d i s t r ic t s  remain t o  be 
discovered, b u t  t h a t  exploration will become increasingly diff icul t .  

*Paper presented by John A. Patterson, USAEC, a t  the Gulf Coast Association of 
Geological Societies Annual Meeting, Corpus Chr:sti, Texas, enti t led,  "Nuclear 
Power and Uranium," October 13, 1972, p. 11. 

**Comment Letters 14, p.1; %, pp. 46-54; 55, pp. 2-5. 
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I n  any case, uranium resources minable a t  a g iven cos t  a re  f i n i t e  and w i l l  n o t  
expand i n d e f i n i t e l y  i n  response t o  exp lo ra t i on  e f f o r t .  

evolves from the shor t  t ime frame i n  which exp lo ra t i on  must be done t o  keep up w i t h  
demand, whatever the resource viewpoint. To meet p ro jec ted  needs a t  reasonable 

costs, l i t t l e  t ime remains t o  e f f e c t  expansion o f  U.S. resources. 

A f u r t h e r  concern t o  many 

U.S. Exp lora t ion  H is to ry  

Some i n s i g h t  as t o  where the development o f  uranium resources i n  the  United States 
stands can be gained by rev iewing exp lo ra t i on  h i s t o r y  and what has been accom- 
pl ished. 
ft have been d r i l l e d  i n  the search fo r  uranium i n  the  U.S. Figure 6A.1-6 i l l u s t r a t e s  
h i s t o r i c  annual d r i l l i n g  a c t i v i t y  i nc lud ing  add i t ions  t o  reserves per f o o t  o f  

d r i l l i n g ,  a measure o f  exp lo ra t i on  success. 

Since the l a t e  1940's over 700,000 holes amounting t o  about 210 m i l l i o n  

Discovery ra tes  i n  the 1950's increased as new d i s t r i c t s  were found and the geology 
o f  uranium became understood. 
reached. 
new d i s t r i c t s  i n  the l a t e  f i f t i e s  and ea r l y  s i x t i e s  reduced d iscovery ra tes  t o  less  

than 5 l b / f t .  I n  the second exp lo ra t i on  surge i n  the  l a t e  1960's and e a r l y  1 9 7 0 ' ~ ~  
much h igher  exp lo ra t i on  l e v e l s  were reached b u t  w i t h  l ess  success than i n  the 
1950's. Furthermore, recent  exp lo ra t i on  has produced q u i t e  v a r i a b l e  resu l t s .  For 
example, ra tes  f o r  the U.S. as a whole over the 1967-1971 period, which invo lved 
103 m i l l i o n  ft of d r i l l i n g ,  averaged 3.8 pounds o f  U308 per f o o t  d r i l l e d .  However, 
the  average f o r  the State o f  New Mexico was 9.6 l b / f t ,  wh i l e  t h a t  f o r  the r e s t  o f  
the country  was on ly  2.4 l b / f t .  
l a rge  1967-1971 exp lo ra t i on  e f f o r t  was performed, success r a t i o s  have been very  much 

less than prev ious ly  experienced. 

Discovery ra tes  o f  over  ten  pounds U308 per  f o o t  were 
More complete de l i nea t ion  o f  uranium d i s t r i c t s  and lack  o f  d iscovery o f  

Thus, i n  most o f  the  geographic area where the  

Geographically, d r i l l i n g  has been q u i t e  widespread i n  the  West, as i l l u s t r a t e d  i n  
Figure 6A.1-8. Twenty-one s ta tes  have had some d r i l l i n g  e f f o r t  f o r  uranium. 

An add i t i ona l  index of exp lo ra t i on  e f f o r t  i s  shown i n  F igure 6A.1-9, which loca tes  
prospects examined by AEC o r  USGS geo log is ts  dur ing the 1950's. A p re l im ina ry  

reconnaisance r e p o r t  was prepared a f t e r  each o f  these b r i e f  inves t iga t ions .  
7,000 examinations were made i n  42 s ta tes  i nc lud ing  Alaska i n v o l v i n g  a d i v e r s i t y  o f  
geolog ic  environments over l a rge  land areas. 

t h i s  per iod  obv ious ly  would be considerably la rger .  

been conducted through gamma-ray surveys and water sampling. 

Over 

The actual  area prospected dur ing  

I n  add i t ion ,  exp lo ra t i on  has 

6A. 1-1 4 

n 



6A.1-15 



L
 

6A. 1-16 



While considerable e f f o r t  was expended over the l a s t  25 years i n  the search f o r  
uranium i n  the United States, the l a r g e s t  exp lo ra t i on  e f f o r t  ever undertaken f o r  a 
metal , much remains t o  be done i n  r e l a t i v e l y  unexplored areas o r  where exp lo ra t i on  
work has been inconclus ive o r  incomplete. 

Nat ional  Uranium Resource Eva1 ua t i on  

The AEC has undertaken a study o f  t he  e n t i r e  country t o  develop a comprehensive 
na t i ona l  uranium resource assessment. I n  t h i s  p ro jec t ,  the country has been 
subdiv ided i n t o  19 major geologic areas and a number o f  smal ler  subareas, each o f  
which w i l l  be studied, comparing i t s  c h a r a c t e r i s t i c s  w i t h  those o f  known uranium 
d i s t r . i c t s  i n  the  United States and other  countr ies.  Completion o f  a p re l im ina ry  
na t i ona l  evaluat ion i s  scheduled f o r  1976. Since data w i l l  be incomplete f o r  many 
areas, t h i s  evaluat ion i s  l i k e l y  t o  be only  q u a l i t a t i v e  f o r  l a r g e  segments o f  the 
country. The in format ion gathered, however, w i l l  provide a basis f o r  p lanning 
a c q u i s i t i o n  o f  the add i t i ona l  data needed f o r  a proper evaluat ion o f  those areas. 
An a d d i t i o n a l  several years o f  e f f o r t  w i l l  be requi red t o  develop adequate 
geologic data t o  a1 low s a t i s f a c t o r y  evaluat ion o f  na t i ona l  p o t e n t i a l i t i e s .  

Research and development work i s  planned t o  improve technology f o r  d iscover ing 
deposi ts i n c l u d i n g  geophysics, geochemistry, and geology. Work on improved mining 
and processing methods f o r  uranium ores i s  also planned. 
I n t e r i o r ,  through the Geological Survey and the Bureau o f  Mines, i s  p a r t i c i p a t i n g  
i n  t h i s  na t iona l  e f f o r t  t o  improve understanding o f  Uni ted States resources and 
improve technology. 

The Department o f  

As p a r t  of i t s  program t o  evaluate p o t e n t i a l  uranium resources, the AEC r e c e n t l y  
completed a study employing a new method t h a t  s t a t i s t i c a l l y  evaluates the opin ion 
o f  experts.  The method, the Del phi  o r  sub jec t i ve  p r o b a b i l i t y  technique , involved 
judgments o f  36 experts from indust ry ,  u n i v e r s i t i e s ,  and qovernment. The experts 
provided t h e i r  i n d i v i d u a l  evaluat ions f o r  each o f  64 areas cover ing the e n t i r e  
s t a t e  o f  New Mexico. In format ion provided by each exper t  was tabulated and the re -  
s u l t s  r e c i r c u l a t e d  seeking t o  develop a consensus o f  t he  experts.  I t  i s  i n t e r e s t -  
i n g  t o  compare r e s u l t s  f o r  the San-Juan Basin, which includes the  Grants mineral  
b e l t ,  the l a r g e s t  known uranium’ksource Wea i n  the  U.S., as w e l l  as l a r s e  areas 
n o t  known t o  be uranium bearing. 
contained less than 100,000 tons of U308 and f o u r  est imates were over one m i l l i o n  
tons o f  U308. 
est imates was 450,000 tons o f  U308. 
U308 ( a t  cos t  under $30 per  pound o f  U308) we l l  towards the h ighe r  end o f  the range 

1 t:- 

Twelve o f  the 36 experts est imated t h a t  the Basin 

The median (middle) est imate was 150,000 tons. The average o f  the 36 
The AEC est imate f o r  the Basin i s  740,000 tons o f  
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o f  values f o r  the experts.  The study suggests t h a t  AEC p o t e n t i a l  est imat ion 
methods, i n c l u d i n g  areas w e l l  beyond the  known mining d i s t r i c t s ,  g ive values t h a t  
are i n  the h igh range o f  the opinions o f  informed workers. 
i n d i c a t i o n  from t h i s  study t h a t  one should conclude t h a t  U.S. resources are 
s i g n i f i c a n t l y  h igher  than as est imated by the AEC methods. 

There was c e r t a i n l y  no 

Expl o r a t i o n  A c t i v i t i e s  

Exp lo ra t ion  a c t i v i t y  and discovery ra tes over the  next  decade w i l l  i n  la rge  measure 
determine the course o f  our  f u t u r e  uranium supply. 
responsive t o  increased demand and p r i c e s  f o r  uranium. A r a p i d  increase i n  exp lo r -  

a t i o n  d r i l l i n g  e f f o r t  i n  the Uni ted States occurred i n  the l a t e  1960's i n  response 
t o  buying a c t i v i t i e s  o f  u t i l i t i e s .  E f f o r t s  were reduced i n  the  e a r l y  1970's but, 
as a consequence o f  increased buying a c t i v i t i e s  and h igher  p r ices ,  are now on the 

upswing. 
m i l l i o n  f t i n  1975, almost double the l eve l  o f  e f f o r t  i n  1973. As the t i m e  i s  
appropr ia te f o r  expanded exp lo ra t ion  a c t i v i t y ,  i n d u s t r y ' s  plans are encouraging. 
There i s  some quest ion however t h a t  these h igher  d r i l l i n g  ra tes  w i l l  be reached. 
D r i l l i n g  equipment and d r i l l e r s  are i n  t i g h t  supply as a r e s u l t  o f  increased 
exp lo ra t ion  a c t i v i t y  f o r  o ther  comnodities, p a r t i c u l a r l y  coal. 

Indus t ry  has i n  the past been 

Plans have been repor ted f o r  d r i l l i n g  about 29 m i l l i o n  ft i n  1974 and 34 

I n  the l a s t  several  years, the addi t ions t o  reserves r e s u l t i n g  from exp lo ra t ion  
have n o t  been as h igh as i n  previous years. 
be a t  such low leve ls ,  there w i l l  be a need f o r  even l a r g e r  exp lo ra t ion  e f f o r t  o r  

o ther  supply development s t ra teg ies .  

I f  f u t u r e  discovery ra tes  cont inue t o  

Explorat ion a c t i v i t y  has cont inued t o  be concentrated i n  the w e l l  estab l ished 
mining areas. About 90% o f  the d r i l l i n g  i n  1973 was i n  the Wyoming basins, Grants 
mineral  b e l t ,  and Texas Gulf Coast areas. Explorat ion i n  these areas continued t o  
be product ive.  However, d i v e r s i f i c a t i o n  o f  exp lo ra t ion  e f f o r t  would probably be 
b e n e f i c i a l  by i d e n t i f y i n g  new favorable environments and perhaps f i n d i n g  new major 
uranium d i s t r i c t s .  Considering the la rge  f u t u r e  need f o r  uranium, new d i s t r i c t s ,  
perhaps w i t h  new kinds o f  deposits, would seem t o  be a promising way t o  develop the  
la rge  resources t h a t  w i l l  be needed. . .e. 
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6A.1.1.2.4 Poten t ia l  E f f e c t  o f  Advanced Enrichment Processes on Resource 

Conservation 

Some Charac ter is t i cs  o f  Enrichment by Gaseous D i f f u s i o n  

Natura l  uranium in t roduced as feed t o  a gaseous d i f f u s i o n  enrichment p l a n t  i s  
separated i n t o  a product enr iched i n  U-235 content and a waste stream, o r  t a i l s ,  
depleted i n  U-235 content. The t a i l s  assay (i .e., res idua l  U-235 content o f  the  
t a i l s  expressed i n  weight percent)  can be se lected more o r  less independently o f  
feed and product assays, bu t  the actual  choice o f  a t a i l s  assay invo lves a number 
o f  p r a c t i c a l  considerat ions.  

The t a i l s  assay o f  the AEC gaseous d i f f u s i o n  p l a n t s  i s  c u r r e n t l y  s e t  a t  0.3% U-235. 
As shown i n  the simple cost  curve i n  Figure 6A.1-10, t h i s  t a i l s  assay i s  consonant 
w i t h  e s s e n t i a l l y  minimum u n i t  cos t  f o r  a 3.2% enr iched product,* assuming $8 per  
pound o f  U308 feed concentrate p r i c e  and $36 per  separat ive work u n i t .  
t i o n s  are c lose t o  p r ices  t h a t  have preva i led  i n  the past, b u t  must be expected t o  
change. 
have t o  be s h i f t e d  downward as feed p r i c e  increases, a l l  o ther  fac to rs  remaining 
the same. 

These assump- 

Figure 6A.1-11 shows t h a t  t h e  t a i l s  assay f o r  optimum product cos t  would 

7 

For 3.2% enr iched product, a 0.3% t a i l s  assay places about 63.9% o f  the  incoming 
U-235 i n t o  the enr iched product; the balance, 36.1%, remains i n  the t a i l s .  More 
e f f i c i e n t  u t i l i z a t i o n  o f  U-235 could be achieved by s e t t i n g  the t a i l s  assay a t  a 
lower value. A t  0.1%, f o r  example, the r e s u l t a n t  recovery would be 88.7% o f  the 
U-235, corresponding t o  a 28.1% reduct ion i n  the q u a n t i t y  o f  feed requ i red  per  
u n i t  o f  enr iched product. 
l a r g e r  f r a c t i o n  o f  separat ive work c a p a b i l i t y  on s t r i p p i n g  the t a i l s  t o  the  lower 

assay, w i t h  a r e s u l t a n t  increase i n  cos t  o f  more than $50 per  k i logram o f  enr iched 
product and a subs tan t ia l  decrease i n  annual product output  (Table 6A.1-3). 

The consequence, however, would be the spending o f  a 

Thus, the use o f  low t a i l s  assays i n  the  c u r r e n t l y  ava i lab le  separations p lants ,  f o r  
more complete U-235 recovery, would be unfavorable t o  product costs and would hasten 
the time when a d d i t i o n a l  separat ions capaci ty  would be needed t o  s a t i s f y  the  
present ly  growing product requirements. 
economic i n c e n t i v e  t o  s e t  t a i l s  assays a t  lower values, b u t  t h i s  would a lso  be a t  

As feed pr ices  increase, there w i l l  be an 

*Also t r u e  f o r  a product of any o ther  enrichment der ived from $8 concentrate and 
$36 per  separat ive work u n i t ,  although product cos t  increases w i t h  increased 
product assay. 
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Table 6A.1-3 
PRODUCT COST AND OUTPUT AS A FUNCTION OF TAILS  ASSAY^ 

T a i l s  Assay Product Cost Annual Product Annual Feed 
(wt.% U-235) ($/kg u) ou tpu t  I npu t  

(met r ic  tons U) ( sho r t  tons U308) 

0.3 301.86 2641 24,200 

0.273 

0.2 

0.1 

300.88 

308.59 

355.48 

2498 

21 07 

1523 

21,700 

16,100 

10,000 

aBases: 10,000,000 separat ive work u n i t s  per year; feed p r i c e  $8 / lb  U308 ($23.46/ 
kg U as UF6); separat ive work cos t  $36.00 per  kg u n i t ;  feed assay 0.711% 
U-235; product assay 3.2% U-235. 

the expense o f  reduced product output  and accelerated need f o r  add i t i ona l  separa- 
t i o n s  capaci ty  i n  an expanding requirements s i t ua t i on .  

The Possi b i  1 i ty o f  Laser Enrichment Processes 

As suggested by Figure 6A.l-11, a subs tan t ia l  lower ing o f  separat ive work costs 
would permi t  more e f f i c i e n t  separat ion o f  U-235 wh i l e  mainta in ing favorab le  product 
cost. 
techno1 ogy. * On theo re t i ca l  grounds , however, the  most promi s i n g  approaches t o  
more o r  l ess  complete separat ion o f  uranium isotopes a t  low product costs would be 
through processes t h a t  take advantage o f  the  small, inherent  energy s t a t e  d i f f e r -  

ences between molecules o f  the isotopes, ins tead of mass d i f fe rences  on which 
c u r r e n t l y  f eas ib le  (e. g. electromagnetic ,** gas centr i fuge,  gaseous d i f f u s i o n )  
processes depend. 

Large cos t  reduc t ion  i s  n o t  a reasonable expectat ion i n  gaseous d i f f u s i o n  

The advent o f  lasers  and a r a p i d l y  developing l a s e r  technology has enhanced the  
p o s s i b i l i t y  o f  developing commercial-scale processes f o r  the  separat ion o f  uranium 
(and o ther )  isotopes, a t  low cost and h igh  separations ef f ic iency,  through the  
mechanism o f  se lec t i ve  photon e x c i t a t i o n  o f  molecules. This p o s s i b i l i t y  i s  
suggested by: 
from lasers; (2) the  range o f  l a s e r  frequencies ava i lab le ;  and (3) the frequency 
p u r i t i e s  a t ta inab le .  

(1) the l a rge  amounts o f  coherent l i g h t  energy t h a t  can be obtained 

*Product costs from gas cen t r i f uge  separations p lan ts  could prove t o  be somewhat 
lower than the same products from gaseous d i f f u s i o n  plants,  bu t  would n o t  be the  
l a rge  cos t  reduct ions contemplated herein.9 

abandoned i n  favor o f  gaseous d i f f u s i o n  on economic grounds. 
**The electromagnetic process was used b r i e f l y  dur ing  World War I1 b u t  was 
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I n  principle, laser photons w i t h  properly selected energy (frequency) could be 
resonantly absorbed by one k i n d  of isotopic molecule w i t h o u t  affecting the other 
(non-resonant) isotope molecules. The selective absorption would raise the energy 
level of the desired isotopic molecules, and the higher energy s ta te  could then be 
exploited in a variety of chemical or physical processes leading t o  actual separa- 
tion of the isotopes. Work toward this end i s  in progress a t  the A E C ' s  Los Alamos 
Sci,entific Laboratory and a t  the Lawrence Livermore Laboratory ( L L L )  on a somewhat 
d i f f e ren t a p pro a c h . * 
An assessment of the maximum potential effect of prospective laser-activated isotope 
separation processes on uranium resource ( i  . e . ,  U-235) conservation can be made by 
assuming t h a t :  
approaching zero ta i l s  assay) a t  very low separative costs relative t o  alternative 
technologies; and ( 2 )  such costs would also be low enough t o  make eventual rework of 
accumulated t a i l s  from alternative processes (e.q. , gaseous diffusion, qas 
centrifuge) economically attractive.  

(1 )  isotopic separation would be essentially complete ( i  .e. , 

A uranium isotope separation process with these assumed characteristics would require 
about 36% less natural uranium feed, per u n i t  of enriched product, t h a n  does the 
gaseous diffusion process w i t h  current operation a t  0.3% ta i l s .  
assumed process could, a t  some future date, extend previously used resources by 
recovering U-235 from accumulated t a i l s ,  t o  an extent depending on the average assay 
of previously accumulated t a i l s .  
requirements by as much as 36% i n  comparison w i t h  what the demand would be i f  today's 
technology and practices were used t h r o u g h o u t  the period o f  U308 utilization. 
i s  a d d i t i o n a l  discussion o f  t h i s  subject i n  Section 11.2.4.2.7 i n  connection w i t h  

the specific assumptions used i n  the cost-benefit analysis of the LMFBR. 

Additionally, the 

In  sum, such a process could reduce ultimate U308 

There 

The assumed laser process would also have some economic impacts. 
would make alternative separation technologies economically obsolete. 
contribute t o  lower fuel cycle costs for those reactors u s i n g  enriched uranium. 
maximum extent to  which LWR fuel cycle costs could be lowered can be estimated by 
assuming no separation costs, coupled . f w i t h  100% recovery of U-235 from the feed. 
On this basis, LWR fuel cycle costs'would be the Case I1 values of Table 6A.1-4. 
As noted i n  the table footnotes, plutonium values have been  scaled t o  equivalent 

Presumably, i t  
I t  would also 

The 

enriched uranium values for the cases considered. 

*Similar laser-oriented work i s  also i n  progress under the joint  auspices 
Nuclear, Incorporated and AVCO Everett Research Laboratories. There are 
tions t h a t  uranium isotope separation on a microgram scale may have been 
accomplished i n  both the Exxon/AVCO and the LLL development work t o  date. 
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Since zero d o l l a r s  f o r  separation costs and zero t a i l s  assay are  no t  r e a l i s t i c  
assumptions, the actual  costs t h a t  might be achieved as a r e s u l t  o f  a successful 
l ase r  process would unquestionably be somewhat g rea ter  than the s ta ted  values. 
The Case I11 values o f  Table 6A.1-4 are ca lcu la ted  w i t h  the a r b i t r a r y  assumption 
o f  $5 per separat ive work u n i t  and 0.05% t a i l s .  There i s  no basis f o r  these 
assumed numbers, o the r  than a judgment t h a t  they would be small, b u t  no t  zero. 

The reader i s  reminded t h a t  t h i s  d iscuss ion o f  prospect ive l ase r  isotope separat ion 

impacts i s  h i g h l y  speculat ive. While l a s e r  separat ion research and development i s  
being conducted as a serious business, i t s  success i s  indeterminate a t  t h i s  time. 
Thus, wh i l e  the p o t e n t i a l  impacts o f  a successful l a s e r  separations technology are 

noted a t  various places i n  t h i s  Statement, i t  has n o t  seemed appropr ia te t o  f a c t o r  
these p o t e n t i a l i t i e s  i n t o  the Environmental Impact Statement considerat ions as i f  
they were an accomplished fac t .  

6A.1.1.3 Technical Descr ip t ion  o f  LWR Systems 

The various steps requ i red  f o r  the support o f  LWR operation, from the  min ing o f  
the  uranium ore  t o  the u l t i m a t e  disposal of wastes, are known as the  nuc lear  fue l  
cycle. 12s13 These steps cons is t  of: (1) mining the ore; ( 2 )  treatment o f  the  ore  
t o  ob ta in  a uranium concentrate; (3 )  conversion of the concentrate t o  a chemical 
form s u i t a b l e  f o r  enrichment; (4 )  enrichment i n  gaseous d i f f u s i o n  p lan ts ;  ( 5 )  con- 
vers ion  o f  the enriched product t o  a chemical form s u i t a b l e  f o r  fuel ;  (6 )  f ab r i ca -  
t i o n  o f  f ue l ;  (7)  use o f  f u e l  i n  power p lan t ;  (8 )  annual removal o f  a p o r t i o n  o f  
spent fuel  from power p l a n t  and storage f o r  about f i v e  months; ( 9 )  shipment o f  
spent f u e l  t o  a reprocessing p lan t ;  (10) reprocessing o f  spent f ue l ,  w i t h  recyc le  
o f  recovered uranium t o  enrichment p l a n t  o r  t o  storage and recyc le  o f  recovered 
plutonium t o  f u e l  f a b r i c a t i o n  o r  t o  storage; (11) treatment o f  rad ioac t i ve  wastes 
f o r  disposal; and (12) packaging and shipment o f  low-level  rad ioac t i ve  wastes f o r  
b u r i a l  and s o l i d i f i c a t i o n  and o f  h igh- leve l  wastes t o  a Federal repos i to ry .  

Descr ip t ions o f  these various steps are necessar i l y  b r i e f  and conceptual i n  t h i s  
document, bu t  more de ta i l ed  descr ip t ions  are  ava i l ab le  i n  c i t e d  re fe ren  

6A.1.1.3.1 LWR Fuel 

Fuel f o r  commercial LWRs i s  der ived from n a t u r a l l y  occur r ing  uranium wh 
up o f  the isotopes U-238 (99.284%), U-235 (0.71 1%) , and U-234 (0.005%). 

i n  LWR fue l ,  na tura l  uranium must be enriched i n  i t s  U-235 content  such 

es . 

ch i s  made 
For use 

t h a t  U-235 
cons t i t u tes  about 3% o f  the enriched product. An isotope enrichment process known 

n 
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Table 6A.1-4 
POTENTIAL EFFECT OF LASER ISOTOPE SEPARATION ON 

LWR FUEL CYCLE COSTS 

Feed P r i c e  
( $ / l b  U308) Case I Case I1  Case I11 

( m i l  ls/kWe-hr) (mills/kWe-hr) (mi 1 1 s / k We -h r ) 

8 
10 
15 
20 

30 
50 

100 

1.67 

1.80 
2.09 
2.36 
2.86 

3.86 
6.09 

0.83 
0.91 

1.10 
1.29 
1.68 
2.45 
4.39 

0.91 
1 .oo 
1.20 
1.41 
1.83 
2.66 
4.74 

Bases: Case I - Gaseous d i f f u s i o n  enrichment; $36/kg separat ive work uni t ;  
optimum t a i l s  assays a t  0.273, 0.251, 0.212, 0.184, 0.148, 
0.109, and 0.067% f o r  $8 t o  $100 feed pr ices  respec t ive ly .  

Case I 1  - Laser enrichment 8 0 t a i l s  assay and 0 separat ive cost .  

Case I 1 1  - Laser enrichment 8 0.05% t a i l s  assay and $5 per  kg feed (net )  
f o r  separat ive work. 

Spent f u e l  c r e d i t  @ 0.93% U-235 i n  f u e l  discharged from r e a c t o r  operat ing 
a t  32.5% thermal e f f i c i e n c y  and 33,000 MWt-day 

Pu c r e d i t  assigned f r o m  base case o f  $7.50 per  gram o f  f i s s i l e  Pu @ 
$8 per  l b  o f  feed, 0.2% gaseous d i f f u s i o n  t a i l s ,  by the f o l l o w i n g  r a t i o :  

Pu c r e d i t  = 0.164 x c o s t  90% U-235 a t  g iven t a i l s  assay; see Federal 
cos t  90% u -235 a t  0.2% t a i l s  assay 

Regis ter  30:3886 (1965). 

I n d i r e c t  charges based on methods given i n  "Guide f o r  Economic Evaluat ion 
of  Nuclear P l a n t  Design," Report NUS-531 , Nuclear U t i l i t y  Services, 
Rockv i l le ,  Md. , January 1969. 

m e t r i c  tons U . 

6A. 1-25 



as the gaseous d i f f u s i o n  process i s  used f o r  t h i s  purpose. The fue l  used i n  LWRs, 

there fore ,  contains a mix ture o f  about 3% U-235 atoms and 97% U-238 atoms, both i n  
the  form o f  uranium d iox ide  (U02)* p e l l e t s  encased (c lad)  i n  e i t h e r  s ta in less  s t e e l  
o r  z i rconium a l l o y  ( z i r c a l o y )  tub ing  (see Figure 6A.1-12). 
r i g h t  cy l i nde rs  usua l l y  about one-half inch  long w i t h  the diameter vary ing from 
about 3/8 i n .  t o  over 1/2 in.,  depending on reac tor  core design,' ground t o  c lose 
dimensional tolerances. 
i n .  t o  0.005-in. diametral gap) between the p e l l e t  and the cladding, are f i l l e d  w i t h  
he l ium under vary ing degrees o f  pressure, commensurate w i t h  the an t i c ipa ted  range 
o f  ex te rna l  pressure forces dur ing  reac to r  operation. 

The fue l  p e l l e t s  a r e  

The voids i n  the fue l  rod, espec ia l l y  the annulus (0.003- 

Completed rods are inspected and assembled i n t o  f u e l  bundles. 
pressure vessel o f  a LWR along w i t h  associated cont ro l  rods and s t ruc tu res ,  the  
f u e l  assemblies (bundles) c o l l e c t i v e l y  a r e  c a l l e d  the nuc lear  core o f  the reactor.  

When inse r ted  i n  the 

Large PWR and BWR p lan ts  t y p i c a l l y  employ p a r t i a l  r e f u e l i n g  annually; i n  BWRs, about 
one-fourth o f  t he  f u e l  assemblies are removed and replaced w i t h  f resh  f u e l  each 
year, wh i l e  i n  PWRs about one- th i rd  o f  t he  assemblies are rep laced annually. Spent- 

f u e l  assemblies are s to red  under water a t  the power p l a n t  f o r  a per iod  o f  f i v e  t o  
s i x  months p r i o r  t o  shipment t o  a fue l - reprocess ing p lan t .  

6A. 1.1 .3.2 Nuclear Steam Supply Sys tems 

BWR Descr ip t ion  
1 The nuc lear  steam supply system (NSSS) of a BWR consists p r i m a r i l y  o f  t he  reac to r  

vessel and equipment i n s i d e  the vessel. 
f u e l  assemblies are arranged i n s i d e  a core shroud i n  the  reac to r  vessel. 
i n  the  core, and a mixture o f  steam and water f lows ou t  the top o f  the core and 
through steam separators a t  the top o f  t he  core shroud. Steam from the  separators 
passes through dryers t o  remove a l l  b u t  traces o f  en t ra ined water  and then leaves 
the  reac to r  vessel through pipes t o  the  tu rb ine  generator. Water from the steam 
separators and water re turned from the  tu rb ine  condenser mix, f low downward through 
the annulus between the core shroud and the reac to r  vessel, and r e t u r n  t o  the bottom 
o f  the core. Because the energy supp l ied  t o  the  reac to r  coolant  (water) from the  
h o t  fuel  i s  t ranspor ted d i r e c t l y  (as steam) t o  the tu rb ine ,  the BWR system i s  
termed a " d i r e c t  cyc le"  system. 

(See Figures 6A.1-13 and -14.) The nuc lear  
Water b o i l s  

The pressure i n  a t y p i c a l  BWR i s  maintained a t  

"Pr io r  t o  LMFBR operation, an appreciable f r a c t i o n  o f  the  fuel  i n  some replacement 
f u e l  cores w i l l  con ta in  plutonium (Pu02 i n  place o f  the  U-235 oxide) i n  a mixed 
oxide, U02/Pu02, p e l l e t .  
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about 1000 pounds per square inch (ps i ) ;  a t  this pressure water boils and forms 
steam a t  about 545OF. 

Details of the reactor vessel and internals for a typical BWR are shown i n  
Figure 6A.1-14. Steam flows from the reactor vessel t o  the turbine-generator i n  
multiple main steam lines. 
dryers are removable for  refueling the core. Neutron-absorbing control and 
safety elements i n  the reactor core are connected t o  rods t h a t  pass th rough  
f i t t i n g s  i n  the bottom head of the vessel and are operated by hydraulic drives 
mounted below the vessel. Because the reactor heat o u t p u t  is sensitive t o  the 
rate-of-flow of coolant through the core, pa r t i a l  control of the power i s  effected 
by varying the d r i v i n g  flow t o  the pumps t h a t  can recirculate some of the water 
through the core. 

The head of the vessel and the steam separators and 

Sixty-four fuel rods (49 rods i n  older models, as shown i n  Figure 6A.1-15) are 
installed i n  a metal channel of square cross section t o  form a fuel assembly. The 
channel is open a t  the top and bottom to permit coolant to  flaw upward through the 
assembly; however, the closed sides prevent lateral flow of coolant between adja-  
cent assemblies in the reactor core. 
contain as many as 764 fuel assemblies ( a t  64 rods per assembly, the t o t a l  is almost 
49,000 fuel rods per reactor) w i t h  a total weight of uranium dioxide of more t h a n  
372,000 lb. 

The core of a large BWR of current design may 

The amount of heat t h a t  can be extracted from a BWR core of a given size depends on, 
among other things, the rate of recirculation of water th rough  the core. In current 
BWRs, j e t  pumps are provided i n  the annulus outside the core shroud t o  greatly 
increase the circulation rate over the natural circulation induced by the boiling 
i n  the core. The arrangement of the nuclear steam supply system i s  shown 
schematically i n  Figure 6A.1-13. BWRs have multiple provisions for cooling the 
core fuel i n  the event of an unplanned depressurization o r  loss-of-coolant from 
the reactor. The provisions may differ from p l a n t  t o  plant, b u t  a l l  plants have 
several independent systems t o  achieve flooding and/or spraying of the reactor 
core w i t h  coolant upon receiving a signal of ei ther h i g h  drywell pressure o r  low 
reactor vessel water level. Typical emergency core cooling systems involve either 
a high-pressure core spray system (early BWRs) or both  core sprays and a h i g h -  
pressure coolant-injection system ( la tes t  BWRs) t o  assure adequate cooling of the 
core i n  the event of a leak t h a t  results i n  depressurization of the reactor system. 

1 
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Containment systems of BWRs generally provide both  "primary" and "secondary" 
containment. 
surrounded by reinforced concrete and designed t o  withstand peak transient pressures 
which might occur i n  the most severe of the postulated, though unlikely, loss-of- 
coolant accidents. 
entire reactor vessel and i t s  recirculation pumps and piping. I t  is connected 
through large ducts t o  a lower-level pressure-suppression chamber which stores a 
large pool of water as shown schematically i n  Figure 6A.1-16. Under accident 
conditions, valves i n  the main steam lines from the reactor t o  the turbine- 
generators would automatically close, and any steam escaping from the reactor 
system would be released entirely w i t h i n  the drywell. The resulting increase i n  
drywe11 pressure would force the air-steam mixture i n  the drywell down i n t o  and 
through the water i n  the pressure-suppression chamber, where the steam would be 
completely condensed. Steam released through the pressure-relief valves of the 
automatic depressurization system also would be condensed in the pressure- 
suppression pool, and this pool serves as a potential source of water for the 
emergency core cooling system. Systems' f o r  the control o f  combustible gases 
from metal-water reactions and radiolytic decomposition of the water are also 
provided t o  assure t h a t  flammable concentrations are not reached i n  the 
con t a i  nmen t. 

For current applications, the former i s  a steel pressure vessel 

This primary containment employs a "drywell ,I' enclosing the 

The secondary containment system i s  the reactor building t h a t  houses the reactor 
and its primary containment system; a typical on-line system appears i n  Figure 
6A.1-17 and a schematic for the most advanced plants i s  shown i n  Figure 6A.1-18. 
The buildings, substructures, and exterior walls up to a level above the top  of the 
drywell are of poured-in-place reinforced concrete. The secondary containment of 
operating BWR plants i s  designed for  low leakage and has sealed joints and inter- 
locked double-door entries. 
building ventilation system automatically would shut down, and the building would be 
exhaust-ventilated (so as t o  maintain a sl ight negative pressure therein) by two 
parallel standby systems which discharge through the plant stack or roof exhaust 
system, to  minimize ground-level exfil tration possibilities. The effluent gas 
passes through treatment systems which include high-efficiency particulate air  
(HEPA) f i l t e r s  and solid adsorbents for t r a p p i n g  radioactive halogens, particularly 
iodine, t h a t  might have leaked from the primary containment. 

Under postulated accident conditions, the normal 

The most advanced BWR plants use a separate free-standing leak-tight containment 
shell inside of a sealed building (see Figure 6A.1-18) which provides a further 

n 
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b a r r i e r  t o  the escape of gaseous e f f l uen ts ,  as we l l  as a s h i e l d i n g  t o  f u r t h e r  
reduce the escape o f  r a d i a t i o n  emanating from the r e a c t o r  proper. 

PWR Descr ip t ion  
1 Unl ike the d i r e c t  in-vessel  b o i l i n g  of BWRs, a l l  PWRs employ dual coolant  systems 

f o r  t r a n s f e r r i n g  energy from the  reac tor  f u e l  t o  the tu rb ine  and are c a l l e d  

" i n d i r e c t  cycle" systems. The high-pressure c i r c u i t  comprising the reac to r  vessel, 
p ip ing ,  the necessary pumps, and the i nne r  tube-side o f  the steam generators i s  
termed the " p r i w r y  system"; the lower pressure c i r c u i t  i s  c a l l e d  the "secondary 
system." 
t o r s  and one o r  two pumps fo r  each steam generator, i s  shown i n  Figure 6A.1-19.) 

(A  schematic arrangement o f  a 1000-Me PWR system, w i t h  fou r  steam genera- 

The pressure maintained i n  a t y p i c a l  l a rge  PWR system, about 2250 ps i ,  permits water 
t o  be heated t o  about 65OOF wi thout  bo i l i ng .  The high-pressure water, heated t o  an 
average temperature of around GOOOF, i s  piped ou t  o f  the reac to r  vessel i n t o  two o r  
more steam generators. Heat from the high-pressure reac to r  coolant  water  i s  t rans- 
f e r r e d  through heat exchanger tubes i n t o  a secondary stream o f  water a t  cons iderably  
lower pressure and temperature than the former and causes the water o f  the secondary 
stream t o  b o i l  and produce steam fo r  the turbine. 

A cutaway view of a t y p i c a l  P'AR reac to r  vessel and i t s  i n t e r n a l s  i s  shown i n  

Figure 6A.1-20. The vessels have removable top  heads ( f o r  r e f u e l i n g )  provided w i t h  
f i t t i n g s  t o  accommodate the mechanisms f o r  d r i v i n g  neutron-absorbing rods i n t o  and 
ou t  o f  the core t o  con t ro l  the nuclear chain react ion.  Add i t iona l  con t ro l  o f  the 
chain reac t i on  i s  provided through the  use o f  var iab le-concentrat ion neutron- 
absorbing chemicals, such as b o r i c  acid, d isso lved i n  the primary system coolant. 

The core of a l a rge  PWR contains near l y  40,000 f u e l  rods, t o t a l i n g  about 100 tons 
o f  s l i g h t l y  enriched uranium dioxide. For cur ren t  PWRs, 176 t o  264 fuel  rods are 
assembled i n t o  a bundle o f  square cross sec t ion  which normal ly  i s  about 8-1/2 in .  

on a side. 
open arrays which permi t  some r a d i a l  mix ing o f  coolant  (see F igure 6A.1-21). 

PWR f u e l  assemblies a re  n o t  surrounded by a channel, b u t  a re  r e l a t i v e l y  

The PWR p l a n t  c i r c u l a t e s  the primary coolant  through la rge  conventional heat 
exchangers. The high-performance primary-coolant pumps are  designed t o  operate a t  
650°F a t  pressures up t o  2500 ps i  and are manufactured t o  s t r i n g e n t  spec i f i ca t ions .  

1 PWR steam supply systems are equipped w i t h  pressur izers  
ma in ta in  requ i red  primary coolant  pressure dur ing  s teady-state operation, t o  l i m i t  

(Figure 6A.1-19) t o  
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pressure changes caused by coolant thermal expansion and contraction as plant 
loads change, and t o  prevent coolant pressure from exceeding the design pressure 
of the entire primary system. Like the reactor vessel, the steam generators, the 
pumps, and a l l  other parts of the primary system, the pressurizer i s  also located 
i n  the containment. 

The major function of the emergency core cooling system of a PWR i s  t o  supply 
sufficient water t o  cool the core i n  the event of a break t h a t  permits water t o  
leak from the primary system. 
accommodation of the effects of rupture of the largest coolant pipe i n  the system 
is  a design requirement. PWR emergency core cooling systems14 consist of several 
independent subsystems, each characterized by redundancy of equi pment and flow 
path .  
even i n  the event of failure o f  any single component t o  carry ou t  i t s  design 
functions. 
systems vary from plant t o  plant, depending on the vendor of the steam supply 
system, a l l  modern PWR plants employ bo th  accumulator injection systems and pump 
injection systems, with redundancy o f  equipment t o  assure desired operation. 

The break most probably would be very small b u t  

This redundancy assures re l iabi l i ty  of operation and continued core cooling 

Although the arrangements and designs of PWR emergency core coollng 

More detailed discussions of design considerations for  specific safety systems, 
practices for assuring safety and analyses of hypothetical accident sequences are 
presented i n  refs. 1 and 12. 

Most present-day PWR containments are constructed of reinforced concrete w i t h  a 
steel liner (Figure 6A.l-22). All are sized and designed t o  withstand the maximum 
temperature and pressure t h a t  would be expected from the steam produced i f  a l l  the 
water in the primary system were expelled i n t o  the containment. 
containment technology are s t i  11 being made, and containment systems vary widely 
from plant t o  plant. 
kept a t  sl ightly below atmospheric pressure so t h a t  leakage through the containment 
walls would, a t  most times, be inward from the surroundings. 
double barriers against escape of material from the containment space. 

Refinements i n  

For example, in some PWR plants, the containment space i s  

Other systems have 

Two kinds o f  additional measures are taken in PWR plants to minimize the potential 
f o r  escape t o  the environment of any accidental release of radioactive materials. 
In  some plants, cold-water sprays are provided t o  condense the steam resulting from 
a major escape of primary system coolant in to  the containment; in other plants, 
stored ice i s  used for this purpose. 
containment pressure, the driving force for outward leakage i s  reduced. 

By condensing the steam, and thus lowering the 
Another 
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safety measure provides blowers t o  recirculate containment atmosphere through 
f i l t e r s  and absorption beds t o  remove airborne radioactive materials. 
are used in the containment, chemicals are usually added t o  the spray solution t o  
increase the retention of airborne radioactive materials t h a t  dissolve i n  and become 
entrained by the spray. 
reactions and radiolytic decomposition of the water are also provided t o  assure t h a t  
flammable concentrations are not  reached i n  the containment. 

When sprays 

Systems for the control of hydrogen from b o t h  metal-water 

1 

Effluent Treatment Sys tems 

Nuclear pwer plants require equipment for the control of radioactive material , 
wherever i t  may be encountered i n  the plant (outside of the fuel rods). 
quantities of radioactive and nonradioactive gases as well as soluble and insoluble 
solids are formed i n  the primary coolant system by neutron activation and corrosion; 
additional quantities may enter the primary system from leaks i n  the fuel cladding. 
Some of these radioactive materials may enter the liquid wastes from the primary 
coolant system through small leaks t h a t  may develop in the equipment used t o  
purify the coolant. 
diverted t o  off-gas systems. 
can occur d u r i n g  refueling operations or  d u r i n g  storage of the spent fuel under 
water i n  canals. 

13 

Small 

Gases t h a t  must be withdrawn from the coolant loop are 
Additional leakage from fuels w i t h  failed cladding 

The atmospheres i n  the reactor containment and fuel storage areas, and in other 
areas where the leakage of radioactive gases may be expected, are monitored 
continuously and the gases are generally passed through charcoal adsorbers and 
f i l t e r s  t o  remove particulate radioactive materials prior t o  release of the gases. 
Other gaseous effluents, such as the small amounts t h a t  may leak through turbine 
seals i n t o  large volumes of turbine building air ,  are discharged directly t o  the 
atmosphere. 
are monitored and treated as necessary, before release to the environment. 

All plant liquid wastes, including t h a t  from laundry and showers, 

Conventional waste treatment systems a t  recently built  BWR and PWRI5 plants are 
designed t o  concentrate and contain radioactive materials by means of f i l t ra t ion  
and holdup for gases and by demineralization, f i l t ra t ion,  and evaporation for 
15 qui ds. 

The amount of radioactive gaseous materials released t o  the environment can be 
significantly reduced by storing the gases for a sufficiently long period of time 
t o  allow the short-lived radionuclides t o  decay t o  very low levels. This i s  
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1 

accomplished a t  BWR plants (see Figure 6A.1-23) by retaining the gases for a 
m i n i m u m  of 30 min i n  large holdup pipes or by adsorbing the radioactive gases 
on large charcoal beds for periods of approximately 16 h r  for radioactive krypton 
and 9 days for radioactive xenon. A t  PWR plants (see Figure 6A.1-24), the gases 
from the primary coolant are retained i n  tanks for 30 t o  60 days before release. 
Systems for the bottling and long-term storage of radioactive noble gases from LWR 
p,rimary systems are now offered commercially (see Section 4.6.3.2.2 for discussion 
of a noble gas storage fac i l i ty  concept). 

The waste treatment methods described above do n o t  remove tritium from water; i n  
fact ,  there i s  no economical method for separating waste tritium from water, today. 
In both PWRs and BWRs, any of the primary coolant water which leaves the primary 
system is collected, purified by demineralization or evaporation. Since tritium is 
not separated from the water by such treatment, i t  remains i n  the primary coolant 
inventory i f  recycled t o  the primary system o r  enters the hydrosphere i f  discharged 
w i t h  the condenser cooling water. Tritium release experience from PWRs and BWRs i n  
1971 i s  shown i n  Table 6A.1-5. The larger quantities of tritium released from PWRs 
as compared w i t h  BWRs is  primarily due to the use of soluble boron compounds i n  the 
primary coolant of PWRs for control purposes. 
actions w i t h  the boron, which i s  n o t  used in BWRs. 
(plant design and operating procedures) concepts have proposed t o  recycle a1 1 
l i q u i d s  and provide for containment of a l l  primary-system gases ( w i t h  selective 
retention of radioactive gases until the isotope of radiological health hazard has 
decayed t o  acceptable levels). 

T r i t i u m  forms from neutron inter- 
Some recent reactor system 

6A. 1.1.3.3 "Out-of-Reactor" Fuel Cycle Operations 

The "out-of-reactor" fuel cycle operations" include: both underground- and 
p i t -min ing  of uranium ores; uranium milling to concentrate uranium values from the 
ores and to  produce a semi-refined uranium oxide product called "yellowcake" 
(assayed as equivalent U308); conversion o f  yellowcake t o  a pure volati le compound 
(UF6) w h i c h  i s  amenable to  isotopic enrichment via gaseous diffusion techniques; 
the enrichment of uranium hexafluoride i n  the f i s s i l e  isotope, U-235, to  produce an 
enriched product and a depleted stream known as diffusion plant " ta i l s" ;  conversion 
t o  oxide; fabrication of fuel shapes, encapsulation, and assembly into fuel 
elements; and ultimately the reprocessing of irradiated fuel for recovery and 
decontamination of uranium and plutonium values; and radioactive waste management. 

Brief descriptions of the uranium-mining, milling, and enrichment operations follow, 
because they are unique t o  the enriched-uranium fuel cycle of  LWRs. For descriptions 
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Table 6A.1-5 

RELEASES IN LIQUID EFFLUENTS WRING 1971 COMPARED WITH PROPOSED DESIGN OBJECTIVES~ 

Mixed F iss ion  and Corrosion Products T r i t i um 
Concentration Curies Concentration Curies 

Faci 1 i ty Re1 eased ( C i / l i t e r )  Re1 eased ( C i / l  i t e r )  

PWRs 
Ind ian  Point  81 
Yankee Rowe 0.0115 
San Onofre 1.54 
Conn. Yankee 5.88 
G i  nna 0.96 
H. B. Robinson 

ol 
D Poin t  Beach 

BWRs 

4 
I 
P m 

Oyster Creek 
Nine Mi le  Point 
Dresden 1 
Dresden 2 & 3 
Humboldt Bay 
B ig  Rock Point  
M i  1 Is tone 
Monti c e l l  o 

0.736 
0.15 

12.1 
32.2 
6.15 

23.2 
1.84 
3.46 

19.65 
0.014 

220 
0.041 
2.4 
1.3 
1.38 

11.5 
0.27 

11.3 
69 
21 
17 
11.4 
34 
26 
0.054 

725 
1685 
4570 
5830 

154 
118.3 
266 

21.5 
12.4 
8.7 
8.5 

10.3 
12.7 
0.59 

1890 
5940 
7200 
7800 
210 

1860 
450 

78 
27 
30 
30 

60 
18 
24 

aNumerical guides f o r  l i q u i d  e f f l u e n t  design object ives i n  proposed Appendix I o f  10 CFR Par t  50 are: f o r  radio- 
ac t i ve  mater ia l  except t r i t i u m ,  5 cur ies annually and an average concentration o f  20 p i cocu r ies / l i t e r ;  and for 
tri tium, an average concentrat ion o f  5000 picocur ies/ l  i t e r .  



o f  the other fuel cycle operations, omitted here, the reader i s  referred t o  Section 4 
o f  this report, where similar operations in the LMFBR fuel cycle are discussed. 

Uranium Mining-Milling Operations 

Uranium mines usually are located in remote areas where average population densities 
are 5 to 10 people per square mile12. 
States contain most o f  the uranium mines and about 90% of  the known conventional ore 
reserves. 

The high plateau regions of the Rocky Mountain 

Two methods--open-pi t and underground mining--produce the bulk of the uranium i n  
the U.S:A. 
for deposits occurring less t h a n  about  400 f t  below the surface. 

Open-pit mining usually has a cost advantage over underground methods 

Underground operations are essential for deep deposits and are characterized i n  
appearance by service buildings, a head-frame w i t h  ore handling facil i ty,  a mine 
waste pile, and, i n  some cases, a flow of water pumped t o  surface drainage from 
underground sumps i n  the mine complex. The ground area occupied by the surface 
faci l i t ies  may be only a few acres, b u t  the reach of the underground workings often 
range t o  a mile or more. 
gross volume of ore processed. 
th rough  the production shafts and distributed through ore-haulage ways f o r  discharge 
t h r o u g h  vent holes/shafts a t  the extremities of the workings, i s  large enough t o  
dilute the radon gas (emanating from uranium ore) t o  safe levels. 

The volume of the mine waste pile i s  related t o  the 
The volume of ventilating air ,  usually downcast 

Open-pi t  min ing  has a h i g h l y  visible effect on the local environment. A model 
mine, equivalent t o  about 5.3 annual requirements for a 1000-MWe LWR operating on 
enriched uranium fuel, would produce about 1600 metric tons of ore per day f o r  
300 days per year for ten years. A t  an average U308 content of 0.2%, this o u t p u t  
i s  equivalent to about 960 metric tons of U308 per year. The r a t i o  of overburden 
volume t o  ore volume i s  estimated t o  be about 30 t o  1 (although ratios of 50 t o  1 
may occur a t  times). This overburden, stored for later reclamation of the mined 
area, averages about 9.5 million yd /year. An open-pit mine i s  characterized by 
a large open excavation, large piles of earth and rock overburden placed nearby, 
a network of operating roads and yards, possibly a flow of mine water pumped t o  
surface drainage, a number of service buildings, and an assortment of heavy earth- 
moving equipment. 

3 

Surface heap leaching faci l i t ies  also are often present. 

The uranium milling operation usually is located adjacent to an operating mine. 
m i  11 employs a mechanical crushing/screening technique t o  control reaction rate in 

The 
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the uranium leach step, uses either an acid leach or a sodium carbonate leach t o  
extract the uranium values from the pulverized ore, concentrates the uranium by ion 
exchange or  solvent extraction processing, recovers the uranium by chemical precipi- 
t a t ion ,  and dries and packages the product for shipment as "yellowcake'' (sodium o r  
ammonium diuranate). A1 though the acid leach process involves greater water 
consumption and aqueous waste discharge, i t  is amenable to  more ores t h a n  the sodium 
carbonate leach process. 

A model uranium milling operation'' i s  assumed t o  be adjacent t o  a mine of equiva- 
lent capacity and t o  use the acid-leach process. The model mill temporarily occupies 
about 300 acres of land, of which about 250 acres are devoted t o  a tai l ings retention 
system. This la t te r  includes a pond, about 2.5 acres attributable to  each 1000-MWe 
LWR served, for  the permanent disposal of mill tailings and process waste solutions. 
The mill will be comprised of an ore storage/blending area, a crushing and sampling 
building, an ore grinding building, a solvent extraction b u i l d i n g ,  a product 
concentrating/drying/packaging b u i l d i n g ,  an off-gas scrubber system and stack, t h e  

ta i  1 i ngs pond treatment sys tem, and service bui 1 dings. 

Uranium Hexafluoride Production 

The "yellowcake" concentrate of uranium must be converted t o  pure volatile uranium 
hexafluoride for isotopic enrichment by the gaseous diffusion process. Either the 
hydrof 1 uor process (continuous successive reduction, hydrof 1 uori  nation, and f l  uosi - 
nation followed by fractional dis t i l la t ion t o  produce a pure product) or  wet 
chemi cal puri f i  cati on foll  owed by reduction/hydrofl uori na tion/fl uori nation i s  used 
in current plants. 
effluents are quite different: ( i .e. ,  hydrofluor process generates gaseous and solid 
effluents, and the wet process produces mostly liquid effluents). Since both 
processes are in current use, the model conversion plant i s  assumed t o  share equally 
the 5000 metric tans af uranium throughput (annual fuel requirements for about 27.5 
of the 1000-i4lJe LWRs) by both  flowsheets. The plant s i t e  occupies abou t  70 acres 
and i s  comprised of a wet process building, a gas reactions building, an off-gas 
treatment system and stack, a product packaging and storage faci l i ty ,  a liquid 
effluent treatment system and holding pond, and service buildings. Toxic chemical 
wastes ultimately are recovered from the liquid effluent treatment complex and the 
off-gas treatment system and are currently disposed of by burial. 

Although bo th  processes produce the same product, their  waste 

Isotopic Enrichment of Urani urn 

The present fac i l i t i es  for isotopic enrichment of uranium are government-owned and 
use the gaseous diffusion process for raising the U-235- content (from 0.71 wt.% for  
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natural uranium to  about 2 t o  4 w t . % ,  the in i t ia l  enrichment for LWR fuel) of a 
pure uranium hexafluoride product stream, while depleting the bulk of the natural 
uranium t o  a ' ' tai ls" enrichmentxof 10:3:wti.%, a t  present. These plants are very 
large in size, investment, and electrical power consumption. 
characterized by very large continuous-floor-area buildings on reasonably f l a t  land 
and require access t o  abundant and inexpensive electric power and process cooling 
water. The total AEC complex presently has an estimated capacity of 10.5 x 10 6 kg 
of separative work units per year while requiring the o u t p u t  from about  3250 MWe of 
electrical  power; the annual requirements of the model 1000-Ne-LWR fuel cycle are 
about 116,000 kg of separative work units. I t  i s  anticipated t h a t  an extensive 
program" of process improvement and up-rating of the AEC plants will raise the 
total capacity by 1980 t o  27.7 x 10 kg of separative work units per year and the 
required electr ic  power consumption t o  7380 MWe/year. 

The AEC plants are 

6 

6A.1.1.3.4 Energy Transmission 

All nuclear, fossil-fueled, and hydroelectric power stations will require trans- 
mission lines for  the distribution of the electrical energy they produce. 16,17 

Transmission l ine locations and designs are major aesthetic concerns. 
the design17 of transmission lines has improved considerably i n  recent years so 
t h a t  i t  i s  now possible t o  deal effectively with most objections of an aesthetic 
nature. 
advanced planning and careful design and through review and approval of proposed 
transmission fac i l i t i es  by appropriate Federal , state,  regional, and local 
authorities. 

Fortunately, 

The environmental impact of transmission lines w i  11 be minimized through 

6A. 1.1.4 Research and Development Program 

Components and systems technology for  producing nuclear power i n  LWRs has advanced 
t o  the status of comnercial applicability, and any further research deemed neces- 
sary t o  optimize systems and economics l ies  w i t h i n  the purview of those industries 
which will benefit therefrom. While the accumulated information i n  nuclear technol- 
ogy, as in any other body of knowledge, i s  not  w i t h o u t  gaps and uncertainties i n  the 
accuracy of data ,  there are many options available i n  design, engineering, and 
operation of nuclear plants t o  compensate for uncertainties and to  reduce associ- 
ated risks t o  acceptable, low values. 
conservative engineering practices t o  provide substantial margins, redundant safety 

Redundancy in components and instruments, 

devices and systems, fission product barriers, and a wide range of choices i n  
operating parameters are being used t o  produce safe and reliable plant designs. 

b i l i ty  in engineering and operational practices is available t o  resolve Simi 1 ar  flex 

u 
6A. 1-49 



additional questions t h a t  may arise dur ing  design, construction, testing, and 
operation of a nuclear facil i ty.  

Although further ,optimization of LWR systems has been l e f t  t o  the responsible 
industries, the AEC continues t o  undertake and support research 18,19 on safety 
issues relevant t o  implementing the agency's licensing responsibilities. The 
safety research and development programs are conducted a t  National Laboratories, 
contractors' s i tes ,  and university laboratories. I3'l8 These programs involve: 

probabilistic studies of reactor accidents t o  develop methodology and 
collect basic data  for evaluating the probabilities of different 
acc i dents ; 
a program on primary systems integrity t o  o b t a i n  data  on materials and 
components which can be used t o  assess margins of safety between 
operating conditions and predictions of fracture or failure which may 
lead t o  an accident; 
development of non-destructive inspection techniques for detecting 
material flaws d u r i n g  fabrication and reactor operation as a means 
of precluding p i p i n g  o r  vessel failure d u r i n g  the lifetime of the 
pl an t ;  
research and development work i n  the area of emergency coolant and core 
behavior following a loss-of-coolant accident which includes large scale 
engineering tes ts  as well as tes t s  t o  be conducted in the 55-EN LOFT 
faci 1 i ty; 
fuel behavior experiments t o  obtain da ta  on fuel rods and clusters under 
a wide range of accident conditions, including flow blockage, reactivity 
accidents, and fuel me1 tdown phenomena; and 
assessment, development, and verification of analytical methods and 
computer codes t h a t  are used t o  describe accident behavior and 
consequences and ensure the appl i cabi 1 i t y  of experimental results 
t o  the analyses of full-size reactor plants. 

Other AEC-sponsored safety-related tasks include: the study of synergistic effects 
of steam pressurization on containment leakage t o  better predict the performance of 
containment systems dur ing  a postulated loss-of-coolant accident (LOCA) ; seismic 
studies t o  improve the model for calculating transmission of seismic motions 
through soils and i n t o  reactor structures and systems; thermal effects studies t o  
evaluate the environmental impacts of power plant waste-heat discharges a t  selected 
s i tes ;  and the development of both near-term and long-term solutions t o  the problem 
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of perpetual isolat ion of toxic radioactive wastes from man's biosphere. 
studies are described i n  Section 4 of this report i n  the context of support for  the 
LMFBR Program, b u t  their resu l t s  are equally applicable to  the design and under- 
standing of future LWR systems. 

These 

The recent report  on "The Nation's Energy Future"20 recommends a five-year program 
of research and development on nuclear safety,  waste storage management, and the 
technology t o  reduce the environmental impacts o f  nuclear converter reactors. 
T h i s  program is expected t o  cost  $719,200,000 over the FY 1975-79 time period. 
Additional funding o f  $294,200,000 over the same time period is  recommended t o  
develop improved uranium enrichment processes including gaseous diffusion, gas 
centrifuge,  and isotope separation u s i n g  lasers.  

6A. 1.1.5 Present and Projected Application 

6A. 1.1.5.1 Current Use 

As discussed i n  Section 6A.1.1.3, 209 LWRs having an aggregate capacity of about 
200,000 MWe have been bui l t ,  ordered, or  announced as o f  the end of 1973.2 LWR 
generating capacity i n  service a t  tha t  time was about 24,000 MWe, o r  s l i g h t l y  more 
than 5% of the country's on-line generation potential .  

9 by LWRs i n  1973 was approximately 83 x 10 kHhr ,  or 4.4% of the total  e l e c t r i c  
energy produced. 

The to ta l  power generated 

6A. 1.1.5.2 Projected Use 

The probable role of the LWR i n  the e lec t r ica l  energy supply picture up t o  the 
year 2000 and beyond is  discussed i n  some detai l  i n  Section 6A.1.1.8. 

The application of LWRs would appear to  be confined to  central  s ta t ion  e l e c t r i c  
power generation. During the remainder of this century the LWR, along w i t h  the 
HTGR, most probably will be the major source o f  nuclear energy power production, 
while the LMFBR and other a l ternat ive energy systems are being developed and 
brought in to  s ignif icant  commercial ut i l izat ion.  I t  i s  anticipated tha t  d u r i n g  
this period and f o r  a considerable time thereaf ter  LWRs would provide a major 
portion of the Nation's e lec t r ica l  energy while consuming uranium and producing 
plutonium. 
produce large stores of depleted natural uranium. 

In addition, the enrichment process required for  LWR fuel would 

In the interim period while the LMFBR is undergoing development and i n i t i a l  intro- 
duction in to  the e l e c t r i c  u t i l i t y  economy, substantial  portions of the plutonium 
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produced i n  LWRs w i l l  be recycled i n  the LWRs t o  provide add i t iona l  energy. 
Thereafter the LWR plutonium production w i l l  be used t o  fue l  new LMFBRs (and/or 
GCFRs) as they come on-line, and the depleted uranium " t a i l s "  w i l l  be used t o  
provide core and blanket mater ia l  f o r  these breeders. Thus, LWR operation w i l l  
provide fue l  mater ia l  f o r  breeder reactors s u f f i c i e n t  t o  l a s t  many decades i n t o  
the next century thereby reducing d r a s t i c a l l y  the  requirements f o r  uranium mining 
i n  t h a t  t ime period. 

6A. 1.1.6 Environmental Impacts 

6A. 1.1.6.1 Environmental Impacts o f  LWR Power Plants 

Impacts on Land, Water, and A i r  

Mu l t i - reac tor  s i t e s  invo lve  con t ro l l ed  land areas o f  roughly 1000 acres; however, a 
t y p i c a l  1000-MWe LWR w i l l  requ i re  the commitment o f  less than 200 acres o f  t h i s  
s i t e  t o  i ndus t r i a l - t ype  use and the remainder o f  the s i t e  provides a con t ro l l ed  
b u f f e r  zone. 
consistent w i th  appl icable controls,  dur ing the normal operating l i f e t i m e  o f  the 
power plant.  

This b u f f e r  zone can be dedicated t o  recrea t iona l  o r  other uses, 

Thermal. 
i n t o  i t s  condenser coolant than does a current f oss i l - f ue led  p lan t  ( o r  a fu tu re  
LMFBR p lan t )  o f  comparable capacity, the required heat-sink capacity o f  the s i t e  
must be propor t ionate ly  l a rge r  f o r  an LWR f a c i l i t y  than f o r  f oss i l - f ue led  o r  LMFBR 
applications.*' 
e l e c t r i c  power plants i n  1985 (Figure 6A.1-25)17 i s  expected t o  be from LWR plants.  
Pre-operational ecological  studies are made o f  each s i t e  and i t s  b io ta  t o  serve as 
a basis f o r  de f i n ing  des ign - l i f e  thermal e f f e c t s  on the s i t e  b i o t a  and hydrology 
and t o  ensure t h a t  no s i g n i f i c a n t l y  adverse e f fec ts  resu l t .  

Because a current LWR w i l l  r e j e c t  one-fourth t o  one-third more waste heat 

About 50% o f  the estimated waste-heat t o  be re jec ted  by a l l  

Increasingly r e s t r i c t i v e  water temperature standards w i  11 increase t t h e  use o f  
methods o f  heat d i ss ipa t i on  other than d i r e c t  discharge. The a l t e r n a t i v e  methods 
now being used o f f e r  r e l i e f  from thermal e f f e c t s  i n  the rece iv ing  water body, bu t  
invo lve  o ther  environmental e f f e c t s  and economic penal t i e s ;  these a1 te rna t i ve  
methods include appl icat ions o f  man-made bodies o f  coo l ing  water and cool ing 
towers." While a r t i f i c i a l  lakes o r  coo l ing  ponds can have very decided advantages, 
such as f o r  recreation, they can only be used where the needed land i s  avai lable.  

*Recently proposed rulemaking by EPA would, i f  adopted, requ i re  v i r t u a l l y  a l l  steam 
e l e c t r i c  generating plants t o  use closed cycle cooling. 
Volume 39, Number 43, Par t  111, dated :.larch 4, 1974. 

See Federal Register, 
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On the other hand, cooling towers may pose aesthetic problems. 
of the United States, only dry cooling towers can be used because there i s  no 
suitable supply of make-up water for a wet cooling tower system. 
proposed power plant w i t h  dry cooling towers would effectively el imi nate the 
"availability of natural waters'' as a major constraint i n  siting the plant. 
cooling tower requires the availability of adequate make-up water and adds large 
amounts of water t o  the atmosphere i n  the immediate vicinity of a power plant; 
under certain atmospheric conditions this a d d i t i o n  could result i n  fog, ice 
formation on roads and power lines, reduction i n  visibility, and even the 
formation of snow. 
cooling towers may be used t o  minimize costs under some circumstances. 

In certain portions 

Coupling of a 

A wet 

Heat rejection systems using a combination of wet and dry 

For more detailed treatment of the thermal impact of waste heat rejection, see 
Section 4 of this Statement, where the topic i s  discussed i n  the context o f  heat 
rejection by LMFBR facil i t ies.  

Chemical. 
negligible and generally enter the environment v ia  a blowdown stream from a closed- 
cycle cooling system. Further discussion of this potential for environmental 
pollution i s  presented i n  Section 4 of this Statement, i n  the context of LMFBR 
operations. 

Chemical releases by LWR facil i t ies,  o r  any nuclear power plants, are 

Radiological. See pertinent discussion i n  Section 4. 

Impacts on Flora and Fauna 

Shelter/Food. 
will result i n  the relocation of some b i r d  and animal l i fe ;  however, the fields and 
trees of the controlled buffer zone may be able t o  accommodate most of these 
displacements. 

Necessary clearing of wooded areas for  plant si tes and access roads 

Dredging activities required d u r i n g  establishment of water intake and outfall 
channels will temporarily interrupt marine feed supplies and may destroy some 
established beds of mollusks. If pre-operatianal studies indicate t h a t  such 
incursions would cause excessive destruction of native marine l i fe ,  some of i t  
my be relocated." Biological and botanical samples of the biota will be 
examined th roughou t  the construction and operation phases of each power plant's 
l i f e  t o  ensure t h a t  any inadvertent damage t o  the b io t a  is detected and remedied. 
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Thermal. See pertinent discussion in Section 4. 

Chemical. See pertinent discuss:ion i n  Section 4. 

Radiological. 
natural radioactivity inventory. 
faci l i t ies  thus far have contributed a dose of very much less t h a n  1 millirem/ 
year per person i n  this country, on the average. 
individual-dose exposures will continue to  be less t h a n  1 millirem/year. 
probably less t h a n  0.2 millirem/year,25 on the average, by the year 2000 when 
there may be about 1000 nuclear power plants in operation. 

6A.1.1.6.2 Environmental Impacts of Other Fuel Cycle Operations 

Environmental considerations influence the design, licensing, and operation of LWR- 
supported industries which provide the out-of-reactor fuel cycle operations 
depicted i n  Figure 6A.l-26. These operations,12a13 outlined in Section 6A.1.1.3.3, 
include: 
refining ores t o  produce uranium concentrates called "yellowcake"; (3) conversion 
and refining of the "yellowcake" concentrates into h i g h - p u r i  t y  uranium hexafluoride; 
(4) isotopic enrichment i n  f iss i le  content of the uranium hexafluoride, v i a  gaseous 
diffusion processing, t o  produce feed material for  LWR fuels; (5) conversion of the 
enriched hexafluoride t o  oxide, fabrication of the oxide i n t o  fuel shapes, encapsu- 
lation of these fuel shapes, and assembly of the fuel capsules (rods) into fuel 
elements; (6)  reprocessing of irradiated fuel materials t o  recover and decontaminate 
uranium (and other f iss i le  values) from the associated radioactive fission products 
(previously discussed i n  Sect ion 6A.1.1.3.3); ( 7 )  storage and management of h i g h -  
level and low-level radioactive wastes a t  Federal and commercial waste 
repositories; and (8) the various inter-si t e  transportation needs associated 
w i t h  these operations. 
industries, for the LWR fuels market i n  1972, are presented i n  Table 6A.1-7. 
Typical materials requirements for a 1000-NJe-LWR fuel cycle are listed in 
Table 6A.1-8. 

Nuclear power plant effluents have not  added significantly t o  the 
Table 6A.1-6 indicates 23,24 t h a t  LWR power 

The AEC has estimated t h a t  future 
16 

(1 )  both underground- and pit-mining of uranium ores; (2) milling and 

General characteristics of the associated nuclear materials 

Impacts on Land, Water, and Air 

Typical industrial plants t o  provide these LWR fuels cycle services, the operations 
thereof , and the environmental considerations resulting from such operations are 
described i n  ref. 12. Summaries of these environmental considerations on a "per 
1000-E4!de LWR-year" bas s ,  assuming an 80% plant factor, are presented in Table 
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Table 6A.1-6 

CURIES OF NOBLE GASES RELEASED AND ASSOCIATED DOSES FOR 1971 

W i t h i n  50 Mi les 
Average 

Boundary I n d i v i d u a l  Populat ion 
Curies Dose Dose Dose a 

Type Faci 1 i ty Re1 eased ( m i  1 1 i rems) ( m i  1 1 i rem) (ma n - r e m  ) 

PWR Ind ian  P o i n t  360 0.035 0.00005 0.77 

PWR Yankee Rowe 13 0.3 0.0003 0.41 

PWR San Onofre 7,670 2.2 0.002 6.3 

PWR Conn Yankee 3,250 5.6 0.003 11 

PWR G i  nna 31,800 5.0 0.004 4.5 

PWR H. B. Robinson 18 0.05 0.00002 0.01 5 

PWR Point Beach 838 0.2 0.0008 0.1 gb 

BWR Oyster Creek 51 6,000 31 0.01 3 46 

BWR Nine M i l e  P o i n t  253,000 4.8 0.009 8.2 

BWR Dresden (1,2,3) 1,330,000 32 0.057 420 

BWR Humboldt Bay 514,000 160 0.54 61 

BWR B i g  Rock P o i n t  284,000 4.6 0.026 3.1 

BWR M i  1 Is tone 276,000 5.5 0.0056 15 

BWR I4ont ice l l  o 76,000 4.4 0.0036 4.4 

aThe man-reni dose f o r  a group o f  people i s  the product o f  the  average dose t o  

b14an-rem dose i s  f o r  the popu la t ion  w i t h i n  40 mi les  f o r  t h i s  f a c i l i t y .  
those people and the number o f  people. 



c 

m 
D 
4 

I 
Ln 
v 

FRESH FUEL T O  LWR 

IRRADI / iTED FUEL FROM LWR 

ENRICHMENT 
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NUCLEAR FUEL CYCLE--LIGHT WATER REACTORS 
URANIUM D I O X I D E  FUELED--NO PLUTONIUM RECYCLE 

Figure 6A.1-26 



Table 6A.1-7 

NUCLEAR FUEL CYCLE INDUSTRY 

1972 

‘L Annual Demand 
Plant Average Total Industry from Nuclear Approximate Number 

Annual Capacity Annual Capacity Power Generation Number o f  o f  P1 ants Required 
(thousands of (thousands of (thousands of P1 ants t o  Meet 

Type o f  Plant metric tons) metric tons) metric tons) Available Power Needs 

Urani urn Mi nes --Ore 250 t o  750 8200 4500 

m Uranium Mills--U308 0.5 t o  1.1 19 9 
D 

I 
ul co 
d UF6 Producti on--U 5 t o  15 19 8 

6 10 5 Isotopic Enrichment--SWU 

Fuel Fabrication--U 0.3 t o  0.5 3 1.2 

Fuel Reprocessing--U 0.3  0.15a 0.2 

220 

20 

2 

3 

10 

2 

10 

12 

1+ 

1 

3+_ 

1 

aOne plant i n  operation for  about 6 months. 



Table 6A.1-8 

CHARACTERISTICS O F  lOOO-l~lWe' LWR 
N4XII4JM FUEL CYCLE REQUIREMENTS 

L i  fetime Average 

Core Re1 oad Fuel Requirement 
I n i t i a l  Annual Annual 

I r r a d i a t i o n  Level 

Fresh Fuel Assay 

Spent Fuel Assay 

Ore Stipply 
(ST) x 

Ye1 lowcake 

Natural UF6 (ST)a 

Separat ive Work 

Enriched UF6 (ST)a 

Enriched U02 (ST)a 

Fuel Loading (STU)a 

(MWt-day/l,lTU)a x 

( W t X  U-235) 

( w t %  U-235) 

U308 Supply (ST)a 

(MT SWU)a 

24 

2.26 

0.74 

237 

498 

624 

174 

196 

150 

132 

33 

3.21 

0.90 

91 

191 

2 39 

94 

53 

41 

36 

33 

3.21 

0.90 

96 

201 

252 

99 

56 

43 

38 

aBases 
Reactor p lan t  load factor--75% ST = s h o r t  ton = 2000 l b  
Enrichment t a i l s  assay--0.3% STU = s h o r t  ton uranium 
No p lu ton ium recyc le  YTU = metric ton uranium 
Reloads include recovered uranium MT SWU = separa t ive  work 
Losses of 1% each i n  fuel f ab r i ca t ion  units i n  metric tons 

and reprocessing 
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6A.1-9, for each fuel cycle operation, and i n  Table 6A.1-10, for the collective 
fuel cycle. 

Only the f i r s t  four steps i n  the LWR fuel cycle are missing from the LMFBR fuel 
cycle; hence the environmental impacts of only these steps will be discussed here. 
General comments on subsequent steps of the fuel cycle are presented i n  Section 4 
of this report, and summaries of detailed environmental considerations for the 
total out-of-reactor fuel cycle follow, as Tables 6A.1-9 and 6A.1-10. 

Uranium Mining-Milling. Recent information from the U.S. Bureau of Nines indicates 
t h a t  essentially equivalent tonnages of coal and crude uranium ore are produced per 
acre of material mined; however, the nominal specific energy content of the crude 
uranium ore i s  35 t o  40 times greater than t h a t  for coal. On an equivalent power 
generation basis," i t  would appear t h a t  about 35 times more land is disturbed from 
mining  coal. 
min ing  amounts t o  about 2 acres for the annual fuel requirements of the model 
(1000-MWe) LWR. 

The land permanently committed (see Table 6A.l-9) by uranium ore 

Of the approximately 2.9 acres of total land usage attributable t o  the 
model LWR annual fuel requirement, approximately 2.4 acres are devoted 
t o  a pond for the permanent disposal of mill tailings. In  effect ,  nearly 
the entire mass of ore processed by the mill ends up i n  the tailings pond. 
Although the model plant tailings pond area will be restored t o  resemble 
the surrounding terrain a f te r  the 20 years o f  plant l i f e ,  the land wil! 
most likely 
for grazing. 

removed from further unrestricted use, except possibly 

Approximately 123 million gallons of water (see Table 6A.1-9) are pumped from the 
model uranium mine for the annual fuel requirements of the model LWR, b u t  the bulk 
of this water recycles through natural seepage and evaporation and eventually 
returns t o  the groundwater from which i t  was pumped. 

Approximately 65 million gallons of water, attributable t o  the annual fuel require- 
ments of the model LWR, are discharged from the mill to the tailings pond from 
which they evaporate, Any mill waters t h a t  return t o  the environment by failure of 
a dike i n  the tail ings pond or other misadventure are not expected t o  have an 
appreciable effect on the environment since any materials contained i n  these waters 
would be deposited through sedimentation" over a relatively short distance. 
Recovery would be straightforward, w i t h  ei ther burial-in-place or return t o  the 
pond of a l l  waste materials and contaminated soils.  
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Table 6A.1-9 

S U M A R Y  OF ENVIRONMENTAL CONSIDERATIONS FOR NUCLEAR FUEL CYCLE - I 
(Normalized to  1000-MWe LWR's Annual Fuel Requirement) 

-- - - 
A B c -  D E F G H 

Waste 
Natura l  Resource Use Mining Mill ing UF, F r u d .  Enrichment Fuel Fab. Reprocessing Management Transpor ta t ion  T o t a l  

Land (Acres) - 

Temporsri ly C o m i t t e d  
Undisturbed Area 
Disturbed Area 

55 ' 0.5 2.5 0.8 0.2 3.9 
38 0.2 2.3 0.6 0.16 3.7 
1 7  0.3 0.2 0.2 0.04 0.2 

Perm,inc.iitl y Commirted 2 2.4 0.02 0 0 0.03 

Overburden inoved (HT x 10 ) 2.7  "6 

0.2 

63 
45 
18 

4.0 

2 . 7  

Water ( g a l l o n s  x 10') 

Dijcharged co a i r  
Dlscharh:ed t o  water bodies 
Dischargdd t o  ground 

T o t a l  Water 

65 3.7 90 
41 11000 5.2 

123 - - _ _ _  - 
123 65 44.7 11090 5.2 

F o s s i l  r u a l  ____-- 

E l e c t r i c a l  cllorgy (MW-hr x 1-3) 0.25 2.7 2.1 310 
113 

Natura l  Gas ( scf  x 10 -6 ) 68.5 31 

0.97 0.76 Equivalent  Coal (W x 10 4 ) 0.09 
1 . 7  
0.62 

3.6 

4.0 
6 .O 

10.0 

0.45 
0.16 

163 
11052 

123 

11338 

317 
116 

103 



Table 6A.1-9 (cont'd) 

SUMMARY OF ENVIRONMENTAL CONSIDERATIONS FOR NUCLEAR FUEL CYCLE 
(Normalized to  1000-MWe LWR's Annual Fuel Requirement) 

~~ 
--- 

A B C D E F G H 
Waste 

Mining Y i l l i n g  UF6 P r o d .  Enrichment Fuel Fab . Reprocessing Management Transpor ta t ion  T o t a l  --___ 
I 

Eff luents  

Chemical (W) 

! '  

Gasfs (1) 
SOX 
NbX 
€Iyd rocarb ons 

3.5 37 29 
0.9 15.9(2)  1 0 ( 3 )  
0.009 1.3(2)  0 . 6 ( 2 )  
0 .02  0.3 0.2 
0.9 9.7 7.6 

0.11 

4300 
1130 

11 
28 

1130 

2 3  
6 
0 .06  
0.15 
6 

6.2  
7 . 1 ( 4 )  
0.02 
0.04 
1.6 

4400 
1170 

1 3 . 0  
- 28.7 

1156 F 
a, 
F a r c i c u l a t e s  

- Other Gases 
F 0 . 5  0 .005 0.05 0.7  

LiquLds 

NO. - 
so4 5.4 

2.7 
0.4 
0.2 

5 .a 
26 
0.4 
5.4 
9.2 

13.5  
10 

240 
0 .4  

91,000 

2 3  
0.4  FlL 

c1- 
N a+ 

Tal 
F 

S o l  

C ?+ 

hi 3 

- 

- ide 
5.4 
8 .2  
8.2 

10 

0.4  

0.2 26 

0.02 
5 .3  

ings Solu t ions  (x 10 -3 ) 

LE 

2 40 

9 i  ,000 40 

(1) Estimated E f f l u e n t s  Based Upon Combustion of Equivalent  Coal for Power Generation 
(2) Combined Eff luent  from Combustion of  Coal and Natural  Gas 
( 3 )  25% from n a t u r a l  gas use  
( 4 )  77% iron process  
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Table 6A.1-9 (cont'd) 

(Normalized to 1000-MWe LWR's Annual Fuel Requirement) 
SUMMARY OF ENVIRONMENTAL CONSIDERATIONS FOR NUCLEAR FUEL CYCLE 

A B C D E F G H 
Was t e 

Mining Mi l l i ng  UF, ?rod.  Enrichment Fuel Fab. Reprocessing Management T r a n s u o r t a t i o n  T o t a l  

E<€ luents (cont  ' d )  

R a d i o l o g i c a l  (Curies)  

(:as es ( i n  c 1 d i n g  en t rs inment  ) 
Rn-222 
Ra-226 
Th-230 
Ur an i uu "3 TcFtillr: (Y.-10 ) 
~ r - 2 5  (X 103) 
T-129 
1-13], 
F i s s t o n  P roduc t s  
T r a n s u r x i i c s  

L iqu ids  
Uranium & Daughters 

Ra-226 

Th-234 
T r i t i u m  (x 10 ) 
Other  Uranlum daugh te r s  

Th-230 

-3  

Rc- IO 6 

Solids (burieJ)  
Other  than  h igh  l e v e l  

7 4 . 5  
0.02 
0.02 
0.03 0.014 0 . 0 0 2  

2 0.33 

0.027 
0.27 

1200 0.3 

0.02 

0.0002 
15 .7  

350 
0.002 
0 .02  
1.0 
0.004 

83  
0.02 
0.02 
0.046 

1 5 . 7  
350 

0.002 
0.02 
1.0 
0.004 

0.02 2 . 4  

0.01 

0.01 
2 . 5  

4 

0.06 

0.027 
0.27 
0.01 
2 . 5  
0.01 
4 

1200 

C!-,ermal (Btu ~ x _ l o 9 )  63 30 3200 9 61 0.03 3370 



OI 

? 
4 

1 
OI 
c. 

Table 6A.1-10 

SUMMARY OF ENVIRONMENTAL CONSIDERATIONS FOR NUCLEAR FUEL CYCLE - I1 
(Normalized to 1000-MWe LWR's Annual Fuel Requirement) 

m - a i  Maximum Effect per Annual Fuel Requirement of Model 1000 MWe LWR 

Natural Resource Use 

Land (acres) - 

Temporarily committed 
U d i  sturbed area 
Dizturbed area 

P e r w n e n t l y  conmi tted 

63 
45 
18 Equivalent to 90 MWe coal-fired power plant 
4.6 

Ovei burden moved (?.fT x 2.7 Equivalent to 90 MWe coal-fired power plant 

-6. Water (gallons x 10 ) 

Discharged to air 
Disc!iarged to water bodies 
Di sch.irged to ground 

T, ..( <)l ,: I 

-. 

Fosbil rue1 ___ ___ 

ElcLtrical energy (NW-hr. x 

Adrural gas (scf x 10- ) 
rouivalent coal (MT g 10-3) 

163 -2% of model 1000 MWe LWR with cooling tower 
11,052 

123 

11,338 c4% of model 1000 Mlle LWR with once-through cooling 

317 <5% of model 1000 MWe LWR output 
116 
103 <0.2% o f  model 1000 blWe LWR energy output 

Equivalent to the consumption of a 45 MWe coal-fired power plant 
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Table 6A.1-10 (cont'd) 

SUMMARY OF ENVIRONMENTAL CONSIDERATIONS FOR NUCLEAR FUEL CYCLE 
(Normalized t o  1000-MWe LWR's Annual Fuel Requirement) 

T o t a l  Maximum~Effect per Annual Fuel Rzuuirement of  Plodel 1000 Ml'ie Lu!l , 

t f f l i i e i i t ~ ~  - Chemical fMTl 

IG:ises ( i n c l u d i n g  en t ra inment )  

CO 
P a r t i c i i l a t e s  

Other  l;:i.;es 
F- 

Cl; 
Nd 

3 ?:ti 
I'C 

1 a i i i i i i : s  S o l u t i o n s  ( x  10 ) - 3  

So 1 i d., 

4400 
1170 

11 .3  
28.7 

1156 

0 . 7  

91,000 

Equivalent  t o  emissions from 45 MWe c o a l - f i r e d  p l a n t  f o r  a y e a r .  

'P r inc ipa l ly  from I I F  protiuctiorl a n d  enrictinicnt - Conc. wi th in  
L r a n g e  of s t a t e  standkrtls-hclow l e v e l  t h a t  has  e F f c c t s  on human h e a l t h  

From cnr ich i i~cnt ,  f u e l  f a b r i c a t i o n ,  and  rcproct!qsinF, s t c p s .  Coniporients 
1 t h a t  c o n s t i t u t e  a p o t e n t i a l  f o r  ailvcrsc cnvironmcntal  e f f e c t  ;ire prcscnt  

i n  d i l u t e  c o n c e n t r a t i o n s  and r e c e i v e  a d d i t i o n a l  d i l u t i o n  by r e c e i v i n g  
bodies  of  water  t o  l e v e l s  below p e r m i s s i b l e  standards. The c o n s t i t u e n t s  

, t h a t  r e q u i r c  d i l u t i o n  and t h e  flow o f  d i l u t i o n  ;i:ltcr a r c :  
Nil-  - 600 c f s  

- 7 c f s  
N O S -  zoci - ; :  F - 3  

i 
I 

From mills only  - no s i g n i f i c a n t  e f f l u e n t s  t o  environment .  

P r i n c i p a l l y  f rom m i l l s  - no s i g n i f i c a n t  e f f l u e n t s  t o  environment. 

' r s s imated  e f f l u e n t s  based upon combustion of e q u i v a l e n t  c o a l  f o r  power g e n e r a t i o n .  

2: .2" ~ 1 - r  "1 Yi,itural gas rise and p m s s .  



Table 6A.1-10 (cont'd) 
SUMMARY OF ENVIRONMENTAL CONSIDERATIONS FOR NUCLEAR FUEL CYCLE 

(Normalized to 1000-We LWR's Annual Fuel Requirement) 

'rota1 Haximimi r f f c c t  per  Annual Fuel  Requirement o f  Model 1000 We LW? 

m 
D 

I m 
QI 

I ' f f l uen t s  - R a d i o l o g i c a l  ( c u r i e s )  

1:ases ( i n c l u d i n g  e n t r a i n m e n t )  
Rn-222 
Ra-226 
Th-230 
Uranium 

T r i t i u m  (x 19-3) 
Kr-85 (x  10- ) 
1-129 
1-131 
F i s s i o n  P roduc t s  
T r a n s u r a n i c s  

f , i q u i d s  
Uranium G d a u g h t e r s  

83 ? 

15.7 ? 
350 ). 

2 . 4  

0 . 2 7  

1200 

3370 

P r i n c i p a l l y  from mi l l s  - blaxiiiium anniial dose  r a t e L r l %  of ave rage  n a t u r a l  
hackground w i t h i n  5 m i l e s  o f  m i l l .  
f u e l  r equ i r emcn t .  Due t o  d i l u t e  c o n c e n t r a t i o n  and s h o r t  h a l f - l i f e  o f  
p r i n c i p a l  component, exposure  bcyond a 5 -mi l c  r a d i u s  i s  m i n i s c u l e  r e l a t i v c  
t o  n a t u r a l  hackground. 

P r i n c i p a l l y  from f u e l  r e p r o c e s s i n g  p l a n t s  - Whole body dose  i s  4 . 4  man-rem 
for  p o p u l a t i o n  wi th in  50-mile  r a d i u s .  
background d o s e  t o  t h i s  p o p u l a t i o n .  

R e s u l t s  i n  0.06 man-rem p e r  annual  

T h i s  is  f-0.(105% of  ave rage  n a t u r a l  

i 
- P r i n c i p a l l y  from m i l l i n g  - i nc luded  i n  t a i l i n g s  l i q u o r  and r e t u r n e d  t o  
/ ground - no e f f l u e n t s ;  t h e r e f o r e ,  no e f f e c t  on environment .  

of 10 CFR 20 f o r  t o L a l  p r o c e s s i n g  
LWR m n u a l  f u e l  r equ i r emen t<  

From f u e l  f a b r i c a t i o n  p l a n t s - c o n c e n t a t i o n 4 0 %  o f  10 CFR 20 for  t o t a l  
p r o c e s s i n g  26 annual f u e l  r equ i r emen t s  f o r  model LWR. i 

(From r c p r o c e s s i n g  plants-maximum c o n c e n t r a t i o n  6,4% of 10 C F R  20 for 
b o t a l  r ep rocess ing  nf  26 annual  fuel r equ i r emen t s  fo r  model LILT 

r e t u r n e d  t o  ground-no s i g n i f i c a n t  

<7% of model 1000 MWe LWR. 



Although airborne radionuclides and particulate matter result from uranium min ing  
operations (see Table 6A.1-9), underground mines are adequately force-ventilated t o  
dilute radon concentrations effectively t o  background levels a t  the s i t e  boundaries. 
Any mine ventilation malfunction would be immediately remedied, and any resulting 
transient exhaust conditions of excessive radon concentration would be too small t o  
be detected beyond the s i t e  boundaries. 

Airborne radionuclides and particulate matter are generated d u r i n g  uranium milling 
operations; however, off-gas treatment and particulate settling reduce the off-si t e  
concentrations of airborne contaminants t o  levels well below limits defined i n  
10 CFR 20. 

Uranium Hexafluoride (UF,) Production. 
land are attributable tooproduction of UF612 for  the annual fuel requirements of 
the model LWR. Only abou t  0.02 acres of land, used for burial of t o x i c  wastes 
generated by production of said amount of UF6, is  permanently committed. 

Temporary commitment of about  2.5 acres of 

Of the approximately 45 million gallons of water used by the model UF6 production 
process and attributable t o  the annual fuel requirements of the model LWR (see 
Table 6A.1-8), more than 90% i s  used primarily as process coolant and then returned 
directly t o  the water body from which i t  came. 
leave the plant as raffinates and plant wastes and are held indefinitely i n  sealed 
holding-ponds which allow the water t o  return t o  the biosphere via evaporation, and 
the solid residues ultimately are recovered and buried. 
samples obtained i n  the vicinity of an established UF6 production plant showed t h a t  
even fluoride and nitrate concentrations are well within recommended limits for 
dri nki ng water sources. 

The remainder, or  process waters, 

Analyses of groundwater 

12 

Process off-gas streams are generated which contain volatilized solids, combustion 
products, gaseous reactants, and small amounts of radioactive materials (see 
Table 6A.1-9). 
concentrations of contaminants t o  levels below limits established by 10 CFR 20. 

Several off-gas treatments are employed t o  reduce airborne 

Isotopic Enrichment of Uranium. 
t o  the enrichment of the annual fuel supply for a model LWR, 12*26 and the bulk of 
this area serves only as a controlled-access area. 

Less t h a n  one acre of land i s  temporarily committed 

The model gaseous diffusion plant requires the evaporation (and make-up) of about 
90 million gallons of cooling water for  enrichment of the annual fuel supply of the 

6A. 1-67 



model LWR. 
enrichment process employs--assuming once-through cooling and return t o  natural  
water bodies--approximately 11 billion gallons of water per annual fuel requirement 
of the model LWR.) The primary potential for contamination of man's hydrosphere by 
t h i s  fuel cycle step l ies i n  'lblOwdOwn" from operation of the closed-cycle evapora- 
tive cooling towers; current plants have adequate quantities of river water t o  
permit dilution of these periodic discharges to levels below established limits for 
natural 'water bodies. 

(In addition, off-site generation of the electricity consumed by this 

By far the primary source of environmental impactl2 associated w i t h  the enrichment 
of uranium is related t o  the gaseous effluents from the coal-fired plants which 
generate the required electric power. Waste gas emissions, including particulates, 
of approximately 6600 metric tons are attributable t o  the production of an annual 
fuel supply for  the model LWR. This impact will be reduced i n  the future as the 
fraction of electricity produced by nuclear plants increases and as breeder 
reactor power p l an t s  (which need no enrichment) begin t o  generate this power. 
Associated w i t h  this generation of electricity i s  the rejection t o  the environment 
of roughly twice as much energy as waste-heat. Various power plants would reject 
their waste-heat t o  a i r  while others would reject i t  i n t o  available water bodies. 

Impacts on Flora and Fauna 

Effluents from the out-of-reactor fuel cycle operations are monitored and processed 
as needed, and subjected t o  controlled-releases t o  ensure t h a t  the concentrations 
of any toxic materials therein are kept below licensed levels, t h a t  i s ,  "as-low-as- 
practicable" release limits. W i t h  due consideration o f  natural ecosystems pathways 
for  potential redistribution or  concentration of elements, conscientious efforts 
will be made t o  ensure t h a t  any adverse effects on public health and safety are 
kept t o  a negligible level. 12,13,25 

Urani um Mini ng-Mi 1 1 in&. The m i  n i n g  and m i  11 i ng of u ran i  um resources usual ly are 
accomplished on contiguous acreages which are relatively remote and i n  regions of 
low population density. During these operations, roughly five acres of forage 
land per annual fuel requirement for the model LWR are temporarily ( a t  least for 
a decade) removed from use by wildlife; however, i t  is expected t h a t  current s i t e  
reclamation requirements would assure the return of most of this acreage t o  
something approaching its former natural  status w i t h i n  a few years after the 
discontinuance of plant operations. 
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Uranium Hexafluoride (UF,) Production. UF6 production plants are relatively large 
th roughpu t  operations12 i n d  are located i n  regions of low population density. 
t h a n  10% of the plant s i te  need be disturbed from i t s  natural state during produc- 
t i o n  operations, the bulk of the s i t e  serving as a controlled-access area t o  
reduce the off-site impact of any plant malfunction. These plants are designed for 
and operated w i t h  virtually complete recovery of u r a n i u m  values, total utilization 
of fluorine, and h i g h  utilization of other reactants; consequently, there should be 
no more t h a n  minor detrimental effect t o  the natural flora as a result of plant 
effluents. Fauna permitted to  graze w i t h o u t  restriction on all  of the undisturbed 
control led-access acreage conceivably could be exposed t o  some accidental releases 
of hazardous or toxic gases (e.g., F2 or HF) t h a t  could be harmful even though the 
exposure was brief. However, no accidents having a detrimental environmental effect 
have occurred t o  date. 

Less 

Isotopic Enrichment of Uranium. Substantial amounts of process heat are rejected 
into the atmosphere a t  the gaseous diffusion plant" and, although occasional 
misting and fogging results on the s i t e  near the cooling towers, experience i n d i -  
cates t h a t  the thermal impact on the local flora and fauna i s  insignificant. 

Although small quantities of airborne fluorides and oxides o f  nitrogen and sulfur 
are released a t  the diffusion plant s i te ,  experience indicates t h a t  the off-site 
concentration of each of these contaminants i s  too low t o  have a deleterious on the 
local biota. 

6A.1.1.6.3 Irreversible and Irretrievable Commitments of Resources 

LWR fuels are clad i n  zirconium-base alloys which become radioactive as the result 
of neutron absorption; roughly one-quarter metric t o n  o f  zirconium i s  committed for 
every ton of fuel charged t o  a current PWR, or about 7.5 metric tons o f  zirconium 
are consumed/commi tted per year per 1000-PIWe LWR. 

As indicated i n  Tables 6A.1-8, -9 and -10, better than 82,000 metric tons* of 
uranium-bearing ore, located under the surface of 2.0 t o  4.4 acres o f  mining- 
milling land, are committed each year i n  support  of a typical 1000-lWe LWR. 
Whenever i t  becomes necessary t o  mine lower-grade conventional ores, the quant i  t ies 
of ore removed w i  11 become proportionately greater. 

8,12 

%Assumes a U308 content of 0.20% or 2000 ppm. 
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Although the LWR currently consumes less t h a n  2% of the potentially available 
nuclear energy i n  the contained uranium (roughly 30 metric tons U of design 
enrichment th roughpu t  per year per 1000-MWe LWR), the unburned uranium values are 
chemically recovered after LWR i r r a d i a t i o n  and are retained either for recycle i n  
the LWR (after some enhancement of i ts  f i ss i le  content) or  for use as both  fer t i le  
and f iss i le  material i n  the LMFBR fuel cycle. The generation of all anticipated 
nuclear power by LWRs only, through the end of the century, migh t  require exploiting 
progressively lower grades of uranium ores t o  produce the 150,000 tons of natural 
uranium oxide, U308, required each year by the year 2000. 
estimated quantities of uranium i n  some o f  the various known sources of uranium i n  
the U.S. and in the ocean. 
t h a t  the b u l k  of the uranium occurs i n  very small concentrations i n  shales, granites, 
and seawater. 
low-grade sources for the quantities, and a t  the rates, required t o  sustain a 
large burner/converter industry have not  been evaluated in detail. 
these consequences may b e  gained, however, from the following discussion. 

Figure 6A.1-1 identifies 

Aside from those labeled "conventional," i t  i s  apparent 

The economic and environmental consequences of h a v i n g  t o  t a p  these 

Some idea of 

The Chattanooga shale lies under some 150 f t  of cherty limestone of which the upper 
por t ion ,  about 7 f t  thick and containing about  60 ppm of uranium,  was previously 
estimated to  cost about $40 per pound of U308 t o  recover. 
on underground mining due t o  depth of the shale. 
this estimate (see Section 6A.1.1.9) indicates t h a t  the previous estimate of $40 
i s  now more like $90, exclusive of any return on investment. 
available from a tone of this shale i s  not  much different from the energy available 
from a ton of coal. 

This estimate was based 
A "rule-of-thumb" u p d a t i n g  o f  

Note t h a t  the energy 

Mining and milling t o  produce 150,000 short tons of U308 per year would r e q u i r e  the 
mining  of about 9 million tons of shale per day throughout the year.* Milling of 
thDs ore would require hundreds of plants (the largest western plant a t  present has 
a capacity of 7000 tons/day), requiring a total investment of $50 t o  $85 billion; 
the labor force is estimated a t  about 700,000 by analogy w i t h  the coal mining 
industry. 
U.S. consumption of sulfuric acid for a l l  purposes, and i n  excess o f  one billion 
gallons o f  water per day. 
of recycle would have t o  be found. 

The operations would be expected t o  use about five times the current 

Because of the quant i ty  of water involved, some method 

*Assumes 70% recovery of U i n  the leaching process, because the uranium concentra- 
t i o n  i s  very low and i s  distributed through a rqyriad of fine veins throughout the 
shale. 
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6A.1.1.7 Cost and Benefits 

The nuclear power industry t h a t  exists in the United States today i s  limited largely 
t o  l ight water reactor designs, although the high temperature gas reactor ( H T G R )  
will begin t o  share this market in the relatively near future. 
as an alternative power source t o  fossil-fueled steam electric plants and has 
received an increasingly larger share of the market each year. 
inately 43,000 I 4 4  of nuclear capacity and about 30,000 IIW of central station fossil 
capacity were ordered. 
i s  evidence of a strong trend t o  nuclear power. 

The LWR i s  offered 

In 1973 approxi- 

The increasing quantity of nuclear orders in the past years 

While nuclear power plants have higher capital costs t h a n  coal-fueled power plants 
(oi l  and gas are no longer seriously considered as fuel options for central station 
power plants), the differential in fuel costs favors nuclear t o  the extent t h a t  i n  
most areas of the country total power costs are lower for nuclear power plants. I t  
appears t h a t  the demand for coal will be greatly increased in the near future. A t  
the u r g i n g  of President Nixon, e lectr ic  generating fac i l i t i es  are being switched 
from oil  t o  coal. 
nearly 70 million tonslyear by the end of next year. There are other industrial 
uses of oil t h a t  will switch t o  coal, and coal will also be used as a resource for 
synthetic liquid or gaseous fuel. 
of nuclear power costs relative t o  fossil power costs will further improve due t o  
increases in power plant coal prices resulting from this increased demand. 

This change i s  estimated t o  result in an increase i n  coal use of 

I t  i s  expected, therefore, t h a t  the position 

Table 6A.1-11 provides a comparison of costs and environmental impacts of electric 
energy production from coal-fueled power plants and light water reactor power 
plants .27 
por t ing  fuel--so visible in the coal fuel cycle--are essentially absent i n  the 
nuclear fuel cycle because of the high-energy content (on a mass o r  volume basis) 
of nuclear fuels. 
of airborne pol lutants. 

Gross direct  environmental  impacts o f  extracting, processing, and trans- 

Similarly, nuclear power plants do n o t  discharge large quantities 

The current generation of nuclear power pl ants--the 1 i g h t  water reactors-discharge 
about one-third more heat to the environment than  do modern fossil plants. Though 
relatively small i n  mass and volume, material flows and residuals i n  the nuclear 
fuel cycle are n o t  w i t h o u t  potential hazard. For this reason, nuclear systems are 
designed, fabricated, and operated w i t h  numerous safeguards, high performance 
radioactive waste systems, redundancies, and stringent qual I t y  assurance programs 
and standards. 
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Table 6A.1-11 
COMPARISON OF COSTS A N D  IKPACTS OF COAL A N D  LIGHT KATER REACTOR P L A N T S ~  

Coal b L W R ~  

PONER PLANT AND ENERGY SYSTET.4 EFFICIENCIES 

E lec t r i ca l  Energy ( b i l l  ion kWe-hr/year) 6.57 
9,100 

Power Plant  Thermal Ef f i c i enc ie s  (kWe/kwt,%) 38 
Energy System Eff ic iency (kGJe-hr consumer/ 

kli l t-hr i n p u t ,  %) 35 

Power Plant  Heat Rate (Dtu/kWe-hr) 

CONSUMPTION OF NON-RENEKACLE FUEL RESOURCES 

Power P lan t  Fuel Consumption (annual) 
Fract ion of Reserves Consumed (annual ) 

m 
D 

I 
v 
N 

-. CONVENTIONAL COSTS (mil l  s/k14e-hr)C 

P1 a n t  
Opera t i on  and I4a i n tenance 
Fuel 
Total  

SELECTED ABATEMENT COSTS (mi 11 s/ kble- hr)c 

OCCUPATIONAL HEALTH AND SAFETY 

Occupational Health (man-days l o s t l y e a r )  
Occupational Safe ty  

Fatal  i t i e s  (dea t  hslyear  ) 
Non-Fatal I n j u r i e s  (number/year) 
Total (man-days l o s t l y e a r )  

PUBLIC HEALTH AND SAFETY 

6.57 
10,850 

32 

28 

2.3 metric tons %130 tons U 
0.000006 0.0002 

0.8 
0.53 
4.4 
tf.7 

2.5 

600 

1.1 
46.8 

9,250 

8.5 
0.73 
2.1 

11.3 

0.6 

480 

0.1 
6.0-7.0 

900-1 000 

180-21 0 d Pub1 i c  Health 
Routine Po l lu t an t  Release (man-days lo s t /yea r )  N . E .  



Table 6A.1-11 ( con t ' d )  

Coal L W R ~  

Publ ic  Safe ty  
Transportat ion I n j u r i e s  

Fatal  i ties ( deaths/  ye a r ) 
Non-Fatal In juries (number/year) 
Total  (man-days lo s t /yea r )  

ENVIRONMENTAL DEGRADATION 
Land 
- Land Use, Inventory ( ac re s )  

Land Use, Consumption (acres /year )  
d SO2 Release , w/o Abatement ( tons /year )  

SO2 Release, w/Abatement 
NO Releases , w/o Abatement ( tons /year )  
P a t t i  cul ate Releases,  w/o Abatement 

P a r t i c u l a t e  Releases , w/abatenient 
Trace Metals Releases ( tons /year )  
Radioac t iv i ty  Releases (Ci /year)  
Thermal Discharge, Power P l a n t  Stack 

Cooling Water Use ( b i l l i o n  gal /year)  
Process Water Use ( b i l l i o n  ga l /year )  
Radioac t iv i ty  Releases (Ci /year)  
Other Impacts ( b i l l i o n  ga l /year )  
Thermal Discharge , Power P1 a n t  

A i  r - 

( tons /year )  

( b i l l i o n  kWt-hr/year) 
Water 

( bi 1 1 i on k Wt-h r /year  ) 

0.55 
1.2 

3 , 500 

22,400 
740 

120,000 
24,000 
27,000 

270,000 
2,000 

0.5 Hg 
0.02 

1.64 

263 
1.46 
0 

16.8 

9 

0.009 
0.08 

60 

~ 1 , 0 0 0  
12 

3 , 600 
720 
81 0 

8,000 
60 

Small 
250-500 x lo3 

0 

424 
0.095 

500-1000 
Small 

14 

aBasis:  1000-MWe power p l a n t ,  75% capaci ty  f a c t o r .  Source: USAEC, "Comparative Risk-Cost-Benefit Study of Alternate 

bThe number of d i g i t s  shown is  not general ly  i n d i c a t i v e  of prec is ion .  

C1980 d o l l a r s  
dN.E.  = no t  evaluated;  w/o = w i t h o u t ;  w/ = w i t h .  

Sources of Energy," Report WASH-1224, i n  publ ica t ion .  
In many cases, several  d i g i t s  are r e t a ined  

merely for ca l cu la t iona l  purposes. 



n 
6A.1.1.8 Overall Assessment of Role i n  Enerqy Supply 

6A.1.1.8.1 Probable Role up t o  Year 2000 

The introduction and use of f iss ion energy for  the large-scale generation of elec- 
t r i c i t y  i n  this country will necessarily be a two-phase process. 
current era of "burner/converter" reactors--now principally LGIRs, b u t  w i t h  growth 
expected i n  the use of HTGRs. 
beg inn ing  w i t h  the L iqu id  Metal Fast Breeder Reactor (LMFBR), which could be an 
option available to  the u t i l i t i e s  by the mid- t o  l a t e  1980's. 

Phase I i s  the 

Phase I1 will be the era of breeder reactors, 

8 Most recent projections by the AEC of nuclear power growth i n  the U.S. is 
summarized i n  Figure 6A.1-27. 
e l e c t r i c  capacity i s  estimated for the end of year 2000. This capacity is  
expected t o  consist  of LWRs, HTGRs, and LMFB'ls if commercial introduction of 
LMFBRs begins i n  1986, as i s  assumed. The instal led nuclear e l e c t r i c  capacity 

A range of  850 t o  1400 GWe of instal led nuclear- 

i n  the year 2000 is expected t o  account for  
e l e c t r i c  generation capacity i n  the U.S., w 
year 2000 estimated a t  124 t o  232 GWe. 

One assumption inherent i n  these estimates 
available i n  a price range that  will permit 

about 55% af the total  installed 
t h  breeder capacity by end o f  

s that  suff ic ient  uranium will be 
the projected buher/converter plants 

t o  be economically competitive, over t h e i r  service l ives ,  w i t h  a l ternat ive ways of 
generating e lec t r ic i ty .  As previously noted (Section 6A.1.1.6), there will be 
large environmental and economic incentives for  making the t ransi t ion from the 
burner/converter era t o  the breeder era w i t h o u t  having t o  use the very low-grade 
sources o f  uranium. Thus, i t  is  reasonable t o  suppose tha t  the conventional 
uranium ore supply outlook a t  any g iven  time will be a c r i t i c a l  factor  i n  a 
u t i l i t y ' s  choice of a burner/converter plant for needed additional capacity. 

Table 6A.1-12 shows the cumulative amounts of uranium required to  support increasing 
amounts of instal  led burner/converter capacity over the service l ives  of the plants. 
I t  is  keyed to the Report WASH-1139(74) projections and assumes tha t  the nominal 
service l i f e  of a nuclear plant i s  30 years. The second entry for  the year 2000 

ntroduction is  delayed t o  2001 and tha t  burner/converter 
ieu of.breeders u p  to  tha t  time. 

assumes that  breeder 
capacity is bui l t  i n  
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Table 6A.1-12 

PROJECTED URANIUM REQUIREf4ENTS 

I n s t a l  l e d  U 0 Consumption Ul t imate $08 
Burner/ Converter 'through .Requirement t o  Support 

Year Capacity (GWe) Year 2000 I n s t a l l e d  Capacity 
( m i  11 ions o f  shor t  tons) 

1985 
1990, 
2O0Ob 
2000 

231 - 275 0.9 - 1.1 1.1 - 1.3 
406 - 570 1.3 - 1.8 1.9 - 2.7 
726 - 1168 1.8 - 2.7 3.4 - 5.4 
850 - 1400 1.9 - 2.9 4.0 - 6.5 

Bases: 0.3% enrichment p lan t  t a i l s ;  average l i f e t i m e  p l a n t  f a c t o r  65%; nominal 
serv ice  l i f e  30 years; U3O consumption cumulated from beginning 1973; 
Pu recyc le  i n  LWRs dur ing 7 /3 o f  serv ice  l i f e .  

a F i r s t  commercial breeder 1986 
No breeder through year  2000. 

Kecal l  i n g  t h a t  cu r ren t l y  known and estimated po ten t i a l  conventional uranium 

resources, up t o  the $30 per pound of U308 leve l ,  are estimated a t  about 2.4 m i  1 l i o n  
tons o f  U308, one can see from Table 6A.1-12 t h a t  continued growth o f  burner/ 
conver ter  capaci ty  beyond about 1990 could requ i re  eventual use o f  low-grade/high- 
cost  uranium, unless la rge  add i t i ona l  quanti  t i e s  of conventional ores were located 
on a timely basis.* Addi t ional  quan t i t i es  would have t o  be i d e n t i f i e d  w i t h i n  the 
next  decade o r  so t o  have a t ime ly  in f luence on u t i l i t y  decisions. Decisions t o  
purchase nuclear p lan ts  t o  be i n  operat ion by the ea r l y  1990's w i l l  have t o  be made 
i n  the e a r l y  t o  mid-1980's and could be adversely a f fec ted  by la rge  uncer ta in t ies  
i n  the f u t u r e  cos t  o f  uranium. 

I n  summary, LWRs w i l l  dominate the nuclear e l e c t r i c  scene through the year  2000. 

The r a t e  o f  growth o f  LWR and HTGR capaci ty  beyond 1990 i s  cu r ren t l y  uncer ta in  and 
l i k e l y  depends upon f i n d i n g  addi t i o n a l  sources o f  conventional ores, e i t h e r  domestic 

o r  fore ign,  p r i o r  t o  t h a t  time. To achieve a p ro jec ted  700 t o  1100 GWe o f  i n s t a l l e d  
burner/converter capaci ty  by the year 2000 would requ i re  a considerable expansion o f  
p resent ly  known and estimated conventional resources .** 

* A v a i l a b i l i t y  o f  a commercial l ase r  enrichment process, such as discussed i n  Section 
6A.1.1.2.4, sometime p r i o r  t o  1990, could extend the per iod of growth t o  about 1995 
f o r  the h igh growth case and t o  about year 2000 f o r  t he  low growth case, w i t h i n  the 
cons t ra in t  o f  2.4 m i l l i o n  tons o f  conventional resources. 

**TO a c t u a l l y  produce the 1.8 t o  2.7 m i l l i o n  tons of U308 needed by the year 2000, 
and a t  the requi red rates, would requ i re  l oca t i ng  much more U ~ O Q  i n  the ground. 
The same considerat ion appl i es t o  urani  um requi  rements beyond the year 2000, 
unless use o f  the  Chattanooga shales i s  assumed. 
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6A. 1.1.8.2 Probable Role Beyond Year 2000 

While speculative, i t  seems prudent t o  assume t h a t  conventional uranium resources 
probably wi 11 n o t  support  continued growth of burner/converter capaci ty  beyond the 
t u r n  of the century. With this assumption, there would be a steady decrease i n  
ins ta l  led burner/converter capacity beyond year 2000, a1 though some new burner/ 
converter plants would probably be b u i l t .  
century, a l l  of the plants buil t  prior t o  1980 will be reaching the end of their  
nominal 30-year servi ce 1 i ves , and by 2030 the residual burner/converter capacity 
on-line would have become a very small fraction of total electric capacity. 

Within the f i r s t  decade of the next 

6A. 1.1.9 Appended Material 

6A.1.1.9.1 Factors Influencing Uranium Recovery Costs from Chattanooga Shales 

Discussion i n  this section i s  based on ORNL-CF-74-5-2628 and is offered only as a 
rough "rule-of-thumb" type of upda t ing .  The AEC 
assessment, currently under way (see Section 6A. 
estimates. 

Original Cost Estimate 

The cost of recovery of uranium from Chattanooga 
The major items were mining  shale, leaching uran 

expects t h a t  a more thorough 
.1.9.2), will provide firmer 

shale was estimated2' in 1960. 
urn either by sulfuric acid (CCD)  

or oxygen pressure (OP) ,  and recovery of uranium by solvent extraction. Although 
neither process has been tested i n  a p i lot  plant, the CCD process probably is on 
a firmer basis because of its similarity t o  processes used on Colorado Plateau 
ores. The OP process, which produces acid from sulfides i n  the shale, presents 
serious equipment design problems because of corrosion and scaleup and requires a 
higher capital investment. Pertinent data for b o t h  processes are i n  Table 6A.1-13. 

The cost of uranium from a mill (20-year depreciation) hav ing  a daily capacity of 
20,000 tons shale containing 60 ppm uranium a t  70% recovery was estimated a t  about 
$40 per pound of U308 for the CDD process and about  $38 per pound of U308 for the 
OP process. These figures can be converted t o  possible sales prices of $57 per 
pound of U308 for  the CCD process and $66 per pound of U308 for the OP process, 
respectively, by allowing 20% of capital for return on investment which was not 
included in cost numbers reported i n  the reference report. 
(exclusive of m i n i n g  capital)  were $55 million for the CCD process and $90 million 
for the OP process for the production of approximately 325 tons of U308 per year. 

Capital requirements 
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Table 6A. 1-1 3 
DATA FOR CHATTANOOGA SHALE PROCESSING FROM RMO-401 5a 

Capacity: 20,000 tons shale/day 
Assay: 60 ppm U x 70% recovery = 42 ppm 

Items CCD OP 

Operating fac to r ,  days/year 330 
Shale, tons/year 6,593,400 
Sol u t i  on processed, gal/year 7a9,270,000 
U product, l b l y e a r  551,100 
U 0 product, lb /year  649,900 
Cost 8b (20-year deprec iat ion) ,  $ / l b  U 47.35 

$ / lb  U308 40.15 
Water in ,  tonslday 23,418 
Water ou t  w i t h  s o l i d s  (o re  x 30%) 6,000 

Waste water, tonslday 17,418 

Net waste water t o  be t rea ted  120 

Waste water, ga l / ton  ore  21 a 

(assume 100 ga l / ton  recyc led) ,  
ga l / ton  

330 
6,593,400 

i,653,17a,ooo 

556,050 
665,700 

45.19 
38.32 

34,307 
6,000 

28 ,307 
354 
2 50 

aSource: 

bHanufacturing cos t  only; does n o t  inc lude re tu rn  on investment. 

"Recovery of Uranium from Chattanooga Shale," Report RI.10-4015, USAEC, 
Washi ngton, D. C. , September 1960. 

Adjusted Cost Estimate 

The reference costs have been adjusted for :  
Chemical Engineering30 p l a n t  cons t ruc t ion  cos t  index which has increased from 100 
f o r  1959 t o  151 f o r  January 1974; (2)  cost  o f  waste treatment, $9.50/1000 gal 
l i q u i d  (120 ga l / ton  shale f o r  CCD and 250 ga l / ton  shale f o r  OP) and $2.00/ton 
shale f o r  s t a b i l i z a t i o n  o f  s o l i d s  w i t h  cement. 
a c t i v i t y  and ob jec t iona l  s a l t s  which p r o h i b i t  discharge t o  the  environment, 
concentrat ion o f  radium-226 and thorium-230 probably w i  11 be greater  than maximum 
permiss ib le  concentrat ion (MPC) based on data from western m i l l s .  
n e u t r a l i z a t i o n  and evaporation i n  a metal evaporator reduces p o l l u t i o n  and saves 

' 

on water requirements. 
p a r t i c l e s  which can be s t a b i l i z e d  by add i t i on  o f  por t land cement (1 p a r t  cement 
t o  10 pa r t s  shale) before disposal i n  the mine o r  on the  surface--the volume o f  
shale i s  approximately 80% greater  a f t e r  processing so t h a t  no t  a l l  o f  i t  can be 
returned t o  the mine. The excess must be placed i n  surface waste p i l e s  which w i l l  
despoi l  considerable land. The cos t  o f  r e t e n t i o n  dikes and s t a b i l i z a t i o n  o f  the  
sur face has no t  been estimated. 

(1) esca la t ion  of p lan t  cos t  by the  

The waste l i q u i d  contains rad io -  
The 

Treatment by 

The leached shale i s  i n  the  form o f  a s l u r r y  o f  f i n e  

Low-grade concrete formed by add i t i on  o f  cement t o  
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t a i l i n g s  has been used successful ly i n  Canada as b a c k f i l l  i n  mines. 
l eve l  rad ioac t ive  wastes are mixed w i t h  cement t o  form a grou t  having low leach 
rates by water. 

A t  ORNL, low- 

The adjusted cost o f  uranium from shale containing 60 ppm U a t  70% recovery and 
prov id ing  f o r  esca la t ion  and waste disposal i s  $92 per pound o f  U308 fo r  the CCD 
process and $102 per  pound o f  U308 f o r  the OP process. Al lowing 20% o f  cap i ta l  

f o r  re tu rn  on investment impl ies p r ices  o f  $126 and $158 respect ively.  Capi ta l  
requirements f o r  a 20,000-ton/day m i l l  are $111 m i l l i o n  f o r  the CCD process and 
$182 m i l l i o n  f o r  the OP process. Deta i l s  are shown i n  Table 6A.1-14. 

Table 6A.1-14 
ADJUSTMENTS TO ORIGINAL COST ESTIMATE I N  RMO-4015' 

(20,000 tons o f  shale/day) 
cost  I t e rn  CCD OP 

Capital ,  $lo6 
Or ig ina l  54.6 89.6 
Escal a t i  on ( o r i  g i  nal X 0.51 ) 27.8 45.7 
Waste L i q u i d  Treatment 17.1 35.6 
Waste S o l i d  Treatment 11.3 11.3 

Total 110.8 182.2- 
$ / lb  U 0 

O r i g l n h  (no re tu rn  on invest.)  
Escal a t i  on ( o r i  g i  nal X 0.51 ) 
Waste L iqu id  Treatment 
Waste S o l i d  Treatment 
Return on Investment 

Total 

40.15 
20.48 
11.52 
20.21 
33.94 m 

38.32 
19.54 
24 .OO 
20.21 
55.80 m 

aSource: "Recovery o f  Uranium f r o m  Chattanooga Shale ,'I Report RMO-4015, USAEC, 
Washington, D.C., September 1960. 

Requirements f o r  150,000 Tons U,O, per  Year 

The production o f  150,000 tons o f  U308 per  year would require 460 reference m i l l s  
(20,000 tons/day) processing a t o t a l  o f  9 m i l l i o n  tons o f  shale per  day. 
cap i ta l  investment i s  $51 b i l l i o n  f o r  the CCD process and $84 b i l l i o n  f o r  the OP 
process. Water requirements a r e  700 m i  11 i o n  gal/day w i  th recycle o f  evaporator 
condensate and 1.8 b i l l i o n  t o  3 b i l l i o n  gal/day w i thout  evaporator recycle. The 
average flow r a t e  o f  the Caney Fork r i v e r  which supplies the  Corps o f  Engineering 
Center H i l l  Reservoir i s  2.5 b i l l i o n  gal/day. The average f low o f  the Tennessee 

River a t  Watts B a r  Reservoir located about 80 miles away i s  17 b i l l i o n  
gal lday. No estimate o f  the cost o f  supplying water from sources which may be a 
considerable distance from the mine and processing p l a n t  has been made. The cement 

requirement i s  300 m i l l i o n  tons/year which i s  more than fou r  times the cur ren t  U.S. 

d "  

The t o t a l  
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p r o d ~ c t i o n . ~ ~  
mately six times the U.S. production. 

The required sulfuric acid i s  180 million tonslyear. which i s  approxi- 
32 

Mi n i  n q  

In Rt40-4015,29 the mining cost was estimated t o  be $1.33/ton of shale. 
applying the escalation factor used i n  the present report, the adjusted cost would 
be $2.01/ton. 
possibly by a factor of two or  three. 
pound of U308 must be added t o  the processing costs. 
of this cost item, a more definitive projection i s  not  made here. 
virtually certain t h a t  the actual mining costs would be significantly greater 
t h a n  those used i n  past estimates. 

After 

Many people i n  the m i n i n g  f ield believe t h a t  this cost i s  too  low, 
If this i s  true, an extra $20 t o  $40 per 

Lacking substantial review 
However, i t  seems 

I t  should be noted t h a t  i n  order t o  produce 150,000 tons of U308 per year, the 
required miming effort  would be huge. 
each year. In comparison, the U.S. bituminous coal industry i n  1970 produced abou t  
600 million tons of coal with a ,labor force of about 140,000 people. Slightly more 
t h a n  40% of the production was by s t r ip  mining  which i s  less labor intensive t h a n  
the underground m i n i n g  which would presumably be necessary for nearly a l l  of the 
Chattanooga shale. 
needed for shale mining. 
t h a t  would be required to  operate the hundreds of mills or people required t o  
furnish the mu1 t i  tude of needed services. 

Over 3 billion tons of shale would be required 

By analogy, i t  may be estimated t h a t  over 700,000 men would be 
This, of course, does not include the large labor force 

Sulfuric Acid 

In order t o  produce 150,000 tons U308 per year, the annual H2S04 requirement would 
be 184 x 10 short tons using the direct leaching process. 
total H SO production i n  the United States i n  1973. . 2  4 
time t h a t  such a H SO requirement for shales can be met, although the problem 
migh t  be alleviated or  solved by the simultaneous development of a coal gasifica- 
t i on  and/or liquefaction industry t h a t  produced sufficient byproduct sulfur i n  an  
elemental or otherwise transportable form. 

6 This i s  six times the 
I t  i s  no t  certain a t  this 

2 4  

The large consumption of sulfuric acid by the direct leach process argues for use 
of the oxygen pressure leach process which requires no additional sulfur other t h a n  
that  already present i n  the shales. 
practicability of the la t te r  process i s  n o t  assured because of unknowns regarding 
the l i f e  span o f  the equipment. 

However, a s  pointed o u t  earl ier,  the 

6A. 1 -80 



6A.1.1.9.2 AEC/Bureau of Mines Study 

The Atomic Energy Comnission and the Bureau of Mines are ini t ia t ing studies on 
recovery o f  uranium from the Chattanooga shale t o  update the recovery process and 
cost da ta  developed i n  the 1950's. This investigation will o f  necessity be done 
i n  the l ight o f  current environmental considerations and restrictions as well as 
in the l ight o f  present costs and new technology and will be conducted on a much 
more detailed basis t h a n  the cursory assessment described above. 
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6A.1.2 .High-Temperature Gas-Cooled Reactors , .  . . - L e > ,  I _ I . .  

6A.1.2.1 Introduction 

6A.1.2.1.1 General Description 

The high-temperature gas-cooled reactor (HTGR) i s  an advanced converter reactor 
operating on the thorium-uranium fuel cycle. Helium is used as the reactor coolant, 
and graphite i s  the moderator and core structural material. 
of thorium and highly enriched uranium particles coated w i t h  thin layers of pyrolytic 
graphite. 
blocks of graphite. 
t h a t  the coolant always remains in the same phase and is  chemically inert. liowever, 
because of i t s  re1 atively poor heat conduction properties , moderately hi qh pressures 
must be used. The graphite i s  used both as a moderator and a core structural mate- 
r ia l ;  i t  has excellent thermal conductivity, h i g h  strenath even a t  high temperatures, 
and extremely h i g h  melting and vaporizat ion temperatures. A potential disadvantage 
of graphite i s  i t s  tendency to react w i t h  steam (which migh t  enter the reactor core 
i f  there should be a leak i n  a steam generator). 
reaction m i g h t  lead t o  structural damage t o  the qraphite core and the qeneration of 
combustible gases. 
rences therefore are incorporated i n t o  the design (e.g., moisture monitors t o  
detect and limit through feedback mechanisms the amount of water t h a t  can enter 
the core). 

The fuel is a m i x t u r e  

These particles are then bonded i n t o  fuel rods and inserted into large 
The use of helium as a coolant has the fundamental advantages 

The resulting steam-qraphite 

Engineered safety features t o  prevent o r  mitigate such occur- 

The HTGR system operates w i t h  coolant temperatures h i g h  enough t o  permit use of 
optimum plant steam conditions. Thus, overall thermal efficiencies of abou t  40% 
are  achievable as compared w i t h  approxlmately 33% for present creneration LWRs. In 
add i t ion ,  an advanced HTGR concept usinq qas turbines and a bottoming cycle (vapor 
turbines t o  extract electrical power from the reject heat) has the potential for 
achieving thermal efficiencies of up t o  50%. 

6A.1.2.1.2 History 

The use of gas coolant for nuclear reactors dates back t o  1943 when the X-10 reactor 
was operated a t  Oak Ridge National Laboratory. The United Kingdom adopted this type 
of reactor i n  the mid-1940's when a i r  was used as the coolant i n  the Windscale 
plutonium production reactors. Because of the init ial  success of this concept, the 
U K  continued t o  use gas (carbon dioxide) as the coolant for their nuclear reactors, 
which are fueled w i t h  natural uranium. Hawever, this concept is not completely 
satisfactory, and i t  appears t h a t  no mre of this type of reactor will be built. 
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Gas-cooled reactors  using na tura l  urani  um. fue l  have no t  been adopted f o r  c o m r c i a l  

power generation i n  the United States, p r i m a r i l y  because the c a p i t a l  costs o f  these 
reactors  are g rea ter  than enriched-urani um-fueled designs and the p r i v a t e  c a p i t a l  
funding s t ruc tu re  i n  t h i s  country made the power cos t  o f  these systems too high. 

However, i n  1957, General Atomic Company* (a  subs id ia ry  o f  Gu l f  O i l  Corporation and 

Shell  Nuclear L td . )  i n i t i a t e d  conceptual designs o f  a helium-cooled, graphi te  

moderated power p l a n t  using enriched uranium fuel. '  

i nd i ca ted  t h a t  the concept had s u f f i c i e n t  merit t o  proceed t o  a demonstration phase. 

I n  1958, Phi ladelph ia E l e c t r i c  Company and other  members o f  the  High-Temperature 
Reactor Development Associates , a consor t i  um o f  u t i  1 i ty companies, formal l y  

proposed t o  the  AEC the const ruct ion o f  a 40-MWe prototype HTGR under the Power 
Reactor Demonstration Program. 
was submitted by Phi ladelph ia E l e c t r i c  f o r  a prototype p l a n t  a t  Peach Bottom, 
Pennsylvania. This reac tor  was placed i n  c o n e r c i a l  operat ion i n  May 1967 and 
operated s a t i s f a c t o r i l y  u n t i l  i t s  shutdown i n  mid-1974. The operat ing experience 
w i t h  t h i s  Peach Bottom reac tor  has establ ished the p o t e n t i a l  o f  t he  HTGR as a 

1 arge-scale power source. 

The r e s u l t s  o f  these s tud ies 

I n  1960, an app l i ca t i on  f o r  a cons t ruc t ion  permi t  

2 

6A.1.2.1.3 Status 

Continued research and development d i rec ted  toward adoptinp the bas ic  features o f  

the Peach Bottom reac tor  t o  l a rge r ,  commercial s ized systems resu l ted  i n  an agree- 

ment i n  1965 between the Publ ic  Service Company o f  Colorado, the AEC, and General 
Atomic f o r  the const ruct ion o f  a 330-MWe HTGR, the Fo r t  S t .  Vra in  Reactor (FSVR), 

t o  be constructed near P l a t t v i l l e ,  Colorado. Construction began i n  1968, i n i t i a l  

c r i t i c a l i t y  occurred i n  January 1974, and commercial operat ion o f  the p l a n t  i s  
expected by mid-1975. 
Peach Bottom Reactor and the largei- m i t s  (770 and 1160 MWe) which are being 

o f fe red  f o r  sa le  by General Atomic Company. 
use a prestressed concrete reac tor  vessel (PCRV).  

produces a more compact p l a n t  design and s i m p l i f i e s  operat ion and maintenance. 

This p l a n t  provides a l i n k  between the  small, 40-MWe 

The FSVR i s  the f i r s t  U.S. r eac to r  t o  
The use o f  t h i s  type o f  vessel 

Several l a rge  HTGRs have been ordered by u t i l i t i e s .  
E l e c t r i c  announced the purchase o f  two 1160-MWe plants .  
smal ler  (770-MWe) HTGRs have been ordered by Delmarva Power and L igh t ,  and two 
1160-MWe p lan ts  have been s o l d  t o  Louisiana Power and L i g h t  Co. 
app l i ca t i on  f o r  a const ruct ion permi t  f o r  one o f  i t s  two p lan ts  was docketed 
on August 16, 1973. 

I n  August 1971, Phi ladelph ia 

Since t h a t  t ime ,  two 

The Delmarva 

'*At t h a t  t ime a d i v i s i o n  o f  General Dynamics Corporation. 
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An AEC p ro jec t i on  ind ica ted  t h a t  by 1990 about 15% o f  the non-breeder nuclear 
power p lan ts  were expected t o  be H T G R s ; ~  the recent cancel lat ions and de fer ra ls  o f  
orders f o r  HTGR plants i nd i ca te  tha t  t h i s  p ro jec t i on  i s  probably too high. 
successful s ta r tup  and operation o f  the FSVR i s  expected t o  provide the f i n a l  proof 
of the concept and thus add assurance o f  the commercial v i a b i l i t y  o f  the HTGR system. 

The 

6A.1.2.2 Extent o f  Energy Resource 

An 1160-We HTGR requires about 1600 kg o f  93% enriched uranium and 37,500 kg o f  
thorium f o r  i t s  i n i t i a l  core. Assuming enrichment t a i l s  o f  0.25% U-235, 380 
tons o f  na tura l  U308 are required f o r  the i n i t i a l  core loading. For subsequent 
reloads (assuming recycle of the U-233 produced from the  Th-232) , approximately 
8000 kg o f  thorium and 390 kg o f  93% enriched uranium w i l l  be needed annually. 
The na tura l  U308 requirement i s  about 130 tons/year. 
a b i l i t y  o f  uranium i s  presented i n  the review of l i g h t  water reactors 
(Section 6A. 1 . 1 . 2 ) .  

A discussion o f  the ava i l -  

4 The estimated U.S. thorium resources by cos t  i s  presented i n  Table 6A.1-15. 
I n  addi t ion,  the a v a i l a b i l i t y  o f  thorium throughout the wor ld i s  presented i n  
Table 6A.1-16. These tables show t h a t  thorium a v a i l a b i l i t y  w i l l  n o t  be a de ter ren t  
t o  the f u l l  u t i l i z a t i o n  of the HTGR concept. For example, the amount o f  thorium 
ava i lab le  i n  Canada as a by-product o f  uranium mining operations alone w i l l  be 
s u f f i c i e n t  t o  fue l  a l l  o f  the HTGRs which w i l l  be b u i l t  i n  the U.S. dur ing 
recycle, t o  fue l  a nuclear power reac tor  economy based predominantly on HTGR 
reactors throughout the per iod  under study i n  t h i s  Statement and w e l l  beyond. 

Inso far  as the ex ten t  o f  helium resources ava i lab le  t o  serve as coolant f o r  gas- 
cooled reactors i s  concerned, the U.S. Government has been s t o r i n g  hel ium processed 
from natura l  gas since 1961.5 This p o l i c y  was terminated i n  e a r l y  1973 by which 
t ime an assured supply o f  about 45 b i l l i o n  ft o f  helium was avai lable.  A U.S. 

6 Bureau of Mines repo r t  states tha t  the  amount o f  helium i n  the "proved" U.S. 

na tura l  gas resources was estimated t o  be 253 b i l l i o n  ft i n  1960, and about 
80% of t h i s  would be economically recoverable w i t h  cur ren t  technology. 
the  helium w i l l  have t o  recovered from leaner na tura l  gas a t  an increased cost. The 
Bureau of Mines repor t  provides estimates o f  the possible a v a i l a b i l i t y  o f  helium i n  
the natural  gas forecast t o  be produced annually i n  the U.S. The helium p o t e n t i a l l y  
ava i lab le  i n  the annual U.S. na tura l  gas production would decl ine from about 20 

3 3 b i l l i o n  ft i n  1975 t o  about 12 b i l l i o n  ft i n  2010 as the na tura l  gas resources 

are depleted. 

3 

3 

However, 

These quant i t ies  could be ava i lab le  from the natural  gas resources 
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Table 6A.1-15 
ESTIMATED u. s. THORIUM R E S O U R C E S ~  

Thousands of Short  Tons of Tho2 

(do l l a r s  per l b  Tho2)  Ass ured Add1 t iona l  Total  
Cutoff cost Reas onably Estimated 

10 
30b 
50b 

65 33 5 400 
200 400 600 

3,200 7,400 10,600 

aSource: Estimates prepared by the I!SAEC, Division o f  Production and Mater ia ls  

bIncl  udes lower c o s t  resources .  
Management, May 1973, 

Table 6A.1-16 
IllORLD THORIUM RESOURCES--$lO/l b Tho2 

( tons T h o 2 )  

Reas on ab 1 y Possible  
Assured Additional Total 

Indiaa b United S t a t e s  
Canada 
Africaa 
Aus t ra l iaa  

Brazi 1 a 
& S.E. Asia 

300,000 250,000 550,000 
65,000 335,000 400,000 

100,000c 155,000 255,000 
50,000 50,000 100,000 
l o  ,000 -- 10,or30 

10,000 20,000 30,000 

TOTAL 535,000 81 0,000 1,345,000 

UNITED STATES 

Lemhi Pass,  Idaho 
& b n t a n a  47,000 335,000 382,000 

P1 acers : 
Southeas tern U .S . 
Idaho IG Mont. (1 1,400) 

(6,600) 

Placers  Total 18,000 -- 18,000 

TOTAL U.S. 65,000 335,000 400,000 

aENEA,  1965. 
bUSAEC Division o f  Production and Mater ia ls  Management, 1973. 
‘Canada, Mineral Bulletin 117, 1971. Mostly by-product of uranium mining. 

Africa includes Central Afr ica ,  South Afr ica ,  and Madagascar. 

Reasonably assured given as over 100,000 tons ; poss ib le  addi t iona l  not aiven. 
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n 
containing more than 0.09% helium a t  an estimated cost  of $80 o r  less  per thousand 
f t  , which is  about two to  three times the current price. 3 

The price of helium has very l i t t l e  e f fec t  on the power-generating cost for helium- 
cooled reactors. A t  the current cost  of about $35 per 1000 ft3, he l ium represents 
0.002 mills/kWhr of the generating cost. 
for  recovery from a i r ) ,  this cost  would increase to  0.06 m i l l ~ / k W h r . ~  Thus  as the 
price of helium rises, there will probably be suff ic ient  helium i n  the U.S. 

natural gas resources to  recover the amounts needed i f  a large national commitment 
to  the HTGR (or  Gas-Cooled Fast Reactor) were t o  occur l a t e r  i n  this century. 

3 A t  $1000 per 1000 f t  (a  cost  estimated 

To p u t  this supply i n  perspective, one 1000-We HTGR will require an i n i t i a l  inven- 
tory of about 2 x 10 standard cubic f e e t  ( s c f ) .  A t  an average helium leakage rate  
of O.l%/day from the coolant system, the plant will need about another 20 x 10 scf 
of gas to  maintain i t s  coolant supply over a 30-year l ifetime. Therefore, the 
t o t a l  h e l i u m  gas reserve i n  storage today, i f  used solely f o r  t h a t  purpose could 
supply about 2000 gas-cooled reactors (HTGRs and GCFRs) o f  1000-MWe size.  
a re ,  of course, other requirements for  the stored helium, so that  a l ternat  ve 
supplies from leaner natural gas , foreign sources , and perhaps air-extract  on 
plants a t  substantially higher ( b u t  presumably acceptable) costs will be 
necessary t o  support an expanded gas-cooled reactor economy. 

6 
6 

There 

6A.1.2.3 Technical Description of the Energy System 

6A.1.2.3.1 Power Generation Plant 

The operating parameters of an 1160-MWe steam cycle power plant now beinq marketed 
are g iven  i n  Table 6A.1-17. 8-10 The most s t r ikinq feature of the HTGR i s  the 
Prestressed Concrete Reactor Vessel (Figure 6A.1-28). The PCRV contains the 
reactor core and enti re primary cool ant sys tem, i ncl u d i  nq  steam generators and 
helium circulators .  
boundary and provides the necessary biological shieldincr. 
a central cylindrical cavity containing the core, surrounded by six cavi t ies  
containing the steam generators and main helium circulators and by three smaller 
cavities containing the auxiliary qas circulators and heat exchanqers. 

The PCRV also serves as the primary coolant system pressure 
The vessel consists of 

The cavities and a l l  penetrations are lined w i t h  welded carbon s t e e l ,  which acts as 
a leak-tight barr ier .  The top head above the central cavity of the PCRV contains a 
number of penetrations that  house control rod drives, the reserve shutdown system, 
and the core or i f ic ing mechanism. When this equipment i s  removed, the fuel i s  
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f\ Table 6A.1-17 

OPERATING PARAMETERS FOR A LARGE HTGR 

Genera 1 
Thermal Power 

E l e c t r i c  Power 

P1 ant  L i  f e  ti me 
Conversion Ratioa 

Reactor 
Fuel, Star tup 

Recycle 
Fuel Form 

Mode r a  t o  r 

Avg. Power Dens1 t y  
Out 1 e t  Tempe r a t  ure 
Temperature Rise across Core 
Fuel Temperature, Avg ./Max. 
Reactor Vessel, Height 
Reactor Vessel, Diameter 

Coolant I n l e t  Pressure 
Vessel Mater ia l  

0 the r Components 

Number o f  C i  r c u l  a t o m  
C i  rcul ator  Speed 

Number o f  Steam Generators 
Steam Conditions 

Pressure 

Temperature 

3000 MWt 

1160 We 
40 years 

0.66 

Th/U235 (93% enriched) 
Th/U235 (93% enriched) / U233 ( recyc le )  

Coated p a r t i c l e s  i n  c y l i n d r i c a l  
bonded rods 

Graphite 
8.4 kW/1 i t e r  

1366OF 
760 O F  

1 6 34 /246 7" F 

20.8 ft 

27.8 ft 

710 ps i  
Pres tressed Concrete 

6 
7050 r p m  

6 

2400 ps i  

950°F 

aThe conversion r a t i o  o f  0.66 shown i n  the tab le  i s  the cur ren t  economic optimum 
f o r  the fue l  cycle. It i s  ad justable upward as uranium pr ices  escalate. 
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handled through these penetrat ions. 
helium p u r i f i c a t i o n  equipment, source range instrumentation, and neutron 
detectors. 

This head a lso  contains we l ls  t h a t  house 

The HTGR uses a U-233/Th fue l  cycle, graphi te f o r  moderation and core s t ruc tu re ,  and 
helium coolant. The reac tor  core consists o f  v e r t i c a l  columns o f  hexagonal graphi te 

blocks supported by a graphi te core support s t ruc tu re .  
regions, each cons is t ing  o f  a cen t ra l  control  rod element column and s i x  surrounding 
fue l  columns. The i n i t i a l  f u e l i n g  consists o f  thorium and 93% enriched uranium p a r t i -  
c les.  
are loaded i n t o  the hexagonal graphi te fue l  blocks. The p a r t i c l e  coatinqs provide 
the primary b a r r i e r  f o r  gaseous f i s s i o n  product re ten t ion .  The p a r t i c l e s  containing 
U-235 are also coated w i th  s i l i c o n  carbide, which acts as a b a r r i e r  f o r  the re ten t i on  
o f  m e t a l l i c  f i s s i o n  products. 
w i l l  be used t o  reduce the requirement f o r  enriched U-235 makeup.” 
components are shown i n  Figure 6A.1-29. 

The core i s  div ided i n t o  

These p a r t i c l e s  are coated w i t h  p y r o l y t i c  carbon and bonded i n t o  rods t h a t  

Later i n  the fue l  cycle, U-233 bred from the thorium 
The HTGR fue l  

Reac t i v i t y  con t ro l  i s  accomplished by means o f  73 pa i r s  o f  control  rods and drives. 

The dr ives are located i n  re fue l i ng  penetrat ions i n  the PCRV and are powered by 
e l e c t r i c  winches t h a t  ra ise  and lower the cont ro l  rods by s tee l  cables, Grav i ta t iona l  
force acts t o  i n s e r t  the cont ro l  rods i n t o  the core fo l low ing  a reac tor  t r i p .  

Each o f  the s i x  primary c i r c u i t s  i n  an 1160-We p lan t  i s  equipped w i t h  a hel ium 
c i r cu la to r .  Each c i r c u l a t o r  consists o f  a sinule-stage ax ia l  f l o w  hel ium compressor 
and a single-stage steam tu rb ine  dr ive.  
steam from the  main turbine. The c i r cu la to rs  are water- lubr icated and have a hel ium 
b u f f e r  seal t ha t  i s  designed t o  prevent hel ium leakage from the  primary coolant o r  
water in-leakage t o  the coolant. 

Mot ive power i s  provided by cold reheat  

Each steam generator consists o f  a s ing le  h e l i c a l  tube bundle arranged i n  an 
annulus o f  a center duct. Helium leaves the core a t  140OOF and enters the  steam 
generator. 

psig. The o u t l e t  f r o m  the reheat sec t ion  i s  1002OF and 550 psig. 
i n  a ne t  p l a n t  e f f i c i e n c y  o f  39%. 

diagrammed i n  Figure 6A.1-30. 

The resu l tan t  steam generator o u t l e t  condit ions are 955OF and 2400 

The power conversion system f o r  the HTGR i s  
This resu l t s  
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6A.1.2.3.2 Fuel Cycle 

The HTGR operates on the thorium-uranium fue l  cycle w i t h  the fuel encased i n  small 

coated spherical pa r t i c l es .  lzYl3 A plutonium fuel cycle could also be used i n  the 
HTGR a1 though the economics favor the thorium-urani um cycle. 

The HTGR fue l  cycle i s  s l i g h t l y  more complicated than the LWR cycle because i t  has 
both uranium and thorium input ;  i t  i s  o f  approximately the same complexity as the 
LMFBR fue l  cycle, which uses plutonium and natural  o r  depleted uranium. 
requirement of over 113 tons o f  U308 per year f o r  a 1000-We HTGR i s  considerably 
below the annual needs o f  an LWR but  i s ,  o f  course, above tha t  f o r  an LMFBR. The 
annual thorium requirement i s  almost 8 tons o f  Tho2, the oxide being the usual form 
o f  thorium i n  the ore. Thorium i s  present i n  some uranium ores i n  Canada. This 
by-product thorium has been accumulating i n  t a i l i n g s  p i l e s  i n  Canada f o r  some t i m e  
w i t h  the r e s u l t  t h a t  the reserves i n  these t a i l i n g s  dumps a r e  thought t o  contain 
about 100,000 tons o f  Tho2. Considering the r e l a t i v e l y  small amount o f  thorium 
required f o r  HTGR operation, the by-product thorium i n  these Canadian t a i l i n g s  p i l e s  
i s  more than enough t o  l a s t  the U.S. HTGR indus t ry  beyond 1990 even if the HTGR 
achieves f u l l  commercial acceptance. 
requirement i s  only about 10% o f  the annual HTGR uranium requirement. 
exp lo i tab le  reserves of Tho2 i n  the U.S. have been estimated a t  400,000 tons. 

The uranium 

Furthermore , the t yp i ca l  annual HTGR thorium 
Economically 

The U308 i s  separated from the ore by processes which were described i n  Section 
6A.1.1.3.3. Thorium oxide i s  m i l l e d  i n  a s i m i l a r  manner; the Rn-220 released 
from the ore enters the m i l l  v e n t i l a t i o n  system. A good f r a c t i o n  o f  the  Rn-220 
would be expected t o  decay before discharge through the stack; the e f f l u e n t  would 
be f i l t e r e d  t o  remove pa r t i cu la te  matter on which decay Products tend t o  co l l ec t .  

The thorium oxide i s  then sent d i r e c t l y  t o  the preparation and fab r i ca t i on  plant,  
wh i le  the U308 goes t o  the conversion p lan t  where i t  i s  converted t o  gaseous UF6 
as i n  the LWR fuel cycle. The gaseous UF6 i s  sent t o  the gaseous d i f fus ion  plant,  
from which the product stream i n  the case o f  the HTGR i s  UF6 w i t h  i t s  uranium 
consist ing o f  approximately 93 w t  % U-235. The t a i l s  stream contains depleted 
uranium having a U-235 concentration the same as the t a i l s  from enrichment f o r  
LWRs. These t a i l i n g s  are stored f o r  possible fu tu re  use. 

Enriching uranium t o  93 w t  X 11-235 f o r  HTGR fuel takes more separative work e f f o r t  

than enr ich ing  uranium t o  only 2 t o  4% U-235 as i s  done f o r  LWRs. However, the 
uranium requirements o f  the HTGR are so much lower than those o f  the LWR t h a t  the 
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annual separative work a t  the enrichment p l a n t  turns o u t  t o  be sliqhtly lower for 
a 1000-We HTGR t h a n  f o r  an LWR of the same size. 

A t  the fabrication plant the three i n p u t  streams of fuel materials are the enriched 
UF6 from the gaseous diffusion plant, the thorium oxide from the mill, and the 
recycled uranium from the reprocessing plant. The recycled uranium is  mainly U-233 

which was converted from thorium during exposure in the reactor core. 
the recycled uranium cuts down on the natural uranium which must be mined and 
enriched to fuel the HTGR.  
U-233 i s  the presence of a small amount of U-232 (72-year half-life) in the 
recycled uranium. The r a p i d  buildup o f  the decay products of U-232 followinq 
purification makes remote, we1 l-shielded fabrication of this uranium a virtual 
necessity. 

The use of 

The most important factor i n  the handlinq of recycled 

The fabricated HTGR fuel will have two types of small spherical particles containing 
oxides o r  carbides of uranium and thorium and will be coated w i t h  pyrolytic carbon. 
The fe r t i l e  particles i n  the recycle mode contain the thorium and recycled uranium. 
The f iss i le  particle contains the enriched uranium (U-235). Fissile particles will 
have an extra inner layer of silicon carbide t o  enhance the retention of fission 
products and allow separation of the particles during reprocessing. 

T h a t  fuel-fabrication processes for the HTGR will be sufficiently different from 
the LWR processes t o  require special or separate facil i t ies i s  evident. 
small quantities of some radionuclides will unavoidably be released t o  the 
environment within s tandards ;  however, the economic incentive t o  recover the 
fuel and the necessity for  remote procedures tend t o  minimize possible releases. 

Very 

The fabricated fuel is then sent t o  the reactor. Following abou t  four years of 
residence time i n  the reactor, the spent fuel will be removed and stored a t  the 
reactor for five months. 
fission products to  decay a t  the reactor s i t e  before shipment and a l so  allows most 
of the protactinium-233 (27-day half-life) t o  ddecay t o  the desired U-233. The 
spent fuel is shipped i n  heavily shielded casks v i a  railroad o r  truck to a 
reprocessing facil i ty t o  recover the remain ing  U-233 and U-235. The spent fuel 
is reprocessed and the recovered uranium i s  sent t o  the fuel-refabrication plant. 
The fission products which are recovered are treated as high-level radioactive 
waste and will be sent to a Federal repository for  safe storage. 

This cooling period allows a significant amount of the 
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The f i s s i l e  and f e r t i l e  p a r t i c l e s  w i l l  be separated a t  an e a r l y  stage o f  reproc- 
essing. 
making use o f  the impenet rab i l i t y  o f  the s i l i c o n  carbide coating which the f i s s i l e  
p a r t i c l e  has and the f e r t i l e  p a r t i c l e  does not. The graphite, which i s  shipped t o  
the reprocessinq p lan t  along w i th  the fuel imbedded i n  it, i s  burned, and the 
burner off-gas i s  f i l t e r e d  and scrubbed before discharge t o  the atmosphere through 
the p l a n t  stack. 
C-13 and by neutron react ion w i t h  N-14). 
from the fuel of a 1000-MWe HTGR may approach 200 Ci/year depending upon the 
concentration o f  N-14 i n  the fue l  elements. Although i t  i s  recognized tha t  the  
dose resu l t i ng  from t h i s  release a t  the s i t e  boundary w i l l  be a func t ion  o f  the 
distance t o  the boundary a t  the spec i f i c  s i t e  chosen f o r  the reprocessing p lan t ,  o f  
the height o f  release, o f  l oca l  atmospheric condit ions, and various other factors,  
the dose from t h i s  release i s  cu r ren t l y  estimated t o  be w e l l  w i t h i n  t h a t  permit ted 
by AEC regulat ions. 

Laboratory studies i nd i ca te  t h a t  t h i s  could be accomplished mainly by 

The off-gas contains C-14 (formed f r o m  neutron absorption by 
The t o t a l  a c t i v i t y  o f  C-14 released 

Other off-gases w i l l  be f i l t e r e d  and treated by various systems before release. 
Discharges t o  the environment from an HTGR reprocessing p lan t  are estimated t o  be 
s i m i l a r  t o  those tha t  are expected dur ing the reprocessing o f  LWR and LMFBR fue ls  
(see Section 4.3). 

The uranium and thorium recovered from the f e r t i l e  pa r t i c l es  are decontaminated and 
separated by several solvent ex t rac t ion  steps. The r e s u l t i n g  p u r i f i e d  uranium i s  
concentrated and shipped t o  the fab r i ca t i on  plant. The recovered thorium w i l l  
probably no t  be used immediately due t o  the r e l a t i v e l y  high concentration o f  
Th-228, whose daughter products emit high energy qamma rad ia t ion .  .Instead, i f  
abundant low-cos t natural  t h o r i  um i s  ava i l  able, the recovered materi  a1 w i  11 be stored 

f o r  possible fu tu re  use. Some thorium may be recycled a f t e r  roughly a 12-year s t o r -  
age period, bu t  t h i s  depends on the p r i ce  o f  f resh thorium and storage costs. The 
uranium i n  the f i s s i l e  pa r t i c l es  may be recovered f o r  reuse i n  the HTGR o r  so ld  i f  the 
economics are favorable. I f  not recovered, t h i s  uranium w i l l  become p a r t  o f  the 
high- level  waste and w i l l  be t reated the same as f i s s i o n  products, t h a t  i s ,  sent 
t o  a Federal reposi tory f o r  safe storage. 

6A.1.2.3.3 Safety Aspects 

The HTGR has a number o f  features which a r e  inherent i n  i t s  design t h a t  give t h i s  
reac tor  concept somewhat d i f fe ren t  sa fe ty  charac ter is t i cs  from e i t h e r  the LWR o r  

the LMFBR. These a re :  
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The large MSS of graphite i n  the core w i t h  i t s  attendant h i q h  heat 
capacity ensures t h a t  any temperature change resul t i n q  from a reactf v i  ty  
insertion o r  loss of cooling will be slow. 
The use of helium gas coolant w i t h  i ts low neutron cross section and low 
density results in the reactivity of the core being insensitive t o  changes 
i n  coolant density. 
The use of the PCRV eliminates the need for external coolant p i p i n g ,  t h u s  
a v o i d i n g  the concerns o f  primary pipe rupture t h a t  are encountered i n  
sodium o r  water-cooled reactors. 
closures and flow limitation devices must be assured. 
The use of coated fuel particles reduces the amount of fission products 
t h a t  would be released from any one fuel failure, as compared t o  those 
which would be released from failure of the metal cladding on a fuel pin 
i n  an LWR or LMFBR. However, coated particle fuel does lead t o  the 
routine presence of some fission products in the coolant stream, due t o  
diffusion through the coatings. The fission product activity level i n  
the coolant must be maintained w i t h i n  specified limits by the helium 
p u r i  f i cation sys tem. 

However, the integrity of vessel 

In addition to these desirable characteristics, the use of graphite introduces the 
problem o f  the reaction of carbon w i t h  any steam t h a t  nay leak into the system as a 
result o f  failure of any of the steam generator tubes. I f  large amounts of steam 
enter the primary system, the reaction could result i n  loss of some of the structural 
graphite and release of any metallic fission products which were deposited on the 
graphite. 
reactor before large quantities of steam enter the system. Other features of the 
HTGR such as the PCRV and gas coolant result i n  different potential accident i n i t i a -  

t i o n  o r  m i t i g a t i o n  mechanisms from other reactor concepts such as the LMFBR or LWR. 
Although safety research f o r  HTGRs is s t i l l  going on ,  as i t  i s  for other reactor types, 
the basic safety of the concept appears well in hand. Larqe HTGRs are now in the 
licensing process; based on experience w i t h  Peach Bottom #1 and the FSVR, i t  i s  
expected t h a t  licensing will proceed, as one migh t  predict a t  this early stage of 
development, w i t h  no major unresolved safety issues expected t o  surface. 

However, moisture monitors i n  the systems are designed t o  shut down the 

6A.1.2.4 Research and I)evelopment Program 

The successful operation o f  the Peach Bottom #1 reactor since 1967 has satis- 
factorily demonstrated the use of the HTGR concept for  power production. 
accomplishment along with the construction and preoperational testinq of the FSVR 
has shown t h a t  further extensive research and development activities are probably 

This 
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not  required f o r  the successful construction and operation o f  the FSVR type and 
s i r e  plant. Safety research i s  under way re la ted  t o  fuel reprocessing and 

refabr icat ion,  t o  reducing design conservatism, and t o  the attainment o f  higher 
o u t l e t  temperatures needed f o r  the d i r e c t  cycle HTGR. The needed research i s  no t  
d i r e c t l y  re la ted  t o  the safety of the plants now being licensed. With respect t o  
HTGR fue l  recycle, processes must be developed t o  reprocess the spent fue l  and t o  
fabr ica te  the recovered U-233 i n t o  coated pa r t i c l es  f o r  re inse r t i on  i n t o  the 
reactor. 

The key problem i n  the reprocessinq o f  the fue l  i s  development o f  a process tha t  

w i l l  permit  separation o f  the f i s s i l e  (U-235) pa r t i c l es  from the kernels containing 
thorium and U-233. As mentioned i n  Section 6A.1.2.3.2, the fuel kernels can be 
separated from the graphite by burning the graphite, and the two type p a r t i c l e s  may 
be separated based on the f a c t  t h a t  the Sic-coated f i s s i l e  p a r t i c l e  w i l l  no t  
d is in tegra te  on burning wh i le  the Th/U-235 p a r t i c l e  w i l l .  The reprocessing steps 
beyond the head-end process (d isso lu t ion  and sol vent ex t rac t )  have been demonstrated 
i n  large-scale f a c i l i t i e s .  

The requirement t o  fabr ica te  the recovered U-233 i n  shielded f a c i l i t i e s ,  because o f  
the presence of U-232 and i t s  daughters and the accompanying high energy gamma radia- 
t i on ,  w i l l  necessitate the development of processes and equipment t o  perform these 
operations. 
t ha t  can be remotely operated and maintained. 
development o f  such equipment bu t  an integrated re fab r i ca t i on  l i n e  has no t  been 
b u i l t .  

The key t o  t h i s  fab r i ca t i on  development i s  construct ion o f  equipment 
Progress has been made i n  the 

Large-scale demonstrations o f  the reprocessing and fab r i ca t i on  technologies i n  
the A E C ' s  Idaho Chemical Processinq Plant and i n  the Thorium Uranium Fuel Cycle 
Development F a c i l i t y  a t  ORNL, respect ively,  have been planned. 

While the research and development programs re la ted  t o  the fue l  cycle are essent ia l  
t o  the commercialization o f  the HTGR, o ther  a c t i v i t i e s  are being car r ied  ou t  t o  
develop a b e t t e r  understanding o f  the reactor system, t o  improve the performance o f  
the system, and t o  provide increased knowledge about i t s  safety charac ter is t i cs .  
Thus, programs a r e  i n  progress t o  improve understanding o f :  the behavior o f  the 
fuel ;  the mechanism o f  the steam-graphite reaction; p late-out o f  f i s s i o n  products 
i n  the primary system; the mechanisms f o r  release o f  f i s s i o n  products; and the high- 

temperature propert ies o f  the PCRV and component materials. 
continuing on the development of fuels which w i l l  have improved f i s s i o n  product 

I n  addi t ion , research i s  
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retention and h i g h e r  temperature capability. Efforts are also on-going t o  develop a 
.I" 
14 direct cycle HTGR which, would use a gas rather than  a< steam turbine. Development 

o f  this la t ter  concept, when combined with dry a i r  heat rejection, would reduce the 
thermal pollution and consumption of water. 
cycle (use of a low-temperature vapor turbine to  use the reject heat to generate 
electricity) has potential for achieving a thermal efficiency of 50%, which would 
further reduce environmental effects and conserve ore resources. The reject heat 
from the gas turbine HTGR could also be economically used fo r  water desalination by 
distillation because the heat i s  rejected a t  the comparatively h i g h  temperature of 
400OF. 

The gas turbine HTGR with a bottominq 

The required research and development proqram fulfSllina all the above objectives 
over the next five years has been estimated in the recent report t o  the President 
entitled "The Nation's Energy Future,"15 t o  cost a b o u t  $164 million. 

6A.1.2.5 Present and Projected Application 

The present use of the HTGR i s  f o r  the generation of electric power. 
the 40-MWe plant (Peach Bottom) has been shutdown recently for decommissioning after 
seven years o f  successful operation. A 330-MWe plant (For t  S t .  Vrain) i s  expected 
t o  go i n t o  full power operation by mid-1975, and six larger plants (two 770-MWe and 
four 1160-MWe) have been ordered, the f i r s t  of which is expected t o  be operational 
i n  1980. A long-range projection3 indicated t h a t  HTGR capacity would be 23,000 We 
by 1985. The recent cancellations and deferrals of HTGR plant orders now indicate 
t h a t  the projection should be revised dawnward t o  a range of 5,000 t o  10,000 MWe by 
t h a t  date. 

As noted earlier,  

Because of the potential for hiqh-temperature operation of the reactor, consideration 
i s  being given i n  the U . S . ,  Europe, and Japan for  usinq the HTGR n o t  only for  power 
generation b u t  as a process heat source. Thus, i f  technology could be developed t o  
permit reactor outlet temperatures i n  excess of 165OoF, the reactor could be used 
for coal gasification; an 1 8 0 O O F  helium temperature would permit use of the reactor 
for steelmaking i f  such temperatures could be accomnodated in the entire system. 
Other process applications such as hydrogen production, heavy oil recovery, and tar 
sands min ing  have also been proposed. I f  successful, they could lead t o  reduced 
consumption o f  some fossil fuels and t o  more efficient utilization o f  others. 

As noted in Section 6A.1.2.4, research and development is under way toward use of 

HTGRs in conjunction with direct-cycle gas turbines and dry cooling towers t o  
possibly lower plant cost ,  b u t  more importantly to  reduce the  need for large 
amounts of evaporative (makeup) cooling water, as currently used by power plants 
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operating on the steam cycle, such as LWRs, LMFBRs, and foss i l - f ue led  plants.  This 
capab i l i t y  may be possible due t o  the higher temperature r e j e c t  heat from the gas 
tu rb ine  cycle as opposed t o  the steam cycle and the compa t ib i l i t y  o f  the gas 
tu rb ine  w i t h  dry cool ing towers. 
the gas tu rb ine  HTGR cou d be i n  operation, w i th  a thermal e f f i c i e n c y  o f  about 36%, 
w i t h i n  the next decade. 
40% eff ic iency avai lable from modem steam cycle plants,  and t h i s  would have t o  be 
taken i n t o  consideration However, estimates have been made o f  e f f i c i enc ies  i n  
excess o f  47% f o r  the gas turbine HTGR i f  i t  were coupled w i th  a bottominq cycle. 

The developer o f  t h i s  system has proposed t h a t  

The 36% e f f i c i e n c y  would be a reduction o f  10% from the 

6A. 1.2.6 Environmental Impacts 

The environmental impacts from an HTGR a r e  gener ica l l y  the same as f o r  o ther  f i s s i o n  
reactors, inc lud ing  the LMFBR. An exception t o  t h i s  statement i s  the amount o f  
uranium ore tha t  must be mined t o  f u e l  each reactor. The HTGR, as i s  the case f o r  
any other converter reactor, w i l l  require more uranium ore than an LMFBR, because 
the HTGR system i s  non-breeding. Whereas the uranium requirements f o r  an LMFBR 

w i l l  be met by using the " t a i l s "  from the d i f f u s i o n  processes, a 1000-MWe HTGR 
w i l l  requ i re  approximately 113 tons o f  na tura l  U308 and 8 tons o f  Tho2 per year. 
I f  a symbiotic power generation system were t o  be developed (see Section 6A.1.4.5) 
wherein a f a s t  breeder such as the GCFR (o r  LMFBR) produces U-233 f o r  use i n  the 
HTGR, uranium makeup needs would be eliminated. 

The use o f  d i rec t -cyc le  helium turbines w i t h  the HTGR has the po ten t ia l  t o  reduce 
the requirements f o r  cool ing water because dry cool ing towers can be used i n  place 
o f  a cool ing pond, wet towers, o r  once-through systems. An advanced d i r e c t  cycle 
system would u t i l i z e  an organic "bottoming" cycle. 
thermal e f f i c ienc ies  approaching 50% can be real ized. The reduced need f o r  cool ing 
water i n  a d i rec t -cyc le  HTGR may p o t e n t i a l l y  be o f  considerable environmental (and 
resource) s igni f icance. Some studies have shown tha t  adequate supplies o f  cool ing 
water f o r  evaporative use by power p lan ts  w i l l  be a problem by the year 1990 t o  
2000. The po ten t ia l  c a p a b i l i t y  of the HTGR t o  a l l e v i a t e  t h i s  problem i s  s i g n i f i -  
cant. I n  addi t ion,  the po ten t i a l  s i t i n g  f l e x i b i l i t y  i n  no t  being dependent on 
large supplies o f  cool ing water would be an important advantage. 

I f  t h i s  system can be developed, 

From the  standpoint o f  rad io log ica l  impact the HTGR o f f e r s  a s i t u a t i o n  s i m i l a r  t o  
a l l  other reactor systems. 
encountered during uranium mining. Natural thorium has only a s ing le  isotope, 
Th-232, which decays w i t h  a h a l f - l i f e  o f  14 b i l l i o n  years. 
chain i s  Rn-220, which i s  gaseous and diffuses i n t o  mine atmospheres although 

The use o f  thorium introduces a problem s i m i l a r  t o  t h a t  

Included i n  the decay 
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i t s  sho r t  h a l f - l i f e  o f  55 sec ind ica tes  t h a t  t h i s  radon isotope has less chance 

fo r  escape t o  the  atmosphere than the Rn-222 (3.8-day h a l f - l i f e )  i n  the U-238 

ser ies.  The daughters o f  Rn-220 are a lso  r e l a t i v e l y  sho r t - l i ved  and inc lude some 
alpha p a r t i c l e  emi t ters ,  which g ive the p r i n c i p a l  dose t o  the lungs. 
mining would be expected t o  have an associated increased resp i ra to ry  cancer r i s k ,  
as has already been discussed f o r  uranium. 

Thus, thorium 

(See Section 6A.1.1.6.2.)* 

T r i t i u m  i s  produced i n  the HTGR by te rnary  f i ss ion  and i s  mostly re ta ined i n  the  
fuel p a r t i c l e s  and the graphi te  matr ix .  
a c t i v a t i o n  react ions w i t h  helium (He-3) and l i t h ium.  

the  main source o f  t r i t i u m  i n  the coolant. The t r i t i u m  i s  removed from the  coolant  

by the  hydrogen g e t t e r  (absorber) u n i t  i n  the  hel ium p u r i f i c a t i o n  system, through 
which a f r a c t i o n  o f  t he  hel ium passes ra the r  than going through the  reac tor .  The 

t i t an ium sponges i n  these g e t t e r  u n i t s  a r e  replaced monthly and a r e  shipped o f f  

s i t e  as s o l i d  waste. The t r i t i u m  release t o  the  environment from a la rge  HTGR i s  
expected t o  be less than 5 Ci lyear .  

T r i t i u m  i s  a lso produced by neutron 

The a c t i v a t i o n  o f  He-3 i s  

The krypton and xenon isotopes w i l l  a lso  be removed from the coolant  i n  the  hel ium 
p u r i f i c a t i o n  system by us ing a low-temperature absorber delay bed. 
being released a f t e r  regeneration o f  the low-temperature delay (mos t l y  l ong - l i ved  

Kr-85 as the  o ther  rad ionucl ides have decayed), the  qas can be b o t t l e d  f o r  o f f s i t e  
disposal or i t  can be returned t o  the primary coolant  system where i t  w i l l  be 

taken ou t  again by the low-temperature absorber. 

krypton can be re ta ined t h i s  way w i t h  the  r e s u l t  t h a t  less than 10 C i  o f  Kr-85 
are expected t o  be released t o  the environment annually a t  a l a rge  HTGR. 

6A.1-31 i s  a diagram o f  the  hel ium p u r i f i c a t i o n  system. L i q u i d  wastes w i l l  be 
accumulated a t  the HTGR from decontamination operations o r  as a r e s u l t  o f  equipment 
f a i l u r e  such as a steam generator tube leak.  Under normal condi t ions the  l i q u i d  

rad ioac t ive  waste i s  expected t o  be about 10 Ci/year. 
devices such as those which are used i n  LWRs w i l l  keep l i q u i d  releases as low as 

prac t icab le .  

Rather than 

The l i f e t i m e  inventory  o f  

Fiqure 

Treatment systems u t i l i z i n g  

16 The rad ioac t ive  l i q u i d  waste system i s  shown i n  Figure 6A.1-32. 

Compared w i t h  the LWR, the HTGR produces a somewhat lower volume o f  s o l i d  wastes t o  

be shipped t o  the Federal repos i to ry  o r  commercial b u r i a l  grounds. 

due t o  the h igher  thermal e f f i c i e n c y  o f  the  reactor ,  the  e l im ina t i on  o f  c ladding 

This i s  mainly 

*Note, however, t h a t  wh i l e  add i t iona l  uranium mining w i l l  be requi red f o r  HTGRs 
and LWRs , none w i l l  be requi red f o r  LMFBRs fo r  many decades. The use o f  a l ready 
mined uranium t a i l s  e l iminates the need f o r  add i t iona l  uranium mininq f o r  LMFBRs 
w e l l  beyond the per iod under considerat ion i n  t h i s  Statement. 
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hulls, and the relatively h igh  amount of thermal energy extracted per unit mass of 
fuel material in the HTGR. The burial w o u n d  area needed t o  store the solid wastes 
from an HTGR has been estimated t o  be abou t  70% of the area needed for  a similarly 
sized PWR. 

iflost of the transportation steps in the HTGR fuel cycle are similar t o  those i n  the 
LWR and LMFBR fuel cycles. One attractive feature of the HTGR cycle i s  that ,  under 
current plans, the reprocessing plant and the fuel-fabrication plant would be 
located a t  the same s i te ,  thereby avoidinp the need for off-site transoortation. 
However, the transportation of the recycled uranium from the fabrication plant t o  
the reactor i n  the HTGR fuel cycle presents special considerations because of the 
relatively rapid buildup of decay products of U-232. 

enriched U-235 as required by HTGRs from the gaseous diffusion plant and fabri- 
cat ion plant presents some special problems, especially w i t h  respect to  safeguards. 
The extra difficulties encountered in these shipments are balanced somewhat by the 
fact t h a t  the HTGR has significantly less material to  be shipped i n  most steps in 
the fuel cycle compared t o  LWRs. 

Also, the shipment of hiqhly 

Table 6A.1-18 summarizes annual datal7 for a 1000-MWe HTGR operating a t  75% p l a n t  
factor, t h a t  i s ,  power p l a n t  and fuel cycle d a t a  corresponding to  the production 
annually of 6.57 billion kilowatt hours of electrical energy. 
discussion of the environmental impacts of the complete HTGR fuel cycle, including 
shipping considerations, i s  provided i n  refs. 18 and 19. 

A more complete 

6A.1.2.7 Costs and Benefits 

6A.1.2.7.1 Costs 

The capital costs for an HTGR will be less  t h a n  those for a comparably sized LMFBR 
due t o  several differences in their engineering design. 
and associated equipment i n  an HTGR would be more costly t h a n  t h a t  of the steel 
pressure vessel i n  an LMFBR, the need f o r  an intermediate heat exchanqer loop i n  
the LMFBR more t h a n  offsets the additional costs o f  the PCRV. An AEC-supported 
study concluded t h a t  the re1 ati  ve costs of other structures , bui 1 dings , and equip- 

industry as t o  affect 

Although the use of a PCRV 

ment for  an HTGR o r  LMFBR will n o t  be so different i n  a mature 
the overall cost differential caused by the two major engineer 
basis for  this conclusion i s  t h a t  there are some areas wherein 
HTGR will be more costly (higher pressure containment b u i l d i n g  
complex fuel storage facil i t ies and radioactive waste building 
be features in which the LMFBR will be more expensive (such as 
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Table 6A.1-18 

ANNUAL EFFECTS OF A 1000-We HTGR AND ITS SUPPORTING FUEL CYCLE 

V i  11 i nq and, Reactor Reprocess1 ng  b 
Mining  Fabricat ion Power P lan t  Transportat ion Tota ls  

6 Conventional Costs (10 $1 
(1980 d o l l a r s )  

Fuel 
P1 a n t  Capi t a l  
Operation and Maintenance 
Rounded Total  

Q, Abatement Costs ( lo6 8 )  
(1980 d o l l a r s )  

0 Cooling Towers 

> 
4 

I 

v1 

4 

Occupational Accidents 

Deaths 
Non-Fatal I n j u r i e s  
Man-Days Lost 

Mining and Mi l l ing  Impacts 

S t r i p  Mining of Uranium 

Ta i l ings  Produced @ Mill 
& Mill Ta i l ings  ( ac re s )  

(103 metric tons)  

1.1 

0.05 
1 . 8  

383 

7.5 

0.003 
0.75 

47 

3.5= 
57 

4.8 

2.4 

0.01 
1 .3  

110 

2.7 1.2 - 
- 43 - 

1.5 15 
57 

4.8 
7.7- 

2.4 

0 -002 0.07 
0.06 3.9 

14 354 

- 3.9 

- 43 

Basis:  6.57 b i l l i o n  kWhr (one yea r  operation @ 75% CF) 



Table 6A.1-18 (cont’d) 

ANNUAL EFFECTS OF A 1000-MWe HTGR AND ITS SUPPORTING FUEL CYCLE 

Mi 11 i ng and, Reactor Reprocessing 
Mining  Fabrication Power Plant Transportation Totals 

Public Accidents i n  Transportation of 
Nuclear Fuels (Excluding exposures t o  
radioacti v i  ty )  

Deaths 
Non-Fatal Injuries 
Man-Days Lost 

Occupational Health 

Miners I Radiation Exposure 

0 ther Occupational 
(miner-workina level month) 

Exposure (man-rads) 

Solid Radioative Waste Disposal 

Volume ( lo2 f t 3 )  
Burial Area (acres)  

Effects a t  the Power Plant 

Thermal Discharge (10” kWt-hr)  
Net destruction of uranium ( m t r i c  tons) 
Net destruction of thorium (metric tons) 

58 

- 
- 

15 

31 
0 .!I6 

300 

22 
0.04 

1.1 
0.3 
0.5 

0.009 0.009 
0.08 0.08 

60 60 

- 58 

12 327 

10 63 
0.26 0.4 

- 1.1 
0.3 
0.5 

- 
- 



Table 6A.1-18 (cont 'd )  

ANNUAL EFFECTS OF A 1000-rwe HTGR AND ITS SUPPORTING FUEL CYCLE 

M i  11 i nq anda Reactor Reprocessing b 
Min ing Fabr ica t ion  Power P lan t  Transpor tat ion Tota ls  

Routine Radioactive Releases t o  the  
Atmosphere (Ci  ) 

H-3 

1-129 
Kr-85 

1-1 31 
Xe-l31m 
Xe-133 

Rn-222 and 220 
CS-1 37 

C-14 
U-232 
U-233 
Tota l  U 
Others 

Routine Radioactive Releases 
t o  Waterways ( C i )  

H-3 
1-129 
1-131 
CS -1 37 
U-232 
U-233 
Tota l  U 
Others 

- 
23 - 
0.4 
0.2 
0.7 - 

- 
9 
4 

14 
0 -01 

16000 16000 
570000 5 70000 

0.0003 0.0003 
3. 3. 

0.002 0.002 - 23 
200 200 
a 0.4 
a 0.2 
20 0.7 

2. 2. 

- 
- - 

350 
0.0002 
0.02 
0.004 - - 
- 
2 

350 
0.0002 
0.02 
0.004 
9 
4 

14 
6 



Table 6A.1-18 (cont 'd) 

ANNUAL EFFECTS OF A 1000-MWe HTGR AND ITS SUPPORTING FUEL CYCLE 

M i  11 i ng and, Reactor Reprocessing b 
Mining Fabr icat ion Power P lan t  Transportat ion Totals 

Populat ion Exposure from 
Routine Releases of Radionuclides 

Global Model : A l l  -Time Cornmi tment, 
Long-Lived Nuclides 

World (whole-body man-rads) 

Kr-85 

Total World 
H-3 

U . S . (who1 e-body man- rads ) 

Kr-85 

Total U.S. 
H-3 

Local Model : Airborne Short-Lived Noble 
Gases and T r i t i u m  

Total  man-rems w i t h i n  50 mi les 

High -Popul a t i  on Assumption 
Medi um-Popul a t i o n  Assumption 
Low-Popul a t i  on Assumption 

256 
21 

12.0 
2.3 

256 
21 rn 

12.0 
2.3 m' 

48 
4.8 
0.69 

aMi l l ing ,  conversion, enrichment, and preparat ion and fabr ica t ion .  
b Inc l  udes a1 1 t ranspor ta t ion  stops. 
%orki  ng cap i ta l  charges. 

- 



primary system service equipment and components and a more complex fuel-handling 
system). Based on current and an t ic ipa ted  designs, the AEC bel ieves tha t  a cap i ta l  
cost  advantage f o r  structures,  bui ld ings,  and equipment cannot be claimed by e f t h e r  
reac tor  system. On the other hand, General Atomic Company bel ieves tha t  the HTGR 

does have a cost  advantage over the LMFBR i n  t h i s  area, as noted i n  t h e i r  l e t t e r  o f  
A p r i l  29, 1974 which provided comments on the Dra f t  Environmental Statement.* 

I n  Section 11 of t h i s  Statement, the r e l a t i v e  cap i ta l  costs i n  $/kWe o f  several 
reac tor  types are compared; i n  1985 these costs would be $419 and $520 f o r  a 
1300-MWe HTGR and LMFBR respect ively.  
i n  the HTGR should prove successful, then the cap i ta l  cost  o f  HTGRs would be 
reduced even f u r t h e r  due t o  the more compact nature o f  t h i s  power conversion 
equipment (e l im ina t ion  o f  the heat t rans fe r  loop i n  conventional HTGRs). Future 
po ten t ia l  engineering changes i n  LMFBR systems, such as the possible e l im ina t ion  
of the need f o r  an intermediate cool ing loop, could also change the cost 
d i f f e r e n t i a l  between HTGRs and LMFBRs i f  implemented. 

I f  the use o f  d i rec t -cyc le  power conversion 

The operating and maintenance costs f o r  an HTGR would also tend t o  be lower than 
those f o r  an LMFBR, as shown i n  Section 11. 
1300-MWe p lan ts  introduced before 1990 are estimated a t  $12.7 m i l l i o n  f o r  an HTGR 
vs $14.5 m i l l i o n  f o r  an LMFBR, both operating a t  80% p lan t  factor. 

The respective annual costs f o r  

With regard t o  fue l  cycle costs, the HTGR i s  obviously less advantageous #an the 
LMFBR as the HTGR does no t  breed new fue l .  
"burner" reactors such as the LWR, the HTGR shows up q u i t e  favorably. This resu l t s  
from the HTGR's operation on the thorium cycle and i t s  r e l a t i v e l y  higher conversion 
r a t i o .  
s ized LWR. The impact o f  t h i s  i s  t h a t  wh i le  a 100% increase i n  U308 costs resu l t s  
i n  an increase o f  about 0.5 mills/kWhr for the LWR, i t  resu l t s  i n  on ly  a 0.3 m i l l s /  
kWhr increase f o r  the HTGR. Thus, i n  the year 2000, the savings t o  #e pub l ic  i f  
ore costs were t o  double, and assuming the HTGR represents a conservative 7% of the  
e l e c t r i c  generating capacity i n  the U.S., would be $112 x 10 when compared t o  the 
LWR. 

However, i n  comparison w i t h  o ther  

U308 ore requirements f o r  a 1000-MWe HTGR a r e  h a l f  those o f  a s i m i l a r l y  

6 

Developmental costs f o r  the HTGR w i l l  be considerably less  than those f o r  the LMFBR. 
The major reactor questions appear t o  have been resolved, and f u r t h e r  development 

w i l l  l i k e l y  be d i rec ted  t o  improvements i n  f u e l  performance, added sa fe ty  

*Comment L e t t e r  34, p. 12. 
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assurance, demonstration of economical fuel reprocessing, and various other fields,  
rather t h a n  t o  the major developmental and prooftesting type of activities s t i l l  
ahead for the LMFBR. 

6A. 1.2.7.2 Benefits 

The main benefit t h a t  may accrue from HTGRs as compared to  LWRs is the siqnificantly 
lower thermal discharge of the HTGR.  
l i q u i d  and qaseous radioactive wastes requiring processing a t  the reactor s i t e ,  
the HTGR i s  expected t o  make control of effluent release relatively simple. 

-- 

Because o f  the small quantities of b o t h  

In a d d i t i o n ,  HTGR operation on the uranium-thorium fuel cycle will help conserve 
uranium and thorium resources by utilizina thorirrm reserves w i t h  h i q h  efficiency. 
Finally, as noted i n  Section 6A.1.2.5, the HTGR's potential for  use w i t h  a direct- 
cycle gas turbine and dry coolina towers could siqnificantlv reduce the need for 
large amounts of makeup cooling water as currently needed by power plants operating 
on the steam cycle. 
Nation's cooling water resources, this Dotential feature of the HTGR could become 
o f  greater significance. 

As growinq power needs draw more and more heavily on the 

6A.1.2.8 Overall Assessment of Role i n  Enerqy Supply 

6A.1.2.8.1 Probable Role Up To Year 2000 

Based on current plans, research and development status, and projections, the 
HTGR i s  expected to  provide approximately 5 t o  6% of the electrical generating 
capacity and about  10% of the nuclear capacity by the year ZOO0.3  These percentages 
are subject t o  change depending upon the success of the f i r s t  larqe HTGRs, the date 
of introduction o f  the LMFBR, the number of manufacturers available t o  provide 
HTGRs, and the relative role of other energy sources. 

6A. 1.2.8.2 Possible Role Beyond Year 2000 

In later years, the HTGR is  expected t o  decrease i n  use because i t ,  like the LWR, i s  
dependent upon enriched U-235 for fuel, and as the costs of ore  and separative work 
increase, the use of any system requiring enriched U-235 will decrease i n  favor of 
a breeder system. 
developed, this consideration would not apply and the use of HTGRs as thorium fuel 
burners m i g h t  continue indefinitely. 

Of course, i f  a symbiotic power qeneration system were t o  be 
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6A.1.3 L i g h t  Water Breeder Reactor 

6A.1.3.1 I n t r o d u c t i o n  

6A.1.3.1.1 General D e s c r i p t i o n  

The l i g h t  water breeder r e a c t o r  (LWBR) u t i l i z e s  the  U-233/Th f u e l  c y c l e  i n  a l i g h t  
water cooled and moderated thermal (slow) neutron spectrum t o  o b t a i n  breeding o f  
nuc lear  f u e l .  I t  i s  one o f  several concepts p o t e n t i a l l y  capable o f  improving t h e  
u t i l i z a t i o n  o f  nuc lear  f u e l  resources over t h a t  c u r r e n t l y  a v a i l a b l e  i n  LWRs. The 
LWBR possesses t h e  added f e a t u r e  o f  us ing proven Lbl‘R technology and i s  compatible 
w i t h  conventional pressur ized water r e a c t o r  p l a n t  designs w i t h o u t  major p l a n t  
mod i f i ca t ions .  1 

To c o n f i r m  the technology o f  t h i s  system, a breeding core ( n e t  50 Mile) f o r  t h e  

pressur ized water r e a c t o r  p l a n t  a t  Shipp ingpor t ,  Pennsylvania has been designed and 
i s  being fabr ica ted .  

environment i n  i t s  c e n t r a l  p o r t i o n  and t o  breed i n  the  e n t i r e  core. 
This  Shippingpor t  core  i s  designed t o  s imulate a l a r g e  core 

6A.1.3.1.2 H i s t o r y  and Status 

The LWBR program, b u i l d i n g  on technology developed i n  t h e  Shippingpor t  p r o j e c t  which 
was begun i n  1953, was i n i t i a t e d  i n  1965. 
breeding core  was provided i n  the  AEC budget f o r  f i s c a l  year  1969.‘ The breeding 

core  and associated hardware needed t o  i n s t a l l  i t  i n  t h e  Shippingpor t  r e a c t o r  vessel 
a r e  being m a n ~ f a c t u r e d . ~ ’ ~  I n s t a l l a t i o n  o f  the  breeding core i n  t h e  Shippingpor t  
r e a c t o r  p l a n t  i s  expected t o  begin i n  l a t e  1975 w i t h  s t a r t  up i n  1976. 

I n i t i a l  funding f o r  t h e  Shippingpor t  

6A.1.3.2 Extent  o f  Energy Resource 

6A.1.3.2.1 

The pr imary energy resource f o r  t h e  LWBR system i s  thorium. 
n a t u r a l  uranium (between 1300 and 3000 tons o f  U308) i s  r e q u i r e d  t o  p rov ide  the  

f i s s i l e  f u e l  needed t o  e s t a b l i s h  an e q u i l i b r i u m  breeding c y c l e  i n  a 1000-Mlde 
p l a n t .  The geographical d i s t r i b u t i o n  o f  b o t h  f u e l s  i s  worldwide, w i t h  major 

reserves i n  both the  Un i ted  States and Canada. In fo rmat ion  on the  d i s t r i b u t i o n  
o f  thor ium and uranium resources i s  prov ided i n  Sections 6A.1.2.2 and 6A.1.1.2, 

respec t ive ly .  
assured reserves o f  thor ium o r e  i s  w e l l  i n  excess o f  t h a t  ob ta inab le  from f o s s i l  

f u e l  r e ~ o u r c e s . ~  The estimated U.S. thor ium reserves according t o  p r i c e  range a r e  

discussed i n  Section 6A.1.2.2, wherein i t  i s  shown t h a t  t h e r e  i s  an ample supply 

of thorium. 

Geographic D i s t r i b u t i o n  and Estimated A v a i l a b i l i t y  

A l i m i t e d  amount o f  

The amount o f  energy p o t e n t i a l l y  ob ta inab le  from t h e  reasonably 
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6A.1.3.3 Technical Description of Energy System 

6A.1.3.3.1 Power Generation Plant 

The plant cycle is  the same as for other pressurized water reactors,  as discussed i n  
Section 6A.1.1.3. The cycle begins w i t h  a nuclear heat source tha t  transfers heat 
t o  the primary coolant (pressurized water a t  approximately 2000 psi)  which i s  then 
circulated t o  heat exchangers. 
from the primary plant t o  the secondary plant where saturated steam i s  formed which, 
i n  t u r n ,  drives the plant turbine generator. 
the primary f luid i s  returned t o  the reactor vessel. 
pressurized ordinary l i g h t  water of h igh  purity and i s  operated i n  i t s  own closed 
system a t  subcooled conditions. 

# 

W i t h i n  these heat exchangers, heat i s  transferred 

After e x i t i n g  from the heat exchangers, 
The primary plant f luid is  

The major primary plant components typically include: 
pressure vessel (Figure 6A.1-33) , and reactor coolant system consisting of typically 
two to four reactor coolant loops each connected i n  parallel  t o  the reactor. 
coolant loop contains a heat exchanger as well as  a pump which circulates  the primary 
coolant i n  tha t  loop. 
loops to  maintain pressure i n  the primary plant system d u r i n g  plant operation. 

the nuclear reactor core, 

Each 

An e lec t r ica l ly  heated pressurizer i s  connected t o  one of the 

The steam produced i n  the secondary side of the heat exchanger is  carried by steam 
l ines  to  the turbine generator u n i t  t o  generate e lectr ical  power for  dis t r ihut ion 
by the u t i l i t y  power transmission system. The turbine exhaust i s  discharged t o  a 
condenser where the unused energy i s  dissipated. 
returned to  the heat exchanger. 

The result ing l iquid i s  then 

A typical fuel module i n  the Shippingport LWBR core contains a central ,  axial ly-  
movable, hexagonal seed and a stationary,  annular, hexagonal blanket (see Figure 
6A.1-34). 
core (see Section 6A.1.3.3.2 below). 
clad fuel rods about 0.3 i n .  i n  diameter. The seed fuel consists of solid thorium 
oxide (Tho2)  pel le ts  containing 0 to  1,6 w t  % U-233 oxide (233U02). The blanket 
fuel rods are  about 0.6 i n .  i n  diameter and the Tho2 pel le ts  contain 0 to  s 3  w t  X 
233U02. The fuel h e i g h t  i n  both the seed and blanket rods i s  8-1/2 f t ,  including 
about 9-in.-long natural thoria (Tho2)  ref lector  blanket regions a t  the t o p  and 
bottom of each rod. 
t o  accommodate f iss ion gas release. 

The Shippingport core will be a breeder core rather than a pre-breeder 
The seed i s  made up  of f u l l  length Zircaloy-4 

The seed and blanket rods also contain gas plenums designed 

n 
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LWBR CORE IN SHIPPINGPORT VESSEL 
Figure 6A.1- 33 
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The nuclear design i s  such t h a t  the more highly loaded seed has a neutron multipli- 
cation factor greater t h a n  1 ,  and the lower loaded blanket has a neutron multiplca- 
tion factor less t h a n  1.  Reactivity i s  controlled by varying the leakage of neutrons 
from the small seed regions in to  the subcritical blanket regions. This variation i s  
achieved by axially positioning the seed section of the module so as t o  change module 
geometry rather t h a n  by using conventional parasitic neutron-absorbing materials. 
W i t h  this method of control, which i s  one of the major features of the seed-blanket 
concept, excess neutrons will be absorbed in fe r t i l e  thorium material and good 
neutron economy can be achieved. 
increased by using partial lengths of natural  t h o r i a  in some of the seed and blanket 
rods. 

The reactivity worth of the movable seed i s  

The design of the LWBR system module evolved from the technology developed in PWR 
( S h i p p i n g p o r t )  Core 1 and Core 2. The control mechanisms used i n  the S h i p p i n g p o r t  
LWBR for reactor control are of the same demonstrated basic design previously used 
for positioning the PWR control elements. The seed fuel assemblies are slowly 
raised t o  increase reactivity and bring the reactor t o  full power. 
down i s  accomplished by lowering the movable seed assemblies. 

Reactor s h u t -  

The Sh ipp ingpor t  core will normally be fueled and defueled by removing complete 
modules after the vessel closure i s  removed. Removal of the seed of an  individual 
module i s  also possible t h r o u g h  a hole i n  the vessel closure after the associated 
control drive mechanism is  removed. 

Surrounding the 12 fuel modules of the Shippingport LWBR core i s  a natural thor ia  
region about  8 i n .  t h i c k  t h a t  serves a s  a reflector b l a n k e t .  T h e  reflector b l a n k e t  

will limit neutron leakage from t5:- core t o  less t h a n  about  0.8% of a l l  neutrons. 
Larger light water breeder cores (1000 MWe) can be designed with leakage of 0.1% 
or less, thereby achieving~even better breeding performance t h a n  i n  the S h i p p i n g p o r t  
LWBR core. 
core assures an unambiguous quantitative determination of breeding within the entire 

1 core. 

Use of this peripheral reflector blanket i n  the small Sh ipp ingpor t  LWBR 

6A.1.3.3.2 Fuel Cycle 

For a large LWBR reactor, init ially f i ss i le  fuel i s  required t o  operate a pre-breeder 
core to  build up the necessary inventory of U-233 by irradiation of thorium. 
enriched U-235 or plutonium could be used. After abou t  ten years o f  pre-breeder core 
operation, sufficient U-233 would be available t o  fuel a breeder core. 
can be operated on the breeding cycle, there would be no further need for enriched 

Either 

Once a core 
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uranium o r  plutonium and t h e  o n l y  makeup m a t e r i a l  requ i red  f o r  t h e  f u e l  cycle'  would 

be thorium. 
usefu l  l i f e  (30 t o  40 years), replacement o f  i t s  e l e c t r i c a l  generat ion capac i ty  

When a p l a n t  opera t ing  on t h i s  breeding c y c l e  reaches the  end o f  i t s  

cou ld  be by a p l a n t  
from t h e  o l d  p l a n t ,  

The LWBR core being 

the  breeding po ten t  

The e q u i l i b r i u m  f u e  

s t a r t e d  up d i r e c t l y  as a breeder us ing  t h e  f i s s i l e  inventory  
w i t h o u t  r e q u i r i n g  f u r t h e r  min ing o r  enrichment o f  uranium. 

b u i l t  f o r  i n s t a l l a t i o n  i n  Shippingpor t  i s  designed t o  c o n f i r m  
a1 o f  t h i s  concept. 

6 

c y c l e  o f  an LWER system i s  s i m i l a r  t o  t h a t  o f  t h e  PWR system. 

The min ing and prepara t ion  invo lves  n a t u r a l  thorium i n  t h e  LWBR system ins tead of 
uranium as i n  a conventional pressur ized water reac tor .  The thor ium i s  sent  
d i r e c t l y  t o  t h e  f u e l  element f a b r i c a t i o n  p o i n t  where i t  i s  added t o  reprocessed 

uranium and thor ium as makeup f o r  t h e  f i ss ioned f u e l  and reprocess ing losses o f  
t h e  prev ious cyc le .  

The r e f a b r i c a t e d  f u e l  elements a r e  then i n s t a l l e d  f o r  another c y c l e  o f  r e a c t o r  power 

operat ion.  A t  t h e  end o f  core l i f e ,  the  fue l  modules a r e  removed and, f o l l o w i n g  a 
r a d i o a c t i v e  c o o l i n g  period, a r e  shipped t o  a f u e l  reprocessing p l a n t .  

I n  the  f u e l  reprocessing p l a n t ,  t h e  thorium, uranium, and f i s s i o n  products a r e  
chemical ly  separated. The reprocessed uranium i s  sent  back t o  t h e  f u e l  element 
f a b r i c a t i o n  p l a n t  t o  be r e f a b r i c a t e d  i n t o  fue l  elements w h i l e  the  f i s s i o n  products 

and r a d i o a c t i v e  wastes a r e  placed i n  appropr ia te  long-term storage (see Sect ion 
6A.1.2.3). 
could be sent  back f o r  r e f a b r i c a t i o n  o r  s to red  f o r  l a t e r  use depending upon the  
resource a v a i l a b i l i t y  and economic s i t u a t i o n  p r e v a i l i n g  a t  t h e  time. 

The reprocessed thorium, which w i l l  con ta in  some r a d i o a c t i v e  Th-228, 

6A.1.3.3.3 Energy Transmission 

The e l e c t r i c a l  power d i s t r i b u t i o n  systeiii associated w i t h  an LWBR nuclear  c e n t r a l  

s t a t i o n  would be s i m i l a r  t o  t h a t  f o r  any o ther  e l e c t r i c i t y  generat ing s t a t i o n .  

6A.1.3.4 Research and Development Program 

Research and development fo r  t h e  LWBR, b u i l d i n g  on t h e  technology developed by the  
Shippingpor t  r e a c t o r  program which s t a r t e d  i n  1953, has been under way s ince  1965. 
Most o f  the necessary research has been completed t o  t h e  p o i n t  where f a b r i c a t i o n  o f  
the Shippinypor t  breeding core i s  c u r r e n t l y  under way toward a 1976 s t a r t  o f  opera- 

t i o n  i n  the Shippingpor t  r e a c t o r  Research and development a t  reduced 
l e v e l s  i s  planned t o  cont inue as necessary t o  support t h e  Shippingpor t  breeding 
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c o r e  o p e r a t i o n  and t o  c o n f i r m  t h a t  breeding a c t u a l l y  occurred.  

i nc luded  as p a r t  o f  t h e  program descr ibed i n  "The N a t i o n ' s  Energy Future.  

Th is  e f f o r t  i s  
I I  7 

For t h e  LWBR t o  proceed beyond t h e  c u r r e n t  Sh ipp ingpor t  breeding c o r e  phase i n t o  
f u l l - s c a l e  commercial use, a d d i t i o n a l  research and development w i l l  be requ i red .  

One area t h a t  w i l l  r e q u i r e  f u r t h e r  development i s  t h e  des ign o f  pre-breeder cores.  
Other areas t h a t  m igh t  r e q u i r e  research and development i n c l u d e  improvement i n  
breeder c o r e  des ign and performance, as w e l l  as ex tens ion  o f  t h e  technology now 

being used i n  t h e  manufacture o f  t h e  Sh ipp ingpor t  breeding c o r e  t o  a l a r g e - s c a l e  
commercial process f o r  r e f a b r i c a t i o n  o f  reprocessed U-233 i n t o  f u e l  elements. 
R e f a b r i c a t i o n  i s  compl icated by t h e  f a c t  t h a t  t h e  r e c y c l e d  f u e l  i s  r a d i o a c t i v e .  
I f  nuc lea r  power i s  t o  be a major  energy source i n  t h e  f u t u r e ,  however, a l l  f i s s i o n  
r e a c t o r  c y c l e s  w i l l  , o f  necess i t y ,  use r e c y c l e d  f u e l .  

6A.1.3.5 Present and Pro jec ted  A p p l i c a t i o n  

6 ~ . i  .3.5.i Cu r ren t  Use 

Al though LWBRs a r e  n o t  y e t  i n  use, t h e  technology has advanced t o  t h e  p o i n t  t h a t ,  as 
noted above, a c o r e  i s  be ing manufactured and w i l l  be used t o  c o n f i r m  t h e  breeding 
c a p a b i l i t y  o f  a U-233/Th-fueled LWBR-type c o r e  i n  an e x i s t i n g  p ressu r i zed  l i g h t  water 

r e a c t o r  p l a n t .  
t h a t  cou ld  p e r m i t  t h e  convers ion o f  ex i -s t ingand f u t u r e  p ressu r i zed  water  r e a c t o r  

p l a n t s  t o  s e l f - s u s t a i n i n g  breeders.  
approach t o  o b t a i n i n g  t h e  h i g h  f u e l  u t i l i z a t i o n  needed t o  make nuc lea r  power f u l f i l l  
i t s  promise o f  p r o v i d i n g  mankind an e s s e n t i a l l y  u n l i m i t e d  energy source. 
approach would avo id  many o f  t h e  t e c h n i c a l  problems assoc ia ted  w i t h  o t h e r  h i g h  f u e l  
u t i 1  i z a t i o n  systems w h i l e  making use o f  h i g h l y  developed 1 i g h t  water  technology. 
performance o f  t h i s  smal l  breeding c o r e  can be e x t r a p o l a t e d  t o  p r e d i c t  t h e  performance 
o f  l a r g e  l i g h t  water  breeder reactors . '  y 3 ' 4  

Successful  complet ion o f  t h i s  program M i l  1 demonstrate technology 

T h i s  convers ion cou ld  t u r n  o u t  t o  be a p r a c t i c a l  

Th i s  

The 

6A.1.3.5.2 P ro jec ted  Use 

Fo l l ow ing  successfu l  o p e r a t i o n  o f  t h e  Sh ipp ingpor t  breeding c o r e  (50 MWe), t h e  n e x t  
s tep i n  e x p l o i t i n g  t h e  p o t e n t i a l  o f  t h e  l i g h t  water  breeder system would be des ign 
and c o n s t r u c t i o n  o f  l a r g e  l i g h t  water breeders (1000 MWe) t h a t  would achieve a h i g h  
degree o f  f u e l  u t i l i z a t i o n  on a long- term basis .  As p r e v i o u s l y  s ta ted,  pre-breeder 
cores would be needed f o r  about t h e  f i r s t  t e n  yea rs  o f  operat ion.  
c y c l e  cores a r e  operat ing,  o n l y  tho r ium would be needed as makeup t o  t h e  f u e l  c y c l e  

and about 50% o f  t h e  tho r ium added would e v e n t u a l l y  be u t i l i z e d  t o  generate power. 

Th is  h i g h  degree o f  f u e l  u t i l i z a t i o n  would rep resen t  a ve ry  s i g n i f i c a n t  i nc rease  

Once t h e  breeding 
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over present  types o f  l i g h t  water power reac tors  which u t i l i z e  o n l y  1 o r  2% ( i n c l u d i n g  

plutonium r e c y c l e  b e n e f i t s )  o f  t h e  energy p o t e n t i a l  o f  t h e  mined uranium. 

6A.1.3.6 Environmental Impacts 

6A.1.3.6.1 Energy Conversion P l a n t  

The environmental impact r e s u l t i n g  from t h e  opera t ion  o f  an LWBR core  i s  e s s e n t i a l l y  
the  same as f o r  a PWR o f  comparable capac i ty  except i n  t h e  f o l l o w i n g  two areas. 
F i r s t ,  the  LWBR r e q u i r e s  s i g n i f i c a n t l y  l e s s  mining, m i l l i n g ,  and enrichment o f  
uranium, and second, t h e  LWBR uses t h e  uranium-thorium f u e l  c y c l e  which produces 
main ly  isotopes o f  uranium r a t h e r  than plutonium. A l l  o ther  aspects w i l l  be about 
the  same a s  would r e s u l t  from opera t ion  of a PWR o f  comparable capac i ty .  

The f u e l  elements i n  the  LWBR c o n s i s t  o f  p e l l e t i z e d  nuc lear  f u e l  m a t e r i a l s  encapsu- 

l a t e d  i n  h i g h - i n t e g r i t y  z i r c a l o y  rods. 
fuel-element design experience gained from years o f  opera t ion  o f  PWR p lan ts .  
a b i l i t y  o f  the  LWBR f u e l  system t o  wi thstand t h e  e f f e c t s  o f  i r r a d i a t i o n  has been 
confirmed from PWR operat ions and extens ive i r r a d i a t i o n  t e s t i n g .  Hence, any re lease 
o f  f i s s i o n  product  a c t i v i t y  t h a t  might  occur i s  expected t o  be about t h e  same f o r  an 
LWBR as t h a t  experienced i n  PWRs (see Sect ion 6A.1.1.6). 

The design o f  these elements u t i l i z e s  the  
The 

A t y p i c a l  LWBR p l a n t  i s  expected t o  p rov ide  th ree  independent containment b a r r i e r s  
between t h e  f i s s i l e  f u e l  and t h e  p l a n t  environment. 
encapsulates the  p e l l e t i z e d  f u e l  mater ia ls ,  ( 2 )  the  w a l l s  o f  the  r e a c t o r  coo lan t  

system, and (3) t h e  conta in ing  s t r u c t u r e  surrounding the  r e a c t o r  p l a n t .  These 
b a r r i e r s  a r e  a l l  designed, fabr ica ted ,  and inspected t o  ensure h i g h  i n t e g r i t y .  
more complete d iscuss ion o f  r e a c t o r  s a f e t y  i s  provided i n  Sect ion 4.2.3.2. 

These a r e  (1) the  c ladd ing  t h a t  

A 

It i s  concluded from the  foregoing d iscuss ion  t h a t  the  i n s t a l l a t i o n  and opera t ion  of 

a l a rge-sca le  LWBR p l a n t  w i l l  have no s i g n i f i c a n t  e f f e c t  on the  q u a l i t y  o f  the  

environment beyond t h a t  o f  a pressur ized water r e a c t o r  nuc lear  c e n t r a l  s t a t i o n  o f  
comparable capac i ty  and w i l l  reduce t h e  environmental impact o f  mining, m i l l i n g ,  and 
enr ich ing  uranium ore. The economic and s o c i a l  impacts would e s s e n t i a l l y  be no d i f -  
f e r e n t  than those r e s u l t i n g  from t h e  i n s t a l l a t i o n  and opera t ion  o f  an o r d i n a r y  

pressur ized water r e a c t o r  p l a n t .  

6A.1.3.6.2 O f f s i t e  Support A c t i v i t i e s  and F a c i l i t i e s  

The LWBR system u t i l i z e s  an i n t e g r a t e d  f u e l  c y c l e  t h a t  invo lves  reprocess ing and 

r e f a b r i c a t i n g  o f  f u e l  m a t e r i a l  as i s  t y p i c a l  of a l l  o t h e r  nuc lear  f u e l  systems. 
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Commercial f a c i l i t i e s  capable o f  f u e l  reprocess ing and r e f a b r i c a t i o n  t o  accommodate 

U-233/Th r e a c t o r  systems would have t o  be prov ided as noted i n  Sec t i on  6A.1.3.4 and 
would have t o  ope ra te  w i t h  minimal e f f e c t  on t h e  environment. 

p l a n t s  w i l l  be r e g u l a t e d  by ve ry  s t r i n g e n t  c r i t e r i a  such as those assoc ia ted  w i t h  

e x i s t i n g  commercial reprocess ing p l a n t s  and w i t h  p lu ton ium r e c y c l e  f a c i l i t i e s .  

The des ign of  these 

6A.1.3.6.3 I r r e v e r s i b l e  and I r r e t r i e v a b l e  Commitments o f  Resources 

The LWBR breeding fue l  c y c l e  i s  based on c o n v e r t i n g  f e r t i l e  t ho r ium t o  f i s s i l e  U-233 

a t  a r a t e  f a s t e r  than U-233 i s  consumed t o  generate power. 
a b l e  commitment o f  resources would be t h e  gradual consumption o f  thor ium. 

decrease i n  t h e  supply  o f  t ho r ium by convers ion t o  and use as a nuc lea r  f u e l  would 
be r e l a t i v e l y  minor  compared w i t h  t h e  a v a i l a b i l i t y  o f  t ho r ium resources, as shown i n  
Sec t i on  6A.1.2.2. Dur ing about t e n  years o f  o p e r a t i o n  o f  t h e  pre-breeder cores,  i t  

i s  est imated t h a t  somewhere between 1300 tons and 3000 tons o f  U308 i s  r e q u i r e d  t o  
p r o v i d e  t h e  f i s s i l e  f u e l  needed f o r  each 1000 Mble o f  genera t i ng  capac i t y .  

Thus, t h e  o n l y  i r r e t r i e v -  
The 

6 

The i n s t a l l a t i o n  and o p e r a t i o n  o f  a l a r g e - s c a l e  LWBR p l a n t  would r e s u l t  i n  no 
i r r e v e r s i b l e  and i r r e t r i e v a b l e  c o m i  tments o f  l o c a l  environmental  resources.  The 

l a n d  occupied by t h e  b u i l d i n g s  and t h e  use o f  source water  t o  r e j e c t  p l a n t  heat  a r e  
t h e  o n l y  impacts on t h e  l o c a l  environment and a r e  r e v e r s i b l e .  
i r r e v e r s i b l e  commitments o f  resources i n c l u d e  t h e  f o l l o w i n g :  

I r r e t r i e v a b l e  and 

(1) 

(2 )  

Q u a n t i t i e s  o f  c o n s t r u c t i o n  m a t e r i a l s  t h a t  cannot  be economical ly  
r e t r i e v e d .  
Spent nuc lea r  f u e l  t h a t  i s  conver ted i n t o  r a d i o a c t i v e  waste m a t e r i a l  
o r  o t h e r  m a t e r i a l s  which become r a d i o a c t i v e .  

6A.1.3.7 Costs and B e n e f i t s  

6A.1.3.7.1 Energy P roduc t i on  Costs 

The energy p roduc t i on  c o s t s  f o r  l a r g e  LWBR r e a c t o r s  based on p resen t  c o s t s  of U308 
a r e  est imated t o  be s l i g h t l y  h i g h e r  than  f o r  p resen t  types of l i g h t  water  r e a c t o r s  

o f  comparable s i ze .  
no rma l l y  broken i n t o  t h r e e  ca tegor ies :  
costs ,  and f u e l  c y c l e  cos ts .  
i t  i s  reasonable t o  assume t h a t  t h e  f i r s t  two ca tegor ies ,  which c o n t r i b u t e  app rox i -  
ma te l y  t w o - t h i r d s  o f  t h e  t o t a l ,  would be t h e  same f o r  an LWBR system and a PWR 

system of t h e  same c a p a c i t y  because they  b o t h  would be a p p l i c a b l e  t o  t h e  same p l a n t .  

The f u e l  c y c l e  c o s t s  (based on p resen t  c o s t s  o f  U308) t h a t  c o n t r i b u t e  t h e  remain ing 

The energy p r o d u c t i o n  c o s t s  o f  a nuc lea r  power system a r e  
c a p i t a l  cos ts ,  o p e r a t i n g  and maintenance 

On t h e  b a s i s  o f  t h e  i n f o r m a t i o n  c u r r e n t l y  a v a i l a b l e ,  
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approximately one- th i rd  a re  higher i n  the LWBR system due t o  the  features necessary n 
t o  achieve breeding and t o  the  use o f  recyc led rad ioac t i ve  f u e l  i n  the  core, 

However, i f  nuclear power i s  t o  be a major energy source i n  the fu tu re ,  a l l  reac tor  
cyc les w i l l  o f  necess i ty  eventual ly  use recyc led fue l .  The d i f f e rence  i n  energy 

production cos t  i s  no t  expected t o  be a b a r r i e r  t o  use o f  LWBR-type nuclear cen t ra l  
s ta t i ons  when o ther  energy resources become l i m i t e d  and the  cos t  o f  U308 increases. 

No v a l i d  q u a n t i t a t i v e  fue l -cyc le  cos t  comparisons o f  l a rge  scale LWBRs and LWRs can 
be made a t  t h i s  time. 
t h a t  o f  LWRs u n t i l  the cos t  o f  U308 increases. 
large-scale LWBR and LWR fue l  performance l i m i t s  and fue l  cyc le  costs, the value o f  

U308 t h a t  would r e s u l t  i n  LWBR fue l - cyc le  costs  being equal t o  LWR fue l - cyc le  costs 
cannot be determined a t  t h i s  time. 

However, the  fue l - cyc le  cos t  o f  LWBRs would be h igher  than 

I n  view o f  the  uncer ta in ty  o f  f u t u r e  

The environmental cos t  of LWBR operat ion would be the  same as fo r  a pressurized water 

reac tor  o f  comparable capaci ty  (as discussed i n  Section 6A.1.1.6) except t 
would requ i re  mining o f  small amounts o f  thorium and much less  uranium, as 

discussed. 

6A.1.3.7.2 Development Costs 

Most o f  the development work associated w i t h  the LWBR system has been comp 

e LWBR 
prev ious ly  

eted as 
discussed above. 
development o f  the  design o f  prebreeder cores. Other areas o f  poss ib le  f u t u r e  
development inc lude improvements i n  breeder core design and performance as we l l  as 
r e f a b r i c a t i n g  techniques f o r  reprocessed thorium and U-233. 

The major foreseeable area o f  f u t u r e  developmental costs would be 

6A.1.3.7.3 Benef i ts  

The major bene f i t  o f  the LWER system i s  the  use of e x i s t i n g  pressurized water reac tor  

technology w i t h  h igh fue l  u t i l i z a t i o n ,  1.e. the  po ten t i a l  t h a t  approximately 50% o f  
the mined thorium could be used t o  generate e l e c t r i c i t y  compared w i t h  on ly  1 o r  2% o f  
the mined uranium i n  present types o f  l i g h t  water reac tors  (PNR o r  BWR i nc lud ing  

plutonium recyc le) .  
a self-sustain, ing LWBR breeding cycle, none would be requi red a f t e r  the ten-year pre- 
breeder per iod f o r  as long as the cyc le  i s  continued. 
t o  higher uranium ore pr ices  on ly  t o  the  ex ten t  t h a t  enriched uranium i s  necessary t o  
fue l  pre-breeders. This system a l so  has the  po ten t i a l  t h a t  i t  can be b a c k f i t  i n t o  
ex i s t i ng  PWR plants ,  thus conver t ing them t o  breeders w i t h  h igher  f u e l  u t i l i z a t i o n .  1,3,4 

Although enriched uranium o r  plutonium i s  requi red t o  es tab l i sh  

This system would be subject  
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6A.1.3.8 Overall Assessment of Role i n  Energy Supply 

6A.1.3.8.1 Probable Role u p  t o  Year 2000 

The probable r o l e  of the LWBR system i n  the world's energy production u p  t o  the year 
2000 is e i the r  as  replacement cores f o r  conventional PHR cores i n  large e l e c t r i c  
generating plants or  as new e l e c t r i c  plants.  
many LWBR systems may have gone through the pre-breeding portion of t h e i r  cycles and 
be operating a s  self-sustaining breeder systems by the end of the century, thereby 
contributing s ign i f i can t ly  to  be t t e r  fuel u t i l i z a t i o n  f o r  the industry. The magni- 
tude  of the energy fract ion produced by t h i s  system will be dependent upon the 
acceptance o f  the LWBR system by the e l e c t r i c  power i n d u s t r y  following operation o f  
the LWBR breeding core a t  Shippingport. 

I f  the LWBR concept proves successful, 

6A.1.3.8.2 

An expanded ro l e  i s  possible f o r  the LWBR system beyond the year 2000. 
dependent upon the growth of e l ec t r i ca l  energy demands and the success o f  development 
and economics of other energy sources. 

Possible Role Beyond Year 2000 

T h i s  role  is  
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6A. 1.4 Gas-Cooled Fast Breeder Reactor 

6A.1.4.1 In t roduc t ion  

6A.1.4.1.1 General Descript ion 

Although most o f  the development work on f a s t  breeder reactors has been devoted t o  
the use o f  l i q u i d  metal coolant, i n t e r e s t  has been expressed f o r  a number o f  years 
i n  'a l te rna t ive  breeder concepts using other coolants. 
i n t e r e s t  has been retained i s  the gas-cooled f a s t  reactor (GCFR).  

One concept i n  which 
1 

The GCFR, as the name implies, uses hel ium a t  high pressure t o  cool the reac tor  
core. The core does no t  contain a moderator, so t h a t  a f a s t  neutron spectrum i s  
maintained and breeding i s  achieved. 
type, w i t h  a l l  major components o f  the primary system contained w i t h i n  a pre- 
stressed concrete reactor vessel (PCRV). 
e n t i r e  hel ium f low system, the independent steam generating loops, and the 
a u x i l i a r y  coo l ing  loops. 
p o t e n t i a l l y  favorable a t t r i bu tes  o f  the GCFR. 

neu t ron ica l l y  transparent, does not become radioact ive,  does no t  change phase, and 
i s  chemically i n e r t .  
l a rge l y  from the good neutronic propert ies o f  the coolant. 

The p lan t  arrangement i s  o f  the " integrated" 

The PCRV contains the reac tor  core, the 

The use o f  helium as the coolant gas leads t o  several 
Helium i s  both o p t i c a l l y  and 

The GCFR has a p o t e n t i a l l y  high breeding r a t i o  r e s u l t i n g  

6A.1.4.1.2 H is to ry  

GCFR development was i n i t i a t e d  i n  November 1963 by the AEC under a contract  w i th  
General Atomic Company (GAC)* t o  inves t iga te  the concept which had evolved from 
e a r l i e r  privately-supported GCFR studies. The AEC-sponsored work ou t l ined  a 
development program tha t  s ta r ted  w i th  the object ive o f  a gas-cooled f a s t  reactor 
experiment o f  50 MWt which was t o  lead t o  a demonstration power p lan t  as a step 
towards a fu l l - sca le  plant.  An outcome o f  the next year o f  AEC-sponsored research 
(1964) was a conceptual design f o r  a reac tor  experiment t h a t  would serve as a t e s t  
bed f o r  fue l  development and would provide experience i n  designing and construct ing 
a special PCRV. 

I n  the period 1965-1968, the AEC and GAC continued studies o f  the GCFR. 
conceptual design f o r  a 1000-We GCFR power p l a n t  was evolved, which featured a 
hor izon ta l  PCRV instead o f  the o r i g i n a l  v e r t i c a l  arranqemnt and also d i f f e r e d  
i n  other important respects f r o m  the o r l g i n a l  concept. 

A 

This e f f o r t  incorporated 

*General Atomic Company formerly was Gu l f  General Atomic and p r i o r  t o  t h a t  the 
General Atomic D iv is ion  o f  General Dynamics Corporation. 
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ideas of the ut i l i ty  companies, particularly as t o  the layout and design o f  the 
nuclear steam supply components from the viewpoint of operation, maintenance, and 
safety. Also, a new design for a reactor experiment was developed t o  reflect 

n 

engineering aspects of the new large-plant design. 
conceptual design prepared by GAC for study by the AEC Fast Breeder Reactor 
Alternate Coolant Task was an extension of the above conceptual design. 
During 1967, to satisfy the needs of the Alternate Coolant Task Force as well as  
to  meet AEC contractual requirements, a Preliminary Development Plan for the GCFR 
was also prepared. 

The 1000-MWe GCFR reference 

5 

The AEC evaluated the GCFR concept i n  1969 and issued "An Evaluation of Gas-Cooled 
Fast Reactors" (Report WASH-1089, April 19691, along w i t h  a companion report, 
"An Evaluation o f  A1 ternate Coolant Fast Breeder Reactors'' (Report WASH-1090, 
April 1969). The results of this study indicated tha t :  

GCFR's are feasible t o  build and operate, and ... the concept has 
the potential o f  p r o v i d i n g  low power costs and h i g h  breeding 
gains. A sizable body of research and development work i s  required 
t o  guarantee safe and reliable operation a t  the design performance 
levels, b u t  the basic feasibility of the concept does n o t  depend 
upon an improbable degree of success i n  the development programs. 
In the components and plant areas, this concept depends t o  a 
considerable degree on the successful development of the HTGR and  
i t s  introduction i n t o  ut i l i ty  systems. 

Evolution of the GCFR concept has continued w i t h  the goal of developing a GCFR 
design t h a t  could take maximum advantage of the development work being performed 
i n  other reactor development programs, specifically the HTGR program, which i s  
developing plant components similar t o  those needed i n  the G C F R ,  and the LMFBR 
program, which uses the identical mixed uranium-plutonium oxide reference fuel 
cycle as the GCFR. These efforts by General Atomic Company have been supported 
i n  pa r t  bo th  by the Atomic Energy Commission and a group of interested electric 
uti 1 i t y  companies. 

Under the ut i l i ty  program, a conceptual reference design for a 300-MWe demonstration 
plant was completed i n  1970. Modifications t o  this design were made i n  1971 and 
1972 to simplify the design t o  bring i t  more i n  line w i t h  applicable HTGR design 
modifications since 1970 and t o  meet specific design o r  safety requirements t h a t  
have been clarified through reviews by AEC Regulation and the Advisory Committee 
on Reactor Safeguards (ACRS).  
a detailed development plant w i t h  associated schedules were completed. 

In 1972, a preliminary plant cost estimate and 
6 

6A. 1-126 



Research and development on the GCFR concept continued i n  1973 and 1974 w i t h  the 
preparation by GAC o f  a detailed program plan for the development of a fuel element 
pressure equalization system (see Section 6A.1.4.3) and completion of irradiation 
experiments i n  the Oak Ridge Research Reactor ( O R R )  on GCFR fuel pins designed t o  
demonstrate "proof-of-principle" of the pressure equalization system. 
of other GCFR fuel pins t o  evaluate their  performance i n  a fast  reactor envi ronment  
(EBR-11) was also begun. A cri t ical  experiments program plan for the physics evalu- 
ation of the proposed 300 MWe GCFR demonstration plant was prepared, ana plans are 
under way t o  construct the init ial  cri t ical  experiment and begin taking measurements 
by early 1975. 

Irradiation 

6A.1.4.1.3 Sta tus  

Research and development are continuing on various elements of GCFR technology, w i t h  
emphasis on fuels and materials development, physics , safety, program planning, 
and surveillance of LMFBR technology applicable t o  GCFRs. 
being carried ou t  i n  a GAC-Argonne National Laboratory-Oak Ridge National Laboratory 
cooperative program supported by the AEC. In the fuel rod irradiation program, bo th  
thermal and fast irradiations are being conducted. 

Fuel development i s  

A Preliminary Safety Report for a 300-MWe demonstration plant has been submitted t o  
AEC Regulation, and several hearinqs have been held w i t h  the ACRS and the ACRS sub- 
committee on the G C F R .  
missions are currently under evaluation. 
schedule a n d  cost estimates are being prepared. 

The issues arising from this report and  supplemental sub- 
The program plan i s  beinq refined, and 

The ut i l i ty  industry continues t o  show interest i n  the GCFR concept. 
7 Review Cornittee reviewed the GCFR demonstration plant program plan 

concluded t h a t  the GCFR continues t o  be a viable, economic alternative to other fast  
reactor types and t h a t  i t s  development should proceed on an orderly basis. 
noted t h a t  a more detailed engineering design should be made t o  allow firmer est i -  
mates of costs and schedules and t o  meet licensing requirements. 
recomnendation, a balance-of-plant design and cost estimate was carried out by 
Bechtel Corporation i n  1973. 
stration plant was completed in mid-1974. 
plant i n  the 700-MWe range has been initiated. 

A Utility 
i n  1972 and 

I t  also 

Based on this 

A complete design report for the 300-MWe GCFR demon- 
Conceptual design work on a demonstration 

In addition t o  U.S .  work on this concept, several foreign groups are actively 

s u p p o r t i n g  research efforts. Core heat transfer and fluid flow studies are being 
Institute f o r  Reactor Research under a cooperative performed a t  the Swiss Federa 
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program w i t h  GAC. 

on GCFR research, and e igh t  companies from Western Europe have associated i n  the 
Gas Breeder Reactor Association t o  conduct re la ted  research. 

The Nuclear Energy Agency i s  supporting a s i g n i f i c a n t  e f f o r t  

6A.1.4.2 Extent o f  Energy Resource 

The GCFR w i l l  use the i den t i ca l  fue l  cycle as the LMFBR.* Consequently, the 
geographical d i s t r i b u t i o n  and estimated a v a i l a b i l i t y  o f  i t s  f ue l  resource (uranium) 
i s  the same as tha t  for  l i g h t  water reactors, as presented i n  Section 6A.1.1.2. As 
noted therein, the status o f  uranium reserves f o r  LWR operation i s  a cause o f  some 
concern and w i l l  require fu r the r  explorat ion and discovery t o  support the indus t ry  
i n  the next century. 
the energy avai lable i n  na tura l  uranium (as opposed t o  1 t o  2% i n  converter reactors) 
and, i n  addit ion, the breeder fue l  cycle cost  i s  much less sens i t i ve  t o  ore cost  than 
i s  the converter reac tor  so tha t  the much more p l e n t i f u l  reserves o f  h igher cost  ore 
can be economically u t i l i z e d .  Moreover, as i n  the case o f  the LMFBR, present and 
projected t a i l s * *  stockpi les accumulated from the uranium enrichment process w i l l  be 
s u f f i c i e n t  t o  provide the uranium requirements o f  the breeders projected t o  be i n  
operation we1 1 i nto  the next century wi thout any addi t ional  urani urn mining required. 
A l l  o f  these considerations p o i n t  t o  the fact t ha t  a fast breeder economy can operate 
f o r  many centuries on ava i lab le  uranium resources. 

Breeder reactors, on the other hand, u t i l i z e  60% o r  more of 

I n  add i t ion  t o  the fue l  requirements, the supply o f  helium i s  a consideration i n  
the growth o f  a GCFR economy although t h i s  f a c t o r  does no t  appear t o  be a l i m i t i n g  
one. This subject i s  discussed i n  Section 6A.1.2.2 on the high-temperature gas- 
cooled reactor (HTGR) . 

6A.1.4.3 Technical Descript ion 

The most complete GCFR p lan t  design prepared i s  t ha t  fo r  a proposed 300-MWe demon- 
s t r a t i o n  plant.' Conceptual designs have also been prepared f o r  1000-MWe commercial 

p lants.  A descr ipt ion o f  the demonstration p lan t  w i t h  emphasis on i t s  nuclear steam 
supply system fol lows. 
temperature steam-turbine pract ice.  

The remainder o f  the p lan t  i s  t yp i ca l  o f  modern high- 

The 300-MWe GCFR demonstration p lan t  includes a reac tor  bui ld ing,  a fue l  service 
bu i ld ing ,  and a turbine bu i ld ing .  The reactor bu i ld ing ,  which contains the PCRV, 

*See Section 6A.1.4.5.2 f o r  discussion on using a thorium blanket i n  the GCFR. 
**Tails--the na tura l  uranium depleted i n  the U-235 isotope which remains a f t e r  the 

gaseous d i f f u s i o n  process has produced the enriched uranium required f o r  LWRs and 
HTGRs . 

n 
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functions also as a secondary containment structure and incl tides the fuel-hand1 i n g  
area and some reactor p p l a n t  process and service systems. 

The entire primary system (see Figure 6A.1-35) i s  contained within the PCRV, which 
eliminates the possibility of rapid depressurization by major d u c t  failure, and thus 
loss-of-coolant problems are restricted mainly t o  those associated w i t h  failure of 
penetration closures. 
secondary containment, structurally-independent flow restrictors are designed i n t o  
each large PCRV penetration closure. 

To limit the maximum rate of depressurization i n t o  the 

The primary coolant system contains three main loops, each with independent steam 
generators and circulators , and three auxi 1 i ary loops for  long-term shutdown 
cooling. Each main loop and auxiliary loop is housed i n  a separate cav i ty  i n  the 
rnulticavity PCRV. The helium coolant, a t  a pressure of about  1250 psia, flows down- 
ward th rough  the core where i t  i s  heated t o  a temperature of 1010°F. The flow i s  also 
downward across the helically coiling tube banks of the once-through steam generators 
t o  acconodate the use of upflow boiling i n  the generators. 
discharge the coolant t o  the reactor inlet plenum a t  a temperature o f  595°F. 

Top-mounted circulators 

The main coolant circulator i s  a single-stage axial compressor driven by a series 
steam turbine in the high-pressure steam line. This arrangement provides the circu- 
lator power (22,300 h p  each), avoids the need for external power sources, and makes 
each main loop as self-contained and independent of the others as possible. 
following shutdown, fission product decay heat ini t ia l ly  provides power f o r  i t s  own 
removal. 
circulators, each driven by a 500-hp electric motor. 

Thus, 

Circulation through backup auxiliary cooling loops i s  provided by centrifugal 

The reactor core contains 118 hexagonal fuel elements and 93 blanket elements. 
elements are supported from a top-mounted g r i d  plate and are clamped t o  the plate 
a t  their cold ends. Each s t a n d a r d  fuel element contains 270 fuel pins and a thermo- 
couple rod. 
stainless-steel cladding about 20 mils thick. 
i s  roughened to increase (double) the heat-transfer coefficient and t h u s  reduce core 
size and f iss i le  inventory. 
of the fuel pins and consist of depleted U02 pellets. 

The 

The fuel pin consists of annuqar (Pu-U)02 pellets w i t h i n  a type-316 
The surface of the fuel p i n  cladding 

Upper and lower axial blankets are contained i n  the ends 

The fuel p i n  design conditions include a maximum mid-cladding temperature of 700°C 
(1292"F), including hot-spot factors. 
100,000 MWd/Te, and the maximum linear r a t i n g  a t  full power is  a conservative 12.5 

The maximum design burnup was chosen t o  be 
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kW/ft .  These design parameters were selected after evaluation of existing irradia- 
t i on  da ta  and are similar t o  values typical of LMFBR demonstration plant. designs. 
A l ist ing of some of the pertinent design characteristics of the GCFR demonstration 
plant i s  given i n  Table 6A.1-19. 

An impor t an t  feature of the G C F R  core design is the fuel element pressure equaliza- 
t i on  system (see Figure 6A.1-36), which differs significantly from current practice 
i n  metal-clad oxide fuel reactor system. The fuel pins are vented t o  equalize the 
internal gas pressure t o  t h a t  of the reactor coolant outside the p i n .  Assuming the 
venting feature perfom i t s  function th roughou t  the fuel pin l i fe ,  there will be 
no stress in the cladding due t o  internal gas pressure d u r i n g  normal operation. If 
internal gas pressure proves t o  be the determining factor i n  the pin failure mecha- 
nism, this feature could provide a basis for  reducing cladding thickness, which would 
lead to an improved breeding r a t i o .  Radiation monitors on the vent lines leading t o  
the helium purification system provide means f o r  detecting and locating any leaks i n  
the fuel pin. 
delay the passage of the volatile and gaseous fission products long enough t o  minimize 
subsequent heat release. 
by a purge gas flow th rough  the grid plate connector i n t o  the lines t o  the helium 
purification systems. 
activity levels, even with leaking fuel rods. 

The fuel elements contain charcoal-filled fission-product t raps  t o  

The f low of vent system gas from the element t raps  i s  swept 

The main reactor coolant loop can be maintained a t  very low 

Reactivity control i s  provided by 27 rods in the control fuel elements, which have 
central channels t o  accomodate the absorber rods. The control-rod drives are 
located above the reactor. 
control rods. S i x  shutdown rids form a backup system capable of independently 
shutting down the reactor from any anticipated operating condi t ion.  

Normal operation of the reactor i s  provided by 21 

The PCRV liner and ducts are protected from neutron irradiation by thermal shielding. 
Around the core, this shielding i s  i n  the form of a replaceable inner layer of shield- 
i n g  blocks surrounded by an annular reg ion  consisting of steel containers fi l led w i t h  
graphite. Cooling of the radial shielding i s  by a small bypass from the inlet  helium. 

The concrete plugs above the steam generators incorporate large central holes for 
circulator installation and smaller surrounding holes fo r  steam pipes. 
generator tube plugging can be done externally; the main penetration closure is 
removed only for complete removal of a steam generator, 

Steam- 

To limit the consequences of a possible penetration closure failure, separate 
secondary containment i s  provided, similar t o  t h a t  proposed for the large comercia1 
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Table 6A.1-19 

GCFR DEMONSTRATION PLANT PERFORMANCE CHARACTERISTICS 

~~ 

Net E l e c t r i c  Power . . . . . . . . . . . . . . . . . . . . . . . . . . .  311 F1W 

Proport ions: 

Fuel Rod Diameter . . . . . . . . . . . . . . . . . . . . . . . . .  0.72 cm 

Coolant Void F rac t i on  . . . . . . . . . . . . . . . . . . . . . . .  0.45 

CoreD iamete r .  . . . . . . . . . . . . . . . . . . . . . . . . .  . 2 0 0 c m  

Core Length . . . . . . . . . . . . . . . . . . . . . . . . . . . .  100 cm 

Reactor Vessel Diameter . . . . . . . . . . . . . . . . . . . . . .  84 ft 

Reactor Vessel Height . . . . . . . . . . . . . . . . . . . . . . .  71 ft 

Operating Conditions: 

Maximum Cladding Hot Spot . . . . . . . . . . . . . . . . . . . . .  700°C 

Pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  85 atm 

Pumping Power (% thermal output )  . . . . . . . . . . . . . . . . .  5% 

Gas i n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  595OF 

Gas ou t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .lOIO°F 

Performance: 

Fuel Rating . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.6 MW/kg 

L inear  Rating, max . . . . . . . . . . . . . . . . . . . . . . . .  12.5 kW/ft 

Overal l  E f f i c i e n c y  . . . . . . . . . . . . . . . . . . . . . . . .  36% 

Conversion Rat io  . . . . . . . . . . .  .' . . . . . . . . . . . . .  1 .33a 

Doubling Time . . . . . . . . . . . . . . . . . . . . . . . . . . .  21 yearsa 

aThese f i gu res  are  f o r  t he  300-MWe demonstration p lan t .  For the  proposed 1000-MWe 
plant ,  the  breeding r a t i o  has been ca lcu la ted  t o  be i n  the  range o f  1.40 t o  1.50, 
and the corresponding doubling t ime i s  8 t o  10 years. 
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HTGRs. 
for core cooling following an accidental primary system depressurization, and i t  
confines fission products t h a t  potentially could be released from the fuel. 

I t  performs two functions: i t  ensures a minimum coolant pressure (Q atm) 

6A.1.4.4 Research and Development Program 

The research and development effort required to b r i n g  the GCFR t o  the status of a 
safe , re1 i able, economical power reactor pl a n t  is  considerable . 
t h a t  require further work are summarized below. A comprehensive research and develop- 
m e n t  program i s  described in ref. 6. The need for  GCFR research i s  also discussed i n  
ref. 9 ,  wherein a $140-million program is proposed over the next five years t o  
provide the required technology. 

The technical areas 

6A.1.4.4.1 Component Development Needs 

While tke development of the GCFR depends t o  a significant degree on the successful 
operation, maintainability, and reliability of the Fort S t .  Vrain reactor and 
future large HTGRs, there are major problem areas unique t o  the GCFR design t h a t  

require development effort and proof-testing, over and above HTGR needs. 

( 4  

Containment of the entire primary coolant system within the PCRV i s  
fundamental t o  the GCFR concept. Additional model testing i s  needed t o  
validate the design a t  the higher GCFR pressure (1250 psi vs 700 psi for 
HTGR) although some of the PCRV development needed for GCFR will be 
accomplished as p a r t  o f  the HTGR development program. 
There are a number of first-of-a-kind components t h a t  represent a siqnifi- 
cant engineering extrapolation from other first-of-a-kind components, some 
of which have yet t o  be designed and built and others which have yet t o  
be proof-tested under actual operating conditions or operated i n  a reactor 
p l a n t .  
and their associated maintenance equipment, need t o  be developed, fabricated, 
and tested along with related development and proof-test facil i t ies.  
Reactor mechanisms, such as control drives, have t o  be operated in h o t  
helium with the a t tendant  problems of lubrication, prevention of self- 
welding, vibration, metallurgical creep, and r a d i a t i o n  damage i n  a fast  
neutron flux environment. I n  this regard, experience with similar HTGR 
components w i  11 be appl i cable. 
Providing spent-fuel cooling d u r i n g  removal from the core and transport t o  
a water storage pool presents a difficult requirement. 
ment i s  influenced by the proposed vented fuel concept. 

These components , i n  particular gas circulators and steam generators 

Such a require- 
Provisions for 
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(5) 

sealing the fuel assembly t o  prevent ingress of water will have to be 
provided prior t o  transport t o  storage. 
Other components requiring first-of-a-kind engineering development and 
proof-testing include the G C F R  refueling system and special reactor 
instrumentation. 
The GCFR core, because of the use of gas cooling with i t s  heat transfer 
limitations, has a large core vo id  fraction t h a t  leads t o  neutron stream- 
i n g  and leakage problems and might introduce problems relating t o  the 
internal shielding of components. The wider coolant channels do have the 
advantage t h a t  problems caused by irradiation-induced metal swelling and 
bowing a r e  reduced. 

6A.1.4.4.2 Fuel and Core Development Needs 

To maximize the benefits to be gained from other ongoing activities, the G C F R  effort 
in . this  category should utilize t o  the extent possible the spin-off technology from 
the large-scale efforts being carried out  under the top priority LMFBR program. 
However, there a're major areas unique t o  the G C F R  concept t h a t  require development. 

( 1 )  Fuel venting introduces a number of questions t h a t  require substantial 
development effort to resolve, including the rate of release of fission 
products from the fuel pellets, their diffusion rate through the length 
of the rod t o  the charcoal traps, the effects of breathing a t  the juncture 
of the fuel assembly vent and the grid which occurs w i t h  changes i n  plant 
load, fission product plateout throughout the vent system, charcoal 
behavior under fas t  flux irradiation, the maintenance of alignment of 
seals under bowing and vibration stresses, and lastly the operation of the 
venting system as a whole under pressure transients with and without 
cladding leaks. Test information on this concept is  being developed, b u t  
much more remains t o  be done before the reliability of vented fuel can be 
established. This work includes a variety of integral in-pile proof tests 
of prototypical fuel subassemblies and assemblies and safety tests relating 
t o  the vented concept, under a range of operating, transient, and shutdown 
conditions . 
The fuel pins proposed for the GCFR are different from those planned for 
LMFBR designs i n  t h a t  they have roughened outer surfaces and are designed 
for venting of fission gases from the fuel pins and assembly. 
roughening may affect the strength of the cladding , and irradiation 
testing is required t o  evaluate such effects. 
While fast  reactor physics methods and fundamental d a t a  developed for the 

( 2 )  

Surface 

( 3 )  
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LMFBR program w i l l  benefit the GCFR program, a d d i t i o n a l  effort i s  required 
t o  meet GCFR needs. 
the presence of steam, which might  be introduced i n t o  the core as a conse- 
quence of a steam generator tube failure. 

( 4 )  There are heat transfer questions to  be resolved as t o  the effects of rod 
spacers, fuel-element box walls, and possible rod bowing. 
the heat transfer over the whole range of flow up t o  full power conditions 
would be required for transient and safety analysis purposes. 
heat transfer work w i t h  respect t o  these questions i s  being carried out  i n  
Swi tzerl and i n  cooperation w i t h  GAC. 
Flow-induced vibra t ion  of the fuel rods and of the fuel element assembly 
i s  a potential problem t o  be overcome, including the effects of seismically 
i nduced 1 oads . 

(6 )  There are questions respecting the behavior of the interfaces a t  the 
spacer/fuel rod and the fuel element/grid i n  the hot helium environment. 

( 7 )  Difficult problems, common t o  any fas t  reactor, are those related t o  
o b t a i n i n g  the desired fuel burnup of 100,000 MWd/Te a n d  coping w i t h  
irradiation-induced swelling and creep f o r  a l l  metal parts i n  the core. 
Much reliable d a t a  are needed i n  these areas. 

Further work i s  needed on reactivity effects due t o  

Knowledge of 

Experimental 

(5)  

6A.1.4.4.3 Safety Needs 

In addition to many of the problems t h a t  have been raised on other reactors a number 
of critical safety questions have been identified for GCFRs. 
safety and licensing have been under way w i t h  AEC Regulation and the ACRS since 1971 
aimed a t  resolution of these questions. 

Discussions of GCFR 

Principal areas of concern are: 

(1)  More detailed assurances, including tes t  d a t a ,  are needed t o  assure t h a t  
adequate reliability of core cooling i n  potential emergency and faulted 
conditions could be provided. 
reliability of the aux i l i a ry  cooling loops need t o  be further analyzed 
and demonstrated. 

S t a r t u p  requirements and adequacy of 

Depressurization of the primary coolant sys tem has been considered as 
the design basis fo r  engineered safeguards i n  the GCFR.  The maximum 
allowable depressurization rate depends on some type of flow-limi t i n g  
devices i n  the large penetrations. This subject i s  being reviewed by 
AEC Regulation t o  assess whether the system design can accommodate the 
proposed depressurization accident. 
provides adequate margin for a more r a p i d  depressurization t h a n  t h a t  
associated w i t h  the design f low- l imi t ing  devices and for combinations 

Assurance i s  needed t h a t  the design 

n 
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( 3 )  

( 4 )  

( 5 )  

(6) 

6A. 1.4.5 

of other fa i lures  occurring simultaneously and/or separately i n  the 
main a n d  auxiliary cooling systems, on three- or two-loop operation. 
Although analysis indicates that  the react ivi ty  chanqe of the core i s  
small and  neqati ve for a1 1 conceivable steam concentrations resul t i n q  
from steam generator tube fai lures ,  additional analyses and c r i t i c a l  
assembly experiments would have t o  be carried o u t  t o  confirm this. 
The use of a core support system i n  which the fuel elements are t ight ly  
clamped a t  one end i n t o  a thick g r i d  plate with no additional radial 
r e s t r a i n t ,  along with the potential deleterious effects  of such 
materials phenomena as r a d i a t i o n  damage and s ta in less  s teel  creep, has 
led t o  detailed questioning by the Regulation Staff and the ACRS on 
the integri ty  of the system and the react ivi ty  effects  under transients 
and earthquakes. These problems need t o  be resolved. 
The adequacy of the proposed protection provided by control system actions 
backed up by two independent shutdown rod systems against anticipated 
transients needs t o  be proven. 
of the consequences o f  fa i lure  of protective action i n  anticipated 
t ransients ,  b u t  these have t o  be analyzed further t o  establish t h e i r  
acceptabi 1 i ty  . 
A design basis accident has n o t  yet  been established which i s  acceptable 
t o  the USAEC Regulation S t a f f .  

Preliminary evaluations have been made 

Present and Projected Application 

6A.1.4.5.1 C u r r e n t  Use 

The GCFR i s  i n  the early stages of development and consequently i s  n o t  i n  current 
use. 
that  are i n  the process of entering the commercial u t i l i t y  market. Also, the G C F R  
uses the sane mixed uranium-plutonium-oxide fuel cycle as the LMFBR. This fuel 
cycle i s  undergoing extensive tes t ing i n  the U . S .  and abroad and is  i n  the process 
of being demonstrated in prototype reactors i n  Europe. 

However, important aspects of G C F R  technology are embodied i n  H T G R  systems 

6A.1.4.5.2 Projected Use 

The GCFR as an al ternat ive f a s t  breeder option to the LMFBR will have s imilar  
u t i l i za t ion  incentives. I t  will exploi t  the same abundant energy resource, uranium, 
have the same environmental advantages vis-a-vis thermal reactors, and have the 
same environmental problems w i t h  respect t o  fission-product containment and control. 
Since the GCFR is i n  a n  e a r l i e r  stage of development, notwithstandinq the benefits 
expected t o  accrue to  i t  from the HTGR and  LMFBR programs, the AEC expects t h a t  
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the GCFR will lag beh ind  the LMFBR i n  date of comnercial introduction. The extent 
of this delay will depend upon the amount of funding applied t o  i t s  development. 
In FY 74 the GCFR research and development e f f o r t  was supported a t  a modest ra te  i n  
excess of $4,000,000 per year (including $2,000,000 per year of AEC support). 

T h i s  ra te  of e f f o r t  will have t o  be heavily increased i f  the GCFR is t o  be intro-  
duced w i t h i n  a decade of the time that  the LMFBR is  expected t o  become commercial. 
Appreciation of the need f o r  acceleration is evidenced by the fact  tha t  an increase 
t o  about $5,000,000 has been proposed for  research on the GCFR for  FY 1975. As men- 
tioned i n  Section 6A.1.4.4, the report ,  "The Nation's Enerqy Future1I9 c a l l s  for  a 
total  of $140,000,000 to  be spent over a five-year period to  develop GCFR technology 
on fuel and reactor core development, physics, c r i t i c a l  assembly t e s t s ,  and safety 
analyses. 

I n  the event tha t  the decision is  made to  pursue a vigorous parallel  breeder program 
w i t h  suf f ic ien t  funding and e f f o r t  s t a r t i n g  about FY 76, the AEC believes t h a t  

commercial introduction of the GCFR migh t  be achieved i n  the l a s t  decade of this 
century. I t  would thereaf ter  compete d i rec t ly  w i t h  the LMFBR and other available 
sources of energy production on a s t r a i g h t  economic basis taking in to  consideration 
the comparative environmental impacts of each option, as well as the relat ive indus- 
t r i a l  resources available t o  meet the demand. 
concept believe that  "an adequately funded GCFR program will b r i n g  the GCFR into the 
marketplace w i t h i n  a few years of the LMFBR,  and cer ta inly not as lonq as a decade 
la te r .  'I* 

Note tha t  proponents of the GCFR 

One ra ther  novel application" of the GCFR proposed by i t s  proponents is the use of 
a thorium blanket i n  a G C F R  t o  produce U-233 for  use as makeup fuel i n  HTGRs. This 
use would make the HTGR independent of the uranium enrichment process f o r  i t s  fuel 
and reduce the separative work** required t o  sustain the nuclear power economy. 
Presumably the GCFR would produce just enough plutonium t o  provide i t s  own fuel supply 
and also produce enough U-233 t o  maintain several HTGRs. 
operation would provide a means f o r  exploit ing thorium resources using uranium- 
plutonium as the driver fuel. T h i s  operation, of course, m i g h t  also be done by using 
the LMFBR w i t h  a thorium blanket although not as effect ively,  because the LMFBR has a 
lower breeding ra t io .  Whether this mode of operation wil l  be preferable t o  d i rec t  
exploitation of the uranium-plutonium fuel cycle w i  11 depend upon system analysis 
studies performed a t  the time a l l  the pertinent data becomes available. 

**"Separative w o r p  is a measure of the work required t o  enrich natural uranium i n  

This symbiotic mode of 

*Comment Letter 34, p .  2 ,  General Atomic Company. 

the gaseous diffusion p1an.t to  the U-235 enrichment needed i n  the reactor. 
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6A.1.4.6 Environmental Impacts 

6A.1 A.6.1 Energy Conversion Plant 

In a l l  important respects the gas-cooled f a s t  reactor will have approximately the 
same environmental impacts as those associated w i t h  the LMFBR. 
GCFR has the identical fuel cycle as  the LMFBR and a similar steam supply system. 
Accordingly, the environmental impacts determined i n  previous sections of t h i s  
study for  the LMFBR a r e  generally applicable t o  the G C F R .  

In par t icular ,  the 

The major difference between the two systems l i e s  w i t h  the coolant. 
helium instead of sodium t o  cool the reactor and transmit heat t o  the steam 
generators. The use of helium as a coolant leads t o  several advantages w i t h  
environmental significance. The m i n i m u m  interaction between the coolant and the 
neutrons leads to  s ignif icant ly  lower radioactivity i n  the coolant system. 
chemical inertness of the gas permits elimination of the intermediate cooling loop 
required by LMFBRs and could simplify operation and maintenance. In addition, the 
environmental consequences of any 1 eakage of coolant are  correspondingly reduced. 
Also, since helium does n o t  become radioactive, i t  does n o t  present a waste 
disposal problem such as encountered w i t h  sodium. 
avoiding the potential safety hazard of sodium f i r e s  which ex is t s  i n  an LMFBR. 

T h e  G C F R  uses 

The 

Nor i s  helium flammable, thereby 

On the other hand, helium i s  not  a good heat t ransfer  medium and therefore h i g h  
coolant pressure and rapid flow i s  required t o  extract  the heat from the reactor 
core. 
potentially threaten overheating of the reactor core and must be carefully guarded 
against. To assure coolant flow, the r e l i a b i l i t y  of the forced circulat ion system 
must be very high and greater reliance must be placed i n  the GCFR on the auxiliary 
cooling system, i n  contrast ,  for  example, t o  the HTGR which has a h i g h  heat 
capacity graphite-moderated core. 
zation accidents are minipized by several safety features inherent i n  or specif ical ly  
added to the PCRV f o r  t h i s  purpose. However, i n  the unlikely event tha t  one of 
these accidents shou ld  occur, a gas coolant does not offer  any s ignif icant  natural 
convection cooling, which i s  one of the a t t r a c t i v e  features of sodium. 

Any interruptions t o  the circulator  flow o r  any depressurization incidents 

The possible occurrence and extent of depressuri- 

Another substantive difference between the GCFR and the LMFBR which may have 
environmental significance i s  the planned use of vented fuel assemblies for  the 
GCFR. Vented fue l ,  a1 though advantageous for  the several technical reasons 
described i n  Section 6A.1.4.3, eliminates the noble gas fission-product contain- 
ment feature regarded as an important advantage o f  non-vented fue l ,  w i t h  i t s  
attendant imp1 ications on other plant character is t ics  such as maintenance and 
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fuel handling. 
fission-product handling problem from the reprocessing plant to the reactor site, 
One result of the use of vented fuel is that irradiated fuel elements could be 
shipped at lower internal pressures and lower fission product inventory, a1 though 
at the expense of making provisions for sealing the vented fuel assemblies. 

This feature effectively transfers the bulk of the noble gas 

Since the GCFR is significantly behind the LMFBR with respect to its development, 
there is no certainty that it will be able to reach the same thermal efficiency as 
the LMFBR. If it does not, then it will require slightly more cooling water than 
the LMFBR, which, depending on the method of heat dissipation selected, might 
result in a somewhat larger cooling tower, a higher AT in once-through cooling 
water, or a larger cooling pond. 

Other aspects of environmental concern of the GCFR appear to be equivalent to those 
for the LMFBR--land usage, need for and type of electrical transmission lines, size 
of operating crew, extremely low permissible level of gaseous radioactivity release, 
and the low probability of occurrence of accidents. 

6A.1.4.6.2 Offsite Support Activities and Facilities 

Since the associated offsite support activities and facilities of the GCFR, insofar 
as the environment is concerned, are essentially similar to the LMFBR (with the 
exceptions noted above), its environmental impacts on flora and fauna, its 
aesthetic, recreational and cultural impacts, and its economic and social impacts 
should be essentially the same as those encountered with the LMFBR as discussed in 
previous sections. 
or commercial introduction of the GCFR will likely be based more on technical and 
economic reasons than on environmental characteristics. 

Thus, any decisions eventually reached as to further development 

6A.1.4.6.3 Irreversible and Irretrievable Commitment of Resources 

Since the GCFR operates on the same fuel cycle as the LMFBR with essentially the 
same characteristics, the commitment o f  fuel resources for the GCFR is almost 
identical to the LMFBR. In fact, in either system little if any additional fuel 
resources are required beyond those already committed to the LWR program. The 
plutonium required to fuel the GCFR core would be provided from that produced as a 
by-product of LWR operation, and the uranium needed for the mixed-oxide fuel, and 
the blanket would be provided from the huge supply of diffusion plant "tails," 
which will be sufficient to meet projected demand for many decades. 
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Since the GCFR i s  a breeder, i t  would produce more plutonium t h a n  i t  would consume 
and therefore be a net producer of an  energy resource. 
a corresponding decrease i n  the,supply of natural uranium, b u t  on the breeder cycle 
there would be sufficient uranium t o  maintain the electric power generating economy 
for many centuries. 

Of course, there would be 

As,noted, discussion of helium gas resources i s  provided in Section 6A.1.2.2. The 
makeup requirements of 20 x 10 scf over the 30-year l i fe  of one 1000-i4We HTGR,  
when multiplied by the number o f  gas-cooled reactors estimated t o  be in service i n  
the year 2020 (see Section 11, Figures 11.2-1 and 11.2-2), represents a siqnificant 
fraction of currently available helium reserves. Action should therefore be taken 
t o  assure t h a t  sufficient reserves would be available (such as t .hrough alternative 
helium production methods) a n d  t o  decrease the gas leakage rate so t h a t  helium- 
cooled reactors are not limited by helium supplies from providinq a significant 
p a r t  of the Nation’s future nuclear power qenerating capacity. 

6 

6A. 1 .4.7 Costs and Benefits 

The costs and benefits of the GCFR should parallel very closely those expected from 
development of the LMFBR, which are discussed in detail in Section 11. 
similarity i s  so because o f  the similarity in purpose, function, fuel cycle, and 
operation. The major difference other than  plant design between the two systems 
is one of timing, with the LMFBR expected by the AEC t o  become commerci a1 ly 
available abou t  a decade before the G C F R ;  however, as noted in Section 6A.1.4.5.2, 
proponents of the GCFR bel ieve t h a t  i f  i t  i s  adequately funded, the GCFR could 
i nstead be commercial ly avail ab le  wi thin a few years of the LMFBR. The difference 
in timing between the AEC estimates and t h a t  o f  the chief proponent ,  GAC, reflects 
a fundamental difference in research and development philosophy. This difference 
i s  further reflected in widely different estimates of the cost of .developing a 
commercially viable reactor system. The basis of the difference i n  philosophy 
l ies  in the GAC belief t h a t  sufficient d a t a  will be developed from the HTGR and 
LMFBR programs, along with a specific government-supported G C F R  research program 
of relatively modest scope (% $140 million), t o  proceed directly t o  the construction 
o f  a 300-MWt (or  larger) demonstration plant and from t h a t  p o i n t  t o  proceed 
directly t o  full-scale (1500-MWe) commercial reactor plants. The total cost of 
development of the GCFR t o  the p o i n t  o f  commercial use i s  estimated by GAC t o  be 
10 t o  20% of the cost estimated by the AEC ($4 .5  billion).* 

This 

*Comment Letter 34, p.  2 ,  General Atomic Company. 
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GAC is considering a development approach for the GCFR t h a t  by-passes the inter- 
mediate steps of constructing reactor experiments which were considered essential 
for  the LWR, HTGR,  and LMFBR programs. Consequently, the development cost of the 
GCFR-consists of only the cost of the research and development and construction 
associated w i t h  the f i r s t  demonstration plant. GAC states, 

"The cost o f  the 300-Mwe GCFR Demonstration' P l a n t ,  based on 1973 dollars, 
including R&D for the Demonstration P l a n t ,  excluding escalation, interest 
d u r i n g  construction, and owner's cost has been estimated a t  somewhat 
less t h a n  $500 million."* 

The approach recommended by GAC i s  believed by the AEC t o  be one having higher 
risks t h a n  the usual approach t h a t  the AEC has followed i n  i t s  reactor development 
programs o f  proceeding t h r o u g h  a series o f  test  and smaller scale demonstration 
reactors t o  a reactor of commercial size. 

The Atomic Energy Cornissfon estimate o f  cost i s  based upon p rev ious  experience 
w i t h  other nuclear reactor programs such as the light water reactor which also 
depended heavily upon technology developed i n  a previous program, the Naval 
Reactors Program, and upon i t s  experience t o  date w i t h  the LMFBR program which 
has had the benefit of many years o f  sodium reactor technology developed i n  other 
programs bo th  i n  the United States and abroad. 
two approaches can be sumnarized as follows: 
course of action f o r  the f i r s t  GCFR would be the construction of a reactor experi- 
ment o f  modest size (100 t o  200 M W t )  t o  tes t  the operability, safety, and reliability, 
of the concept. 
meaningful information because components and other characteris tics of the 
experiment would n o t  be typica l  of full-scale commercial plants. 

The major difference between the 
the AEC believes t h a t  a prudent 

GAC feels t h a t  an experiment of t h a t  size would not provide 

The AEC believes t h a t  cost estlmations made i n  the early stages o f  a research and 
development program have historically proven t o  be too low. This i s  particularly 
the case where first-of-a-kind large-scale facil i t ies and demonstration reactors 
are concerned. The AEC i s  of Ehe op in ion  t h a t  the research and development effort 
involved i n  the GCFR program and the construction of a GCFR demonstration plant i n  
the absence of experience i n  construction and operation of a gas-cooled fast  
reactor will be even more susceptible t o  cost uncertainty, 

Although there a r e  other differences i n  approach i n v o l v i n g  number and complexity o f  

%Comment Letter - 34, Attachment, p. 4. 

n 

6A. 1 -1 42 



faci l i t ies ,  the two major conflicts noted above account for most of the differences 
i n  cost and schedule estimates . 

Referring back t o  the difference i n  t iming  between LMFBR and GCFR availability as 
estimated by the AEC,  the consequences of this difference can be illustrated i f  one 
makes the assumption t h a t  the LMFBR does not  materialize as a commercial power 
generation system and t h a t  the burden of providing the electrical generating capaci ty  
d u r i n g  the ten-year delay until the GCFR would become commercially available is  
relegated t o  fossil-fueled, LWR, and HTGR power plants. 
an increased need not only f o r  fossil fuels b u t  also for enriched uranium t o  fuel 
the converter (non-breeder) reactors. 
requirement can be expressed i n  terms of separative work demand, which i s  a measure 
of the requirement for diffusion plant capacity. The increased demand for enriched 
uranium would translate into an increase i n  separative work demand of about  65 metric 
kilotons/year.” 
installed diffusion plant capacity in the United States today. 

In t h a t  case there would be 

The extent of this increased enriched uranium 

T h i s  increase in demand i s  approximately four times the total 

To provide this additional enriched uranium, about  1.2 million metric tons of 
additional U308 would have t o  be mined through the year 2020.11 I f  one assumes 
an average ore grade of 0.2%, this effort would translate t o  600 million metric 
tons of additional ore t h a t  would have t o  be mined. 

As discussed in Section 6A.1.4.6, in nearly all other respects the environmental 
impacts of the LMFBR and the G C F R  are similar. 
almost the same so t h a t  waste heat effects should be similar. 
from t h e  p l a n t s  r e l a t i v e  to t h e  o p e r a t i o n  and  maintenance of their steam condensing 
systems would also be .approximately the same. 

Their thermal efficiencies are 
Chemical effluents 

The environmental impacts associated with irradiated fuel processing and transpor- 
tation of the fuel should be similar since the same fuel i s  used i n  b o t h  reactor 
systems. However, the use of vented fuel in the GCFR would decrease bo th  the 
inventory of stored fission products and the internal pressure in the fuel pins as 
they are transported t o  the reprocessing plant, because the volatile gases would 
be partially removed d u r i n g  operation in the reactor. 
venting transfers t h a t  por t ion  of the radioactive waste problem from spent-fuel 
transportation and the reprocessing facil i ty t o  the reactor s i t e  where the removed 
fission-product gases must be s to red  and eventually transported t o  a radioactive- 
waste depository s i te .  

As mentioned earlier,  this 
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Releases of radioactive gases from either reactor system t o  the environment d u r i n g  
operation will be negligible. The environmental impacts associated w i t h  con- 
struction of the generating plants and the transmission line systems should be 
identical . 

The GCFR, of course, will not  have the environmental problem of dealinq w i t h  the 
contaminated sodium remaining after decommissioning of an LMFBR a1 t h o u g h  this 
problem migh t  be resolved by decontaminating the sodium t o  the degree desired 
and reusing i t .  

The reason for proceeding w i t h  the costly development of either the LMFBR or the 
G C F R  i s  t o  provide the Nation w i t h  a new form of electric energy production t h a t  
i s  environmentally acceptable and t h a t  enlarges our energy resource base signifi- 
cantly. In these respects both  LMFBR and GCFR have similar advantages. 
reactors extend our economical ly useful urani um resources from decades t o  many 
centuries w i t h  minimal environmental impacts; however, the necessity for long-term 
storage of radioactive wastes may impose a continuing requirement on future 
generations. 

Both 

The GCFR i s  expected t o  have a superior breeding ratio as compared w i t h  the LMFBR. 
This advantage would result i n  shorter doubl ing times for the GCFR i f  the specific 
power and fuel inventory of the two systems were similar. Some penalty i n  specific 
power i n  a GCFR relative t o  an LMFBR i s  expected due t o  the poorer heat removal 
capability of  helium. 
for  this loss for there t o  be an improvement in doubling time. The potentially 
better doubling time for the GCFR could give i t  an advantage over the LMFBR as a 
"fuel factory," i f  the concept of symbiosis w i t h  HTGRs i s  pursued, because a GCFR 
would be able t o  service more HTGRs t h a n  an LMFBR would. 
doubling times of each concept w i t h  respect t o  the doubling time for electrical 
generating capacity demand, there might or migh t  not be an advantage for the GCFR. 
T h a t  i s ,  if  the doubling time for the GCFR were shorter than the doubling time for 
electrical generating capacity and the doubling time of the LMFBR were longer, then 
the GCFR could meet the required demand while the LMFBR could not. 
hand i f  the doubling times of bo th  systems were shorter t h a n  the doubling time for 
electrical generating capacity, then there would be no advantage for either system 
from t h a t  standpoint . 

The improved GCFR breeding r a t i o  must more t han  compensate 

Depending upon the relative 

On the other 

One final possible benefit of the GCFR as opposed t o  the LMFBR migh t  be mentioned. 
Because the G C F R  does not use sodium as the coolant, i t  does not require an inter- 
mediate heat exchanger system and other equipment associated w i t h  the special 
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handling of sodium. 
therefore m i g h t  make i t s  capital  cost somewhat less  expensive. On the other hand 
the higher pressure a t  which the G C F R  operates, the large blowers and circulators  
required, and the massive PCRV add to  GCFR costs.  
capital  costs a t  th i s  time i s  d i f f i c u l t  since the G C F R  i s  only i n  the ear ly  
development stages,  b u t  the presumption m i g h t  be made t h a t  the GCFR may have 
somewhat lower capital  costs.  

T h i s  f a c t  makes the GCFR somewhat simpler i n  design and 

To make judgments on relat ive 

In sumnary, a cost-benefit analysis of the GCFR yields  conclusions essent ia l ly  
similar t o  those for  the LMFBR w i t h  the following exceptions. 
introduction in to  the e l e c t r i c  power economy, the G C F R  would require the m i n i n g  of 
a s ignif icant ly  larger quantity of uranium ore t o  maintain the converter reactors.  
In addition, although the GCFR does n o t  have t o  contend w i t h  the operational 
consequences of using sodium as the coolant, i t  must deal w i t h  the poorer qual i t ies  
of helium as a coolant w i t h  the precautions necessary t o  avoid loss of coolant. 

Due t o  i t s  l a t e r  

6A.1.4.8 Overall Assessment of Role i n  Energy Supply 

6A.1.4.8.1 

The AEC believes tha t  the GCFR may n o t  be ready for  comnercial introduction i n t o  
the e l e c t r i c  u t i l i t y  system much before the end of this century even i f  the decision 
is made t o  proceed w i t h  a ful l -scale  research and development program tha t  success- 
fu l ly  achieves i t s  goals. 
The successful introduction of the GCFR i n  the l a s t  decade of this century would have 
an impact on future  planning and trends which would begin t o  become apparent i n  the 
1990's i n  the form of changed rat ios  of orders and commitments f o r  the mix of power 
plants to. be b u i l t  i n  the years beyond 2000. 

Probable Role up t o  Year 2000 

Consequently, i t s  role up t o  the year 2000 will  be minimal. 

6A.1.4.8.2 Possible Role Beyond Year 2000 

The ro le  of the GCFR beyond the year 2000 i s  clouded, as is  the case for  a l l  other 
systems, by the uncertainties of determining the extent of success achieved by 
other competing power technologies. When , and t o  what extent , w i  11 control led 
thermonuclear fusion systems be available? What role  will  so la r  power play? Will 
the LMFBR be viable? What will  the competing costs of each system be? An almost 
i n f i n i t e  variety of scenarios migh t  be composed. 

Restricting the poss ib i l i t i es  t o  one example, i f  only breeder reactors prove t o  be 
economically feasible  energy production systems, suf f ic ien t  energy resources will  
be available f o r  many centuries a f t e r  the year 2000. Without a breeder reactor-- 
LElFBR, G C F R ,  o r  both--converter reactor fuel prices will follow an inexorably 
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9 rising curve similar t o  t h a t  now being experienced by fossil-fueled power plants 
as low-cost, easily extracted uranium ores are used u p .  Thus, inevitably our 
energy usage would be severely restricted by the need t o  burn  increasingly scarce 
and more expensive fuels. Because breeder reactor pow@ generation costs are very 
insensitive t o  uranium costs and the breeder increases utilization of the eneray 
inherent in uranium by factors of about 30 t o  50, the combined effect of increased 
utilization and ability t o  use very expensive ores without undue penalty in 
economic costs provides a vast energy resource base restricted ultimately only by 
the environmental considerations associated w i t h  mining very low-grade ores. 
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6A. 1.5 Mol t e n  Sal t Breeder Reactor 

6A. 1.5.1 I n t r o d u c t i o n  

The molten s a l t  breeder  r e a c t o r  (YSBR)  concept i s  based on use o f  a c i r c u l a t i n g  

f l u i d  f u e l  r e a c t o r  coupled w i t h  o n - l i n e  cont inuous fue l  processing. As c u r r e n t l y  
env is ioned,  i t  would operate as a thermal spectrum r e a c t o r  system u t i l i z i n g  a 

thor ium-urani  um f u e l  cyc le .  Thus, t h e  concept would o f f e r  t h e  p o t e n t i a l  f o r  

broadened u t i l i z a t i o n  o f  t he  Na t ion ' s  n a t u r a l  resources through opera t i on  o f  a 

breeder  system employing another f e r t i l e  m a t e r i a l  ( t h o r i u m  i n s t e a d  o f  uranium). 

6A.1 .5.1 .1 H i s t o r y  

The development o f  mol ten s a l t  r e a c t o r s  began i n  t h e  l a t e  1940's as p a r t  o f  t h e  

U.S. A i r c r a f t  Pluclear Propuls ion (AMP) Proqram. Subsequently, t h e  A i r c r a f t  Reactor 

Experiment (ARE)  was b u i l t  a t  Oak Ridge, and i n  1954, i t  was operated s u c c e s s f u l l y  

f o r  n i n e  days a t  power l e v e l s  up t o  2.5 MWt and f u e l  o u t l e t  temperatures up t o  

1580°F. 
( NaF) , and z i  r c o n i  urn t e t r a f  1 u o r i  de ( ZrF4).  

t he  p i  p i  nn and vessel were cons t ruc ted  o f  Inconel .  

The ARE f u e l  was a m ix tu re  o f  uranium t e t r a f l o u r i d e  ( I IF8) ,  sod ium- f l uo r ide  
The moderator was b e r y l  1 i um o x i  de and 

I n  1956, Oak Ridqe Na t iona l  Laboratory  (ORHL) beqan t o  s tudy mol ten s a l t  r e a c t o r s  

f o r  use as c e n t r a l  s t a t i o n  conver ters  and breeders.  These s t u d i e s  concluded t h a t  

graphi  te-moderated, thermal spectrum r e a c t o r s  o p e r a t i n g  on a thor ium-uranium c y c l e  

were most a t t r a c t i v e  f o r  economic power product ion.  

t h a t  t ime, a t w o - f l u i d  r e a c t o r ,  i n  which the f e r t i l e  and f i s s i l e  s a l t s  were k e p t  

separate,  was thought  t o  be r e q u i r e d  i n  o rde r  t o  have a breeder  system. 

s i n g l e - f l u i d  r e a c t o r ,  w h i l e  n o t  a breeder, appeared s imp le r  i n  desiqn and a l s o  

seemed t o  have t h e  p o t e n t i a l  f o r  low power costs .  

Based on the  technoloqy a t  

The 

' h e r  the  n e x t  few years,  IIRrLIL cont inued t o  study bo th  the  t w o - f l u i d  and s i n q l e -  

f l u i d  concepts, and i n  1960 the  design o f  t h e  s i n g l e - f l u i d  8-PlYt Ixlolten S a l t  

Reactor Experiment ( ' ISRE) was bequn. 

s u c c e s s f u l l y  d u r i n q  the p e r i o d  1965 t o  1365. 

The FISRF was completed i n  1965 and operated 

Concurrent w i t h  t h e  c o n s t r u c t i o n  o f  t he  ' I W E ,  qR'IL pprformed research and develoD- 
rnent on means f o r  process ins mol ten s a l t  f u e l s .  I n  1°67 new d i scove r ies  were made 

which suqqested t b a t  a s i n a l c - f l u i d  r e a c t o r  cou ld  be com3ined w i t h  cont inuous 

o n - l i n e  f u e l  process ing t o  become a breeder  system. 

design problems of the t w o - f l u i d  concept and the  l abo ra to ry -sca le  development of  

processes t h a t  would p e r m i t  o n - l i n e  reprocessinq, OR'IL determined t h a t  a s h i f t  

Because o f  t h e  cechanica l  
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i n  emphasis t o  the  s i n q l e - f l u i d  breeder concept should be made; t h i s  s i n q l e - f l u i d  

systen? i s  t he  system t h a t  w i l l  be discussed i n  t h i s  r e p o r t .  

6A.1.5.1.2 Status 

A t  present ,  t he  MSBR concept i s  e s s e n t i a l l y  i n  the  i n i t i a l  research and development 

phase, w i t h  emphasis on the development o f  b a s i c  :>iSR9 technoloqy. Government 

fund ing  o f  research a c t i v i t i e s  has r e c e n t l y  been rees tab l i shed ,  and i n d u s t r i a l  

supnor t  remains a t  a moderate l e v e l .  

-- 

The b a s i c  f e a s i b i l i  t v  o f  o p e r a t i n g  a f l u i d - f u e l e d  r e a c t o r  f o r  oro lonqed pe r iods  has 

been demonstrated by opera t i on  of the VSPE f o r  about 13,009 e q u i v a l e n t  f u l l - p o w e r  

hours.  

be expanded and developed i n  o r d e r  t o  proceed from t h i s  smal l  exoer iment t o  a safe,  

r e l i a b l e  and economic 1000-Yi4e :ISIZR w i t h  a 30-year l i f e .  

s t a t e  o f  t h e  technoloqy, much o f  t h e  f o l l o w i n g  d i scuss ion  concernino t h e  desc r io -  

t i o n  o f  t h e  power p l a n t  and suppor t i nn  f a c i l i t i e s  and the  p o t e n t i a l  environnlental  

impact o f  t h e  I4SGR must be considered ve ry  p r e l i m i n a r y .  These impacts may chanqe 

due t o  improvements i n  design o f  t h e  r e a c t o r  system and as a r e s u l t  o f  t h e  e x p e r i -  

ence t h a t  may be gained f rom o p e r a t i n n  a d d i t i o n a l  mol ten s a l t  r e a c t o r  systems. 

However, t h e r e  are many areas o f  molten s a l t  r e a c t o r  technoloqy which must 

Because o f  t h e  present  

6A.1.5.2 Ex ten t  o f  Enerqy Resource 

Because t h e  iYlSBR i s  a breeder r e a c t o r  o p e r a t i n g  on t h e  tho r ium cyc le ,  t h e  p r imary  

energy source i s  thor ium. 4 d i scuss ion  o f  the a v a i l a b i l i t y  o f  t h i s  resource i s  

presented i n  Sec t i on  6A.1.2.2 where tho r ium i s  shown t o  be i n  abundant supply.  

A moderate amount o f  u ran iuv  ore would a l s o  be r e q u i r e d  t o  p rov ide  t h e  en r i ched  
f i s s i l e  f u e l  needed t o  e s t a b l i s h  an e q u i l i b r i u m  b reed inq  c y c l e  i n  an YSBR. The 

a v a i l a b i l i t y  o f  uranium has been discussed i n  Sec t i on  6A.l.1.2. 

An i n v e s t i g a t i o n  has been made o f  t h e  a v a i l a b i l i t y  of, and the  a n t i c i p a t e d  demand 

f o r ,  o t h e r  m a t e r i a l s  o f  importance t o  t h e  MSBR orogram.* M a t e r i a l s  considered 

i n c l u d e  t h e  c o n s t i t u e n t s  o f  Hastelloy-11 ( t h e  IISBR's main s t r u c t u r a l  a l l o y )  and 

t h e  c o o l a n t  s a l t ,  f u e l  s a l t ,  and m a t e r i a l s  r e q u i r e d  f o r  c o n s t r u c t i o n  and o p e r a t i o n  

o f  t h e  p rocess ing  p l a n t .  The e x i s t i n g  w o r l d  reserves o f  these m a t e r i a l s ,  namely 

l i t h i u m ,  b e r y l l i u m ,  f l u o r i n e ,  and bismuth, are a l s o  i n  demand f o r  non-NSBR uses; 

however, ample resources are a v a i l a b l e  t o  s u s t a i n  a l a r p e  MSBR i n d u s t r y .  
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64.1.5.3 Techn ica l  D e s c r i p t i o n  o f  Enersy System 

6A.1 S .3 .1  Power Genera t ion  P lant  

The development o f  t h e  i4SBR has n o t  p rogressed t o  t h e  s t a s e  where an e x a c t  

d e s c r i p t i o n  o f  a r e a c t o r  and a u x i l i a r y  systems can be p rov ided .  

f o l l o w i n g  summary o f  a conceptua l  desiqr! s t u d y  f o r  a s i n q l e - f l u i d ,  1300-iTAe YSBR 

p repared  i n  1971 p r o v i d e s  some conceptua l  background. 

However, t h e  

3 The r e f e r e n c e  MSBR 
w i t h  b o t h  f i s s i l e  and f e r t i l e  m a t e r i a l s  i n c o r p o r a t e d  i n  a s i n q l e  m o l t e n - s a l t  m i x t u r e  

o f  t h e  f l u o r i d e s  o f  l i t h i u m ,  b e r y l l i u m ,  tho r ium,  and uranium. Th is  s a l t  has a 

m e l t i n g  p o i n t  o f  930°F, adequate f l o w  and hea t  t r a n s f e r  p r o p e r t i e s ,  and a v e r y  low 

vapor  p ressu re  i n  t h e  o p e r a t i n q  tempera ture  range. 

v i r t u a l l y  n o n c o r r o s i v e  i n  t h e  m i re  f o r m  t o  c l raph i te  and t h e  t las te l loy - ! I  c o n t a i n e r  

m a t e r i a l .  

(see F i g u r e  6A.1-37) wou ld  ope ra te  on t h e  lJ-233/Th f u e l  c y c l e ,  

I t  i s  a l s o  n o n w e t t i n q  and 

The 22 - f t -d ia rn  by 2 7 - f t - h i q h  r e a c t o r  vesse l  c o n t a i n s  q raph i  t e  f o r  n e u t r o n  rnoder- 

a t i o n  znd r e f l e c t i o n ,  w i t h  t h e  moaera t inq  r e q i o n  d i v i d e d  i n t o  zones o f  d i f f e r e n t  

f u e l - t o - g r a p h i t e  r a t i o s .  4s t h e  s a l t  f l o w s  upward th rouqh the  passaaes i n  and 

between t h e  ba re  g r a p h i t e  bars ,  f i s s i o n  energy  heats  i t  from abou t  1350 t o  1300°F. 

G r a p h i t e  c o n t r o l  rods  a t  t h e  c e n t e r  o f  t h e  co re  a re  moved t o  d i s p l a c e  s a l t  and thus  

r e g u l a t e  t h e  n u c l e a r  power and average temperature,  b u t  these rods  do n o t  need t o  be 

f a s t  scramming f o r  s a f e t y  purposes. Lonq-term r e a c t i v i t y  c o n t r o l  i s  by  ad jus tmen t  

o f  t h e  f u e l  c o n c e n t r a t i o n .  

The c o r e  n e u t r o n  power d e n s i t y  r e s u l t s  i n  a modera tor  l i f e  o f  about  f o u r  yea rs .  

s p e c i f i c  i n v e n t o r y  o f  t h e  p l a n t  i n c l u d i n q  t h e  p rocess inq  system i s  about  1.5 k q  o f  

f i s s i l e  m a t e r i a l  p e r  meqawatt o f  e l e c t r i c i t y  ( c o n s i d e r a b l y  l e s s  than  t h a t  f o r  t h e  

LMFBR), wh ich  t o g e t h e r  w i t h  t h e  p r o j e c t e d  b r e e d i n q  r a t i o  o f  1.07, q i ves  t h e  I4SBP. 

The 

3 

3 an annual f i s s i l e  y i e l d  o f  about  3.6% and a compound d o u b l i n q  t i v e  o f  19 y e a r s .  

The l o w e r  s p e c i f i c  i n v e n t o r y  o f  t h e  MSBR i s  a s i q n i f i c a n t  advantaqe r e l a t i v e  t o  

f a s t  r e a c t o r s ,  and t h i s  f e a t u r e  a l l o w s  a p r o j e c t e d  d o u b l i n q  t i n e  as low as 19 yea rs  

f o r  a b reed ing  r a t i o  o f  o n l y  1.37. 

thermal  e f f i c i e n c y  of o v e r  447;. wh ich  nakes a r e a c t o r  p l a n t  o f  about  2250 “1Wt 

ample f o r  a n e t  e l e c t r i c a l  o u t p u t  o f  1QOO ‘!!/e. 

The heat-power system f o r  t h e  RSBP has a n e t  

A s i m p l i f i e d  f l o w  diaqram o f  t h e  MSPJR i s  shown i n  F i q u r e  GA.1-37. 

i s  c i r c u l a t e d  o u t s i d e  t h e  r e a c t o r  vesse l  th rough f o u r  l oops .  

one l o o p  i s  shown i n  t h e  f i q u r e . )  

The Dr imary  s a l t  

( F o r  s i m p l i c i t y ,  o n l y  
Each c i r c u i t  c o n t a i n s  a 16,O%l-qpn s i n q l e - s t a q e  
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c e n t r i f u g a l  pump and a shel l -and- tube hea t  exchanqer. 

a re  sparged from the c i r c u l a t i n q  p r imary  s a l t  by he l ium in t roduced  i n  a s i d e  stream 

by a bubble qenerator  and subsequent ly removed by a oas separator .  

stream o f  t h e  p r imary  s a l t  i s  con t inuous ly  processed t o  remove Pa-233, t o  recover  

t h e  b r e d  U-233, and t o  a d j u s t  the f i s s i l e  content .  

s torage o f  t h e  s a l t  d u r i n g  maintenance operat ions.  

T r i t i u m ,  xenon, and k ryp ton  

A 1-opm s i d e  

I\ d r a i n  tank prov ides sa fe  

Heat i s  t r a n s f e r r e d  from the  pr imary s a l t  t o  a secondary f l u i d ,  sodium f l u o r o b o r a t e ,  
hav ing  a composi t ion o f  AaBF4-:laF (92  and 8 mole 5, r e s p e c t i v e l y )  and a m e l t i n q  

p o i n t  o f  725°F. Each o f  t he  f o u r  secondar,v c i r c u i t s  has a 20,Q00-rlpm c e n t r i f u q a l  

pump w i t h  var iab le-speed d r i v e .  The secondary s a l t  streams are d i v i d e d  between 

t h e  steam generators and the reneaters  t o  o b t a i n  1030°F steam teii iperatures f rom 

each. Steam i s  s u p p l i e d  t o  a s i n q l e  3530-psia, 1000°F ( w i t h  lOr30"F rehea t )  1035-iTde 

tu rb ine -genera to r  u n i t  exhaust ing a t  1-1/2 i n .  l lq absolute.  Reqenerat ive h e a t i n a  

and l i v e  steam m i x i n q  a re  used t o  heat  the feedwater e n t e r i n q  t h e  steam nenera to r  
t o  700°F t o  p rov ide  assurance t h a t  the coo lan t  s a l t  remains l i q u i d .  

The p r i n c i p a l  o p e r a t i n g  p a r a m t e r s  f o r  a 19Y3-'l1h!e :IS3P power s t a t i o n  are shown i n  

Tab1 e &'I. 1 -23. 

f~~1.1.5.3.2 Fuel Cvcle 

To achieve nuc lea r  breedincl i n  the  s i n q l e - f l u i d  i lSBR, an o n - l i n e  f u e l  processinr l  

system i s  necessary. This system would accomplish the  f o l l o w i n r l :  

( 1 )  I s o l a t e  Pa-233 from t h e  r e a c t o r  e n v i r o n r x n t  so  i t  can decay i r , t o  t h e  

f i s s i l e  f u e l  i s o t o w  U-233 be fo re  beincr transmuted i n t o  o t h e r  i s o t o w s  

by neutron i r r a d i a t i o n .  

kniove undes i rab le  neutron poisons +on7 t h e  fuel  s a l t  and thus improve 

the  neutron economy and b reed ing  performance o f  t h e  system. 

Contro l  the f u e l  chemist ry  and rewove excess U-233 which i s  t o  be 

expor ted f rom t n e  breeder system. 

A f u e l  process ing scheme has been proposed t o  accomplish breeding i n  t h e  MSCR, and 

t h e  f lowsheet  processes i n v o l v e :  

( 1 )  
(2 )  

F l u o r i n a t i o n  o f  the f u e l  s a l t  t o  remove uranium as UF6. 

Reductive e x t r a c t i o n  o f  p r o t a c t i n i u m  by c o n t a c t i n g  t h e  s a l t  w i t h  a 

m ix tu re  o f  l i t h i u m  and bismuth. 

6A. 1 - 152 



Tab1 e SA. 1 -20 
PR1;lCIPAL OPEPATIrlG PARAiIETERS OF A 1300-;1Qle i-1S13Ea'b 

General 
Thermal Power 2259 V l t  
E l e c t r i c  Power 17Q7 ?'!e 

P1 an t  Li f e t i  ne 33 years  
Fuel Processi  n q  Scherie Qn-1 i ne , cont i  nuous 

processinq 
ilreedinq Ratio 1.07 

[:ea c t o  r 
Fuel S a l t  
;lode r a t  o r  
Reactor Vessel Vateri  a1 
Power Jensi  t y  
tx i  t Temperature 
Temperature Rise Across Core 
Reactor Vessel tiei gii t 
Reactor Vessel Diameter 
Vessel Desiqn Pressure 
Peak Thermal lleutron Flux 

Other Components and Systems Data - 
IIumber o f  Primary C i rcu i t s  
Fuel S a l t  Pump Flow 

Fuel S a l t  Pump tiead 
Intermediate  lieat Exchanqer Capacity 
Secondary Cool an t  S a l t  
ilurnber of Secondary C i rcu i t s  
Secondary S a l t  Pump Flow 
Secondary S a l t  Pump Head 
:lumber of Steam Generators 
Steam Generator Capacity 

7Li F-EeF2-ThF4-LlF4 
Unclad, sea led  qraphi t e  
Modi f i ed Has t e l l  oy -il 

22 kW/1 i t e r  
1300°F 
259°F 
20 f t  

22 f t  
75 psia  
3 .3  Y, neutrons/cm -sec 2 

4 
16,000 rlpm 

153 f t  

556 ;,l\a! t 
'laF-YaBF4 
4 
?0,003 npm 
303 f t  
16 
1 2 1 ;.1w t 

aSource: 
S a l t  Breeder Reactor ,"  Report OWL-4541 , Oak Ridqe : la t ional  Laboratory,  June 
1971. 

bSource: 
2eactors  ," Report 3RilL-4312, 9ak Ridge ; la t ional  Laboratory,  August 1972. 

R .  C. Robertson, "Conceptual Design Study of a Sinqle-Fluid ivlolten 

M. \ I .  Rosenthal e t  a l . ,  "The Developrent S t a tus  of Molten S a l t  Breeder 
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( 3 )  l i letal t r a n s f e r  process inq t o  D r e f e r e n t i a l l y  r m o v e  the  r a r e  e a r t h  

f i s s i o n  product  poisons t h a t  would otherwise h i n d e r  hreedina Der- 

f orman ce . 

The fue l  p rocess ing  system shown i n  F igu re  6A.1-38 i s  i n  an e a r l y  staqe o f  develop- 

ment a t  present  and t h i s  type of system has n o t  been demonstrated on an o p e r a t i n q  

r e a c t o r .  

I n  develop ing t h i s  conceptual design, ORFfL assumed t h a t  the problems which have 

su r faced  i n  the  course o f  the development program would be resolved. The p r i n c i p a l  

development quest ions,  as discussed i n  Sect ion 6'4.1.5.4 below, r e l a t e  t o  t r i t i u m  

confinement, f u e l - s a l  t processinp, s t r u c t u r a l  m a t e r i a l s  behav io r  i n  t h e  presence o f  

f i s s i o n  products  and nuc lea r  r a d i a t i o n ,  and development o f  components f o r  a 1Or)O- 

;We power p l a n t .  Reports as t o  t h e  s t a t u s  o f  IISRR technoloqy and a more complete 

d i scuss ion  o f  t h e  r e q u i r e d  research and development needed t o  produce a v i a b l e  

system are presented i n  r e f s .  3 and 4. 

6A.1.5.4 

Cons is ten t  w i t h  the p o l i c y  e s t a b l i s h e d  f o r  a l l  power r e a c t o r  development nroqrams, 

t h e  ASBR would r e q u i r e  the  successful  accomplishment o f  t h ree  b a s i c  research and 

development phases : 

- Research and Development Program 

( 1 )  An i n i t i a l  research and development Dhase i n  which the  b a s i c  t e c h n i c a l  

aspects o f  t h e  WSBR concept are confirmed, i n v o l v i n n  e x p l o r a t o r y  develop- 

nlent, l a b o r a t o r y  experiment, and conceptual ennineer inq.  
A second phase i n  which the  enqineer inq and manufactur inq c a p a b i l i t i e s  

are developed. This phase inc ludes  the conduct o f  i n -dep th  eng ineer inq  

and p r o o f - t e s t i n q  o f  f i r s t - o f - a - k i n d  comnonents, equipnient, and systems. 

These would then be i nco rpo ra ted  i n t o  an exper imental  t e s t  r e a c t o r  and 

suppor t i ng  t e s t  f a c i l i t i e s  t o  assure adequate understandinq o f  design 

and performance c h a r a c t e r i s t i c s ,  as w e l l  as t o  ga in  o v e r a l l  exper ience 

assoc ia ted  w i t h  major ope ra t i ona l  , economi c , and env i  ronmental parameters. 

I s  these research e f f o r t s  progressed, t h e  techno1 og i  c a l  u n c e r t a i n t i e s  

would need t o  be reso lved  and dec i s ion  p o i n t s  reached t h a t  would Dermit  

development t o  proceed w i t h  necessary conf idence. \hen t h e  technolooy 

was s u f f i c i e n t l y  developed and conf idence i n  t h e  sys tern was a t t a i n e d ,  

t h e  nex t  s t a m  would be the  c o n s t r u c t i o n  o f  l a r n e  d m o n s t r a t i o n  n l a n t s .  

A t h i r d  phase i n  which the u t i l i t i e s  make l a r w - s c a l e  commitments t o  

e l e c t r i c  qenerat ing p l a n t s  by develop inq t h e  c a p a b i l i t y  t o  iiianaqe t h e  

( 2 )  

( 3 )  
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desiqn, cons t ruc t i on ,  t e s t i n q ,  and oDerat ion o f  these power Dlants  i n  
a safe,  r e l i a b l e ,  economic, and env i ronmen ta l l y  acceptable manner. 

As i n  any r e a c t o r  development proqram, achievement o f  economic MSBRs w i l l  r e q u i r e  
t h a t  t h e  b a s i c  technology be w e l l  e s t a b l i s h e d  i n  research proqrams and be demon- 
s t r a t e d  and expanded by the  c o n s t r u c t i o n  and opera t i on  o f  severa l  i n c r e a s i n q l y  
l a r g e  r e a c t o r s  and t h e i r  i n t e g r a l  process ing p l a n t s .  

progress now, and the c o n s t r u c t i o n  o f  a 153- t o  200-MWt Molten S a l t  Creeder 
Experiment (HSBE) has been suggested as the n e x t  r e a c t o r  i n  the sequence t o  an 

i4SBR. 

a f u l l - s c a l e  breeder  reac to r .  
of a l a r g e r  b u t  l ower  performance conver te r  r e a c t o r  t h a t  would evolve i n t o  a 

breeder.  
ment appears p r e f e r a b l e .  

The technoloqy proqram i s  i n  

The %BE m igh t  have the  power derisi t y  and a1 1 the  fea tu res  and sys tems o f  
Other steps are poss ib le ,  i n c l u d i n q  t h e  c o n s t r u c t i o n  

However, t h e  more d i r e c t  r o u t e  o f  t he  h i q h  performance breeder  e x p e r i -  

I n  this  research and development program, seve ra l  advances must be made be fo re  

t h e  n e x t  r e a c t o r  can be b u i l t  and operated s u c c e s s f u l l y .  

problem i s  t h e  su r face  c r a c k i n g  o f  Haste l loy-Y.  
t h e  t e s t i n g  o f  some o f  t h e  components o r  t h e  l a t t e r  staoes o f  t h e  process inq D lan t  

development, cou ld  a c t u a l l y  be completed w h i l e  a r e a c t o r  i s  be inq  desiqned and 

b u i l t .  
years are the  f o l l o w i n q :  

The most impor tan t  

Some o t h e r  developments, such as 

The major  developments t h a t  should be pursued d u r i n q  t h e  n e x t  seve ra l  

A m o d i f i e d  t laste l loy- r l ,  o r  an a l t e r n a t i v e  m a t e r i a l  t h a t  i s  l e s s  s u b j e c t  
t o  a t t a c k  by t e l l u r i u m ,  must be s e l e c t e d  and i t s  c o m p a t i b i l i t y  w i t h  f u e l  
s a l t  demonstrated w i t h  o u t - o f - p i l e  % f o r c e d  convect ion loops and i n - p i l e  

capsule experiments; means f o r  g i v i n g  i t  adequate r e s i s t a n c e  t o  r a d i a t i o n  
damage must be found, i f  needed, and comnercial p roduc t i on  o f  t h e  a l l o y  

may have t o  be demonstrated; t he  mechanical p r o p e r t i e s  data needed f o r  
code q u a l i f i c a t i o n  must be acqui red if they do n o t  a l ready  e x i s t .  

A method o f  i n t e r c e p t i n g  and i s o l a t i n g  t r i t i u m  t o  prevent  i t s  passage 
i n t o  the steam system should be demonstrated a t  r e a l i s t i c  c o n d i t i o n s  and 
on a l a r g e  enough sca le  t o  show t h a t  such a method i s  f e a s i b l e  f o r  a 

r e a c t o r .  
The va r ious  steps i n  t h e  process inq system must f i r s t  be demonstrated i n  

separate exper iments;  these steps must then be combined i n  an i n t e o r a t e d  

demonstrat ion of t h e  complete process, i n c l u d i n o  t h e  m a t e r i a l s  o f  con- 

s t r u c t i o n ;  and f i n a l l y ,  a f t e r  t he  VSBR p l a n t  i s  concep tua l l y  desiqned, 

a mock-up c o n t a i n i n q  components t h a t  are as c lose  as p o s s i b l e  i n  desiqn 
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t o  those t h a t  will be used i n  the actual process vust be bui l t  and i t s  
operation and maintenance procedures demonstrated. 
The various components and systems of the reactor plant must be studied, 
developed, and demonstrated under conditions and a t  s izes  t h a t  allow 
confident extrapolation t o  the next reactor plant s ize .  These include 
the xenon stripping system for  the fuel s a l t ,  off-gas and  cleanup systems 
for  the coolant s a l t  ( f a c i l i t i e s  i n  which these could be done are 
a1 ready under construction) , steam rrenerator modules, a n d  s tar tup sys tens 
and pumps. 
components and  systems of the reactor would be desirable,  b u t  whether 
o r  riot that  is done would depend on how f a r  the development program had 
proceeded i n  tes t inq various components and  systems individually. 
Graphite elements t h a t  are suitable for  the 'ISBR should be purchased i n  
sizes and quantit ies t h a t  assure t h a t  a commercial production capabili ty 
does e x i s t ,  and the radiation behavior of samples o f  the commercially 
produced material should be confirmed. [jethods f o r  sealing graphite 
t o  l imi t  xenon diffusion should continue t o  be explored. 
On-line chemical analysis devices and the various instruments t h a t  will 
be needed for the reactor and processinq plant should be purchased o r  
developed and should be demonstrated on loops , processing experiments, 
and mock-ups. 

The construction of an enqineerinq mock-up of the ma,jor 

Further development will be required i n  a number of areas, including the development 
of design bases t o  provide a focal point for  the MSBR technology program. T h i s  
approach represents a desirable program for  advancinq and testinq molten s a l t  
breeder technology i n  t h e  absence o f  a commitment t o  b u i l d  a reactor;  successful 
achievement of this program will be necessary i f  a reactor is to  be bui l t .  

6A.1.5.5 Present and Projected Application 

6A.1.5.5.1 C u r r e n t  Use 

As noted above, MSBRs a r e  not yet  i n  use, b u t  the technology has been examined to  
the p o i n t  that  a breeder reactor experiment has been proposed, and o t  
is  be ing  conducted. 

6A.1.5.5.2 Projected Use 

If the technology proves technically, economically, and environmental 
MSBRs m i g h t  be expected t o  produce a moderate part of our e l e c t r i c i t y  

e r  research 

y successful , 
requi rernents 
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n 
some time a f t e r  the year 2000. 

process heat). 
MSBRs i s  d i f f i c u l t  t o  p r e d i c t  and would be dependent on the success o f  o ther  
reac tor  concepts as w e l l  as the  so lu t i on  o f  the  technica l  problems c u r r e n t l y  

envisioned f o r  mol t en  sa l  t reactors .  

There might  a l so  be o ther  app l i ca t ions  (e.g., 
The ex ten t  o f  the  e l e c t r i c i t y  market t h a t  might be captured by 

I n  h i s  comments dated A p r i l  22, 1974, on the  Draf t  Environmental Statement, 
Dr .  Henry O t t  o f  Ebasco Services, Incorporated,* s ta tes tha t :  

... by using Pu from LWRs, i t  would be poss ib le  t o  subs t i t u te  molten s a l t  
reactors  f o r  the 400 GWe of breeder capaci ty  o f  AEC's 'most l i k e l y '  fo recas t  
through the year 2000 w i t h  e s s e n t i a l l y  no d i f f e rence  i n  demands f o r  U 0 and 
separative work and ... the MSR can make a major c o n t r i b u t i o n  t o  the 8u t l ea r  
economy on ly  i f  introduced before the  f a s t  breeder becomes commercial. 

D r .  O t t  a l so  notes t h a t  the MSBR i s  pro jected t o  have lower f u e l  cyc le  costs than 

the LMFBR o r  GCFR, and he s ta tes  on t h i s  basis t h a t  " there  i s  a good chance t h a t  the  
mol ten s a l t  reac tor  could become compet i t ive w i t h  l i g h t  water reac tors  and hence 
commercially acceptable a t  an e a r l i e r  date than e i t h e r  f a s t  breeder." 

A l l  o f  these comments a re  predicated on the  assumption t h a t  the  MSBR can be developed 
i n  the  same t ime frame as the LMFBR and depend upon t h a t  assumption f o r  the v a l i d i t y  
o f  the  conclusions drawn by D r .  O t t .  The AEC cannot agree w i t h  t h i s  p o s i t i o n  based 
on the  technica l  unce r ta in t i es  associated w i t h  the MSBR concept. 
c u r r e n t l y  env is ion the development o f  the  MSBR before the  LMFBR, even w i t h  a h igh l y  

accelerated MSBR program, unless the LMFBR program i s  delayed by unforeseen factors .  
The t ime l a g  between the  two technologies i s  p r o h i b i t i v e  t o  such rap id  development 
o f  the MSBR which, as noted above, i s  being pursued p r i m a r i l y  as a backup concept. 

The AEC cannot 

6A.1.5.6 Environmental Impacts 

6A.1.5.6.1 Energy Conversion P lan t  

The environmental impacts r e s u l t i n g  from cons t ruc t ion  and normal operat ion o f  an 

MSBR p l a n t  would l i k e l y  be s i m i l a r  t o  those f o r  an LMFGR p l a n t  o f  comparable s ize,  
The MSBR would u t i l i z e  a U-233/Th f u e l  cycle, poss ib ly  w i t h  a reauirement f o r  

enriched U-235 f o r  s tar tup,  and thus would invo lve  d i f f e r e n t  mining, and poss ib ly  

enrichment, requirements. 

*Comment L e t t e r  18, p. 6 f f .  
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A major uncer ta in ty  w i t h  regard t o  the  MSGRs environmental cha rac te r i s t i cs  i s  the 
hand1 i n g  o f  t r i t i u m .  1’3’4 T r i t i u m  i s  produced i n  an MSBR through the i n t e r a c t i o n  

o f  thermal neutrons w i t h  the l i t h i u m  according t o  the fo l l ow ing  react ions:  L i - 6  

(n,a)H-3 and Li-7(n,a)H-3. 
r a t e  o f  production i n  the f u e l  s a l t  and because i t  r e a d i l y  d i f f uses  through me 
a t  MSBR temperatures. Approximately 2400 C i lday  are  produced by each 1000-MWe 
plant .  I n  the cu r ren t  re ference design, ORNL has estimated t h a t  approximately 
800 Ci/day would be released i n  the  560,000-gpm stream o f  coo l ing  water unless 
spec i f i c  t r i t i u m  con t ro l  measures are  implemented. The e f f l u e n t  concentrat ion 

pCi/ml) i s  a f a c t o r  o f  52 g rea ter  than the A E t ’ s  numerical guidel 

T r i t i u m  i s  a special problem because of i t s  h igh 

. (0.26 X 

a1 s 

nes 

f o r  e f f l u e n t  from LWRs. 

t i o n  and cont ro l  o f  t r i t i u m  must be developed and proven before the  MSBR concept 
can be considered v iab le.  

ways f o r  reducing t r i t i u m  escape. 
w i t h i n  present gu ide l  ines fo r  l ight -water-cooled reac tors  appears a t ta inab le ,  bu t  
the best  measures are y e t  t o  be chosen and demonstrated. 

Because o f  t h i s  “ t r i t i u m  problem,“ a method f o r  the re ten-  

Several mod i f i ca t ions  i n  design and operat ion o f f e r  

The ob jec t i ve  o f  l i m i t i n g  t r i t i u m  re lease t o  

5 

The noble gases are continuously s t r ipped from the  f u e l  s a l t  by a purge of helium. 
The system being considered (F igure 6A.1-39) would a l low f o r  the  decay o f  the shor t -  
1 ived f i s s i o n  gases and t o t a l  r e t e n t i o n  o f  a1 1 long-1 ived  gaseous f i s s i o n  products. 

Therefore, the MSDR i s  no t  expected t o  re lease any noble gases. 

6A.1.5.6.2 O f f s i t e  A c t i v i t i e s  

A l l  h igh- level  waste streams from the  reprocessing p l a n t  w i l l  be combined i n  order 
t o  recover the  res idua l  uranium p r i o r  t o  disposal. 
would r e s u l t  i n  the d iscard ing of about 0.3 f t  /day o f  f u e l  s a l t  con ta in ing  the 
r a r e  ea r th  f i s s i o n  products and poss ib ly  s i g n i f i c a n t  quan t i t i es  o f  thorium, although 

t o  recover and recyc le  the  thorium may prove des i rab le  i n  the  i n t e r e s t  o f  achieving 

h igher  resource u t i l i z a t i o n .  This  waste i s  expected t o  be i n  a form acceptable 
f o r  storage i n  a Federal waste repos i to ry .  Some o f  the  f i s s i o n  products remain 
i n  the f u e l  s a l t ,  and these become a concern when the  p l a n t  i s  f i n a l l y  decom- 
missioned. A t  present, no demonstrable method e x i s t s  f o r  the u l t ima te  disposal 
o f  t h i s  mater ia l .  

The reference processing scheme 
3 

With regard t o  o ther  h igh- level  and low-level so l i d ,  l i q u i d ,  and gaseous wastes, 

the cu r ren t  s ta te -o f - the-ar t  i s  such t h a t  an estimate o f  t h e i r  quan t i t y  cannot be 
made, although t h e i r  o v e r a l l  impacts should be comparable t o  those o f  o ther  reac tor  

sys terns. 
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6A.1.5.7 Costs and Benefits 

6A.1.5.7.1 Costs 

Based upon experience w i t h  other complex reactor development programs, the AEC 

estimates t h a t  a total government investment u p  t o  a b o u t  $2 billion i n  undiscounted 
direct costs could be required t o  bring the molten sa l t  breeder or any parallel 
breeder t o  fruition as a viable, comercial power reactor. 
u p  t o  this level would be needed t o  establish the necessary technology and 
engineering bases, to  obtain the required industrial capability, and t o  advance 
through a series o f  test  faci l i t ies ,  reactor experiments, and demonstration plants 
to a comercial MSBR safe and suitable t o  serve as a major energy o p t i o n  for 
central station power generation i n  the ut i l i ty  environment. 

6 

A magnitude of funding 

With regard to  capital and operating costs, the problem of assessment i s  more 
difficult  because i t  not  only involves uncertainties in MSBR costs b u t  also 
uncertainties abou t  w h a t  the cost of the competing system will be. The major cost 
item in the fuel cycle i s  the capital cost o f  the processing plant, and this cost 
is  probably the most certain o f  the estimates. Based on (1)  a reasonably conserv- 
ative estimate, including, for example, an allowance of $200 per pound for the cost 
of fabricating the molybdenum used t o  contain bismuth (see Figure 6A.1-38), and 
(2 )  additional conservatism in the processing costs based on using the processing 
plant for only 1000 MWe of reactor capaci ty  (whereas the unit costs of processing 
plants come down very rapidly i f  the t h r o u g h p u t  i s  increased), the AEC concludes 
the capital costs for MSBRs will be about  the same as f o r  LWRs. 

The estimation of capital costs of plants t o  be built far  i n  the future w i t h  some 
yet undeveloped technology i s  full of uncertcinties. Because o f  the way LklR cost 
data were used, these uncertainties appear t o  have more t o  do with the design of 
the plant than w i t h  the ability t o  make cost comparisons for a given design. 
Nevertheless, there i s  limited room for error i n  the comparison w i t h  an LWR 
because the cost of “reactor equipment” (including the reactor i tself ,  the sa l t  
pumps, the heat exchangers and steam generators, the  sa l t  storage tanks, and the 
off-gas system and other equipment) i s  only one-third of the total cost of the 
power plant. 

Because the f i ss i le  inventory i s  fairly low and the credit for sale of bred fuel i s  
modest, the fuel cycle economics of MSBRs are n o t  very sensitive t o  these factors 
nor to the cost of enriched uranium. Increasing uranium ore cost from $8 t o  $16 per 
pound w i t h o u t  reoptimization of the reactor would only increase the fuel cycle costs 
by about 0.1 mill/kWhr. 
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One o ther  fac to r  t h a t  can a f f e c t  the power cos t  i s  p l a n t  a v a i l a b i l i t y .  
mol ten-sa l t  reactors  do no t  have t o  be shut down fo r  r e f u e l i n g  and because the 
frequency o f  g raph i te  replacement i s  low and can be scheduled t o  co inc ide w i t h  
major tu rb ine  maintenance, MSBRs s t a r t  o f f  w i t h  an inherent  a v a i l a b i l i t y  advantage 
over LWRs. However, t he  MSBR p l a n t  would have t o  have s u f f i c i e n t l y  h igh r e l i a b i l i t y  

t o  f u l l y  u t i l i z e  t h i s  a v a i l a b i l i t y  advantage and would have t o  be spec ia l l y  designed 
so t h a t  t h i s  inherent  advantage i s  n o t  o f f s e t  by the increased d i f f i c u l t y  o f  
maintenance. 

Because 

Based on e a r l i e r  design studies, t he  cos t  of power from an MSBR has been estimated 
t o  be about 0.5 mi l l / kUhr  less  than t h a t  f o r  power from an LWR a t  present uranium 
ore prices. 

molten s a l t  breeders are introduced, the cos t  advantage o f  an MSBR would increase 

by 0.3 mill/kWhr. Thus, there i s  a f a i r  margin fo r  e r r o r  i n  the  comparison w i t h  

present-day LWRs. However, LWR costs  a re  c e r t a i n  t o  change over the  next  two o r  

so decades, and the  uncer ta in ty  o f  the  nature o f  the  nuclear reac tor  competit ion 
a t  t h a t  t ime (which w i l l  probably inc lude LLJRs, HTGRs, and LMFBRs) makes f i r m  

conclusions about the  MSBR meeting cos t  c r i t e r i a  inappropr ia te.  

I f uranium ore  costs  were t o  increase by $8 per pound by the  t ime 

6A. 1.5.7.2 Benef i ts  

Major po ten t i a l  bene f i t s  from MSBRs can be summarized as fo l lows:  

Use of a f l u i d  f u e l  and ons i te  processing would e l im ina te  the problems o f  

s o l i d  fue l  f a b r i c a t i o n  and o f  handling, shipping, and reprocessing o f  
spent fuel elements which are associated w i t h  a l l  o ther  reac tor  types 

under a c t i v e  considera t i on .  

MSBR operat ion on the  uranium-thorium f u e l  cyc le  would help conserve 
uranium and thorium resources by u t i l i z i n g  thorium reserves w i t h  h igh 
e f f i c i e n c y  . 
The C'ISBR has a lower s p e c i f i c  f u e l  inventory  than f a s t  breeders, thereby 

requ i r i ng  less  ore and separative work f o r  the i n i t i a l  f u e l i n g  o f  a 

reactor .  
The MSER i s  pro jected t o  have a t t r a c t i v e  f u e l  cyc le  costs. 

uncer ta in ty  i n  the f u e l  cyc le  cos t  i s  associated w i t h  the continuous 

fue l  processing p l a n t  which has no t  been developed. 

The sa fe ty  issues associated w i t h  the  MSBR a re  genera l ly  d i f f e r e n t  from 

those o f  s o l i d  fue l  reactors .  Thus, there might be sa fe ty  advantages 
f o r  the MSBR when considering major accidents. 

The major 

An accurate assessment 
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o f  MSBR s a f e t y  i s  n o t  p o s s i b l e  today because o f  i t s  e a r l y  s tage of 
development. 
L i k e  o t h e r  advanced r e a c t o r  systems such as t h e  LblFBR ar.d HTGR, t h e  MSBR 

would employ modern steam technology f o r  power genera t i on  w i t h  h i g h  
thermal e f f i c i e n c i e s .  T h i s  u t i 1  i z a t i o n  would reduce t h e  amount of 
waste heat  t o  be d ischarged t o  t h e  environment. 

(6) 

A t  t h i s  s tage i n  t h e  developrient o f  t h e  concept, t o  eva lua te  t h e  b e n e f i t s  o r  
p e n a l t i e s  t h a t  w i l l  be assoc ia ted  w i t h  t h e  r e a c t o r  i s  impossib le .  
development o f  methods f o r  t h e  c o n t r o l  o f  t r i t i u m  would p reven t  t h e  r e l e a s e  o f  

t h i s  m a t e r i a l  t o  t h e  environment and, t h e r e f o r e ,  c o n s i d e r a t i o n  o f  t h e  t r i t i u m  
problem would n o t  be necessary. However, should t h e  development e f f o r t s  f a i l  , 
then t h e  r e l e a s e  o f  some 800 Ci/day would probably  p r o h i b i t  use o f  t h i s  r e a c t o r .  

Fo r  example, 

68.1.5.8 O v e r a l l  Assessment o f  Role i n  Energy Supply 

T h i s  e a r l y  i n  t h e  development program, an assessment cannot be made o f  t h e  pene- 

t r a t i o n  t h a t  t h e  MSBR would make i f  i t  were t o  become a v i a b l e  r e a c t o r .  Even i f  
t h e  AEC and t h e  nuc lea r  i n d u s t r y  were t o  s i g n i f i c a n t l y  i nc rease  t h e  fund ing  f o r  
t h e  MSBR development program, t h e  e a r l i e s t  t h a t  t h e  system cou ld  be expected t o  be 
marketed would be i n  t h e  199O's, and thus t h e  MSBR would n o t  be expected t o  supply  
a s i g n i f i c a n t  amount o f  e l e c t r i c a l  energy u n t i l  p a s t  t h e  y e a r  2000. 

6A.1-163 



1.  

2. 

3. 

4. 

5. 

6. 

REFERENCES FOR SECT1 ON 6A. 1 .5 

R.  C. Robertson, "Conceptual Design Study of a Single-Fluid Molten S a l t  
Breeder Reactor," Report ORNL-4541, Oak Ridge National Laboratory, June 1971. 

Oak Ridge National Laboratory, "Avai lab i l i ty  of Natural Resources f o r  Molten- 
S a l t  Breeder Reactors," Report ORNL TM-3563, November 11, 1971. 

M .  W .  Rosenthal e t  a l . ,  "The Development S ta tus  of  Molten S a l t  Breeder 
Reactors ," Report ORNL-4812, Oak Ridge National Laboratory, August 1972. 

USAEC, "An Evaluation of the Mol ten S a l t  Breeder Reactor," Report WASH-1222, 
September 1972. 

"AEC Authorizing Legis la t ion f o r  Fiscal Year 1974, Hearings Before the J o i n t  
Committee on Atomic Energy, Congress o f  the United S t a t e s ,  Pa r t  33," 
March 14, 1973. 

USAEC, "Updated (1970) Cost-Benefit Analysis of the U.S. Breeder Reactor 
Program," Report WASH-1184, January 1972. 

6A. 1 -1 64 

n 



6A. 1.6 Control l ed  Thermonuclear Reactor Power Systems 

6A.1.6.1 In t roduc t ion  

Nuclear fusion i s  the process o f  j o i n i n g  together two l i g h t  nuc le i  w i t h  the 

accompanying release of energy. This reac t ion  can occur only when the reac t ing  
ions c o l l i d e  w i t h  s u f f i c i e n t  energy t o  overcome the r e p e l l i n g  forces between them; 
one method o f  accomplishing t h i s  i s  by r a i s i n g  the temperature o f  the reac t ing  
nuc le i  t o  a s u f f i c i e n t l y  high level .  Fusion reactions brought about by t h i s  means 
are ca l l ed  thermonuclear reactions. 

The Atomic Energy Commission supports two programs aimed p r i m a r i l y  a t  u t i l i z i n g  the 

nuclear fusion process f o r  commercial e l e c t r i c a l  power production. One program 
involves the use o f  magnetic f i e l d s  t o  confine a plasma* o f  fus ion  fuels,  whi le the 
o ther  emphasizes the use o f  high-energy, short-pulse lasers focused on su i tab le  
thermonuclear p e l l e t s  t o  compre~s, heat, and i g n i t e  the f u e l  t o  release the fus ion  
energy. 
nuclear Research and the D iv i s ion  o f  M i l i t a r y  Application, respect ively.  

These programs are managed by the AEC D iv i s ion  o f  Control led Thermo- 

The goal o f  the AEC con t ro l l ed  thermonuclear research (CTR) program i s  the 
development of fusion as a major source o f  abundant, economical , and environmentally 
a t t r a c t i v e  energy, p a r t i c u l a r l y  for the generation of e l e c t r i c i t y ,  This i s  also 
one of the goals of the AEC laser-fusion program, bu t  i n  addit ion, there are 
other appl icat ions o f  the laser- fusion program t h a t  are motivated by m i l i t a r y  needs 
ra ther  than c i v i l i a n  e l e c t r i c a l  power generation. The primary fue l s  f o r  fus ion  
reactions are the hydrogen isotopes deuterium and t r i t i um.  These react ions can 
only take place a t  very high temperatures (about 100 m l l l i o n  degrees), and a t  such 
temperatures the fue ls  are present as a s ta te  o f  matter ca l l ed  plasma. The cent ra l  

problem a t  present i n  the fus ion  research program i s  t o  confine a reac t ing  fus ion  
plasma a t  condit ions o f  densi ty, temperature, and confinement time s u f f i c i e n t  t o  
release more energy from fus ion  react ions than i s  necessary t o  i n i t i a t e  them. 
Achievement o f  these condit ions would be a major accomplishment i n  Phase I o f  the 
con t ro l l ed  fusion reactor program. 

Perspective on A l te rna t i ve  Energy Options, f o r  a discussion o f  the phases involved 
i n  any research and development program. ) 

(See the opening p a r t  o f  t h i s  section, 

*A f u l l y  ionized gas (i,e., one i n  which a l l  the electrons have been s t r ipped 
from the nuclei) .  
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6A.1.6.1.1 Magnetic Confinement Program 

One of the major approaches t o  meting the requirements f o r  achieving useful power 
from controlled thermonuclear reactors i s  t h a t  of magnetic confinement. 
magnetic Confinement program began i n  1951 as a classified program called Project 
Sherwood. 
year.' 
densities required for  fusion, and a number of scientific problem r e l a t i n g  t o  
containing the plasma for sufficiently long times were identified and a systematic 
study of  them begun. 

The 

I t  was declassified i n  1958 and a program sumnary was published t h a t  
By the early 1 9 6 0 ' ~ ~  plasmas had been created a t  the temperatures and 

The difficulties t h a t  arose d u r i n g  these studies became the central problem of 
fusion research. The principal approach t o  this problem, then as now, was t o  
confine a fusion plasma through the use of specially shaped magnetic fields, which 
were intended t o  control the motions of i ts  i n d i v i d u a l  ions and electrons. However, 
researchers soon discovered t h a t  spontaneously arising turbulence and unstable 
plasma osci l la t ions s ign i f i can t ly  weakened t h e  conf in ing  effect of t h e  magnetic 
fields. As a result of several years of intensive theoretical and experimental 
research, the plasma instability problem was brought under reasonable control by 
the late 1960's. 
control was sufficient t o  permit experiments t h a t  exhibited confinement conditions 
close t o  the "classical" upper limit--the theoretical maximum possible i n  a 
completely quiescent plasma a t  a particular density and temperature. 
achievement was obtained in several different experiments, and i t  provided a 
basis for  renewed optimism w i t h  respect t o  ultimate success. 

In fact, the understanding of instabilities and means for  their 

This 

Three concepts of magnetic confinement are under study i n  the United States. 
are called low-beta,* high-beta, and open systems. Low-beta toroidal systems, 
principally the tokamak, are under investigation primarily a t  the Oak Ridge 
National Laboratory and the P1 asma Physics Laboratory of Princeton University. 
These contain a plasma i n  a toroidal configuration a t  comparatively low particle 
density. High-beta systems, principally the theta pinch, are being developed a t  
the Los A1 amos Scienti f i c Laboratory. These devices operate a t  condi tions where 
the pressure generated by the plasma is almost as strong as the confining pulsed 
magnetic field. 
t ion .  
conducted a t  the Lawrence Livermore Laboratory. 

These 

The latest experiment i s  being assembled i n  a toroidal configura- 
Finally, experiments known as open systems, o r  magnetic mirrors, are being 

These systems contain a plasma i n  

*Beta i s  defined as the r a t i o  of the outward pressure exerted by the plasma t o  
the inward pressure t h a t  the magnetic confining field i s  capable of exerting. 
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magnetic bottles designed t o  reflect the charged particles repeatedly from regions 
of strong magnetic field. 

The 1972-1973 period has seen significant advances in the magnetic confinement 
program. Important experimental results were achieved i n  three major experiments 
designed t o  isolate the plasma from i t s  surroundings through use of specially shaped 
magnetic fields--the principal approach t o  the development of first-generation 
fusion power plants. 

The Adiabatic Toroidal Compressor (ATC)  a t  the Princeton Plasma Physics Laboratory 
(Figure 6A.1-40) and the large-bore toroidal tokamak (ORMAK) a t  Oak Ridge National 
Laboratory (Figure 6A.1-41) successfully demonstrated two plasma heating techniques-- 
plasma compression and neutral beam injection respectively. 
t o  boost plasma temperature past the ohmic heating barrier* t o  thermonuclear levels. 
Further, ORMAK confirmed t h a t  increases i n  size would result i n  better plasma 
parameters, and the ATC plasma was compressed t o  a density beyond t h a t  required 
for a tokamak reactor. 

Each has the potential 

In the Scyllac experiment (Figure 6A.1-42) a t  Los Alamos Scientific Laboratory, 
stable confinement, terminated only by end effects, was observed i n  bo th  the 5-rn 
and 8-m sectors of the torus. Based on these results, the full torus, completed 
in April 1974, could possibly a t t a i n  50 t o  100 psec containment. Achievement of 
a containment time in this range would signify a confirmation of the correctness 
of our  understanding of the basic physical laws governing high beta plasmas i n  
toroidal geometry. 
i n  the high-density systems program and would provide us w i t h  a critical scaling 
law required i n  the design of a thermonuclear reactor based upon this concept. 

The affirmation of our theories would be a major accomplishment 

The parameter characterizing attainment of thermonuclear reactor conditions is  the 
product of the plasma density, n ,  and the containment time, T, for the reaction 
considered. 
(lOO,OOO,OOO°C) temperature plasmas a r e  expected t o  require an n T  product o f  the 
order o f  1014 sec ( 3 1 7 1 ~ ~ .  

Future deuterium-tritium (D-T) fusion reactors confininq 10-keV 

Because the plasma density i n  the Scyllac device will be 

*Ohmic heating i s  similar t o  the process t h a t  heats an electric toaster; the 
plasma electrons are resistively heated. The ohmic heating barrier i s  not  
specifically a limit on the current t h a t  can flow in the plasma b u t  rather 
the p o i n t  a t  which plasma losses (particularly bremsstrahlung) equal the 
effect of ohmic heating; plasma losses increase with plasma temperature 
while the effectiveness of ohmic heating decreases. 
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Figure 6A.1-42 



2 x 10l6 
nT value of 1 t o  2 x 10l2 sec 

a demonstration of 50 t o  100 psec confinement time would yield an 
a level of considerable physical significance. 

Based on the above experiments and  other advances in theory, experiment, and hardware 
development, the AEC expects t h a t  the U . S .  program should have D-T b u r n i n g  experi- 
ments operating abou t  1980 producing the f i r s t  significant release o f  controlled 
fusion energy f o r  peaceful purposes. Following t h a t ,  the principal second-phase 
milestone of operation of experimental power reactors producing usable amounts of 
power could be achieved in the later p a r t  of the 1 9 8 0 ' ~ ~  and the operation of a 
demonstration fusion power plant of 500 MWe or more could come i n  the late 1990's. 

6A.1.6.1.2 Laser-Fusion Program 

The laser-fusion program constitutes an a1 ternative t o  the magnetic confinement 
fusion effort for producing commercial electric power. 
energy, short-pulse laser beams focused on sui table thermonuclear pellets t o  heat 
and compress the fuel, thus causing the release of fusion energy, 
would be done repetitively with the energy converted t o  electrical power through 
a thermal cycle or other system. 

I t  involves the use of h i g h -  

This compression 

The program was initiated by the AEC in 1962 as physics investigations t o  provide 
understanding of the military potential of lasers for the generation of plasmas. 
The effort was conducted a t  a modest level for several years, w i t h  greater emphasis 
on laser-fusion f o r  energy commencing i n  1969. This increase was due t o  increasing 
optimism for achieving laser-induced thermonuclear reactions resulting from (1 ) 
developments in laser technology t h a t  demonstrated the feasibility of high-energy, 
subnanosecondf laser pulses and ( 2 )  analyses based on thermonuclear princl ples  t h a t  

indicated t h a t  the laser requirements for achieving fusion were orders of magnitude 
less t h a n  those init ially ant ic ipa ted .  
for civilian power application was more clearly perceived and was deemed sufficient 
t o  merit an energetic program even though portions of the program must be con- 
sidered as hav ing  substantial uncertainty. 

Also, the potential of this new technology 

Since the late 1 9 6 0 ' ~ ~  the program has been broadened i n  scope and effort, and 
significant progress has been made i n  many of the basic technology areas involved, 
including laser developments, fast  diagnostic instrumentation, and theory and 
understanding of laser-pl asma interactions. 
technology base for further advances. 

These developments provide a firm 

*1 nanosecond = 10-Y seconds. 
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The current AEC program i s  being conducted a t  the Lawrence Livermore Laboratory 
( L L L )  , Los Alamos Scientific Laboratory (LASL), and Sandia Laboratories- 
A1 buquerque (SLA) w i t h  contract support by selected contractors, primarily the 
Naval Research Laboratory ( N R L ) .  
organizations which have appropriate facil i t ies and capabilities. 

Contract research i s  currently undertaken w i t h  

The program i s  strongly oriented, i n  the near term, toward evaluating the overall 
scientific feasibility of laser fusion. High-energy, spherical i r r ad ia t ion  experi- 
ments are planned within the next few years t o  normalize the computer codes t h a t  
are used for target design. 
experiments will define the probability of achieving laser-fusion feasibility. 

These early, high-energy target i r r ad ia t ion  

Assuming success i n  these irradiation experiments, achievement of laser-fusion 
scientific feasibility, and advances i n  theory and hardware developments 
anticipated i n  this field, the AEC anticipates t h a t  net energy gain (fusion energy 
from pellet greater t h a n  total energy i n p u t  t o  system) can be achieved by 1980-- 
this would be for  nonrepetitive pulse operation i n  contrast t o  repetitive 
reactor-type operation. 
reactor i n  the mid-1980's and an experimental power reactor possibly by 1990. 
Subject t o  successful achievement of the experimental power reactor w i t h i n  this 
time frame, a demonstration power reactor m i g h t  be feasible i n  the mid-1990's. 

This achievement would be followed by an experimental 

6A.1.6.2 Extent o f  Energy Resource 

Because of i t s  h i g h  energy g a i n  and i t s  relatively low plasma temperature, the 
D-T reaction i s  considered the most attractive for first-generation fusion power 
reactors. Deuterium is  present i n  sea water and may be extracted a t  low fuel 
cost by means of proven processes. 
Tritium, on the other hand, does not occur naturally and must be bred by means 
of neutron absorption i n  lithium. Hence, the supply of lithium determines the 
capacity t o  utilize tritium i n  fusion reactors. L i t h i u m  i s  currently produced 
from pegmatitic rocks and by solar evaporation of subsurface brines. 
l i t h i u m  reserves are large, and the potential for expanding lithium resources i s  
excellent. Higher-cost lithium could also be recovered i n  substantial amounts 
from several sources. 
t h a t :  

I t  is virtually an unlimited fuel resource. 

Known 

An assessment of the adequacy of lithium supplies2 indicated 

Even the m s t  conservative estimates of exploitable lithium supplies 
lead t o  the conclusion t h a t  DT fusion reactors, breeding their tritium 
from natural lithium, could meet an electricity demand much larger t h a n  
today's for centuries. 

9 



I n  the future,  when the technology has been developed t o  permit  the comnercial use 
o f  D-D reactions, requirements f o r  l i t h i u m  w i l l  be a l l e v i a t e d  and the thermonuclear 
reac tor  indus t ry  could eventual ly be based upon the v i r t u a l l y  inexhaust ib le 
deuter i  um resource. 

The discussion o f  requirements and a v a i l a b i l i t y  o f  mater ia l  resources needed fo r  
fusion reac tor  construct ion given i n  Section 6A.1.6.6.3 below shows i n  some d e t a i l  
t h a t  a f u l l y  developed world fus ion  power economy would cause some resource use 
c o n f l i c t s  tha t  would have t o  be resolved. 
technology developments might provide p o s s i b i l i t i e s  f o r  a1 te rna t i ve  mater ia ls 
u t i  1 i zat ion . 

However, design improvements and 

6A.1.6.3 Technical Descript ion 

I n  1972, scoping studies were made o f  the fou r  major fusion concepts--the tokamak, 
the theta pinch, the magnetic mi r ro r ,  and the laser - fus ion  systems.3 The f i r s t  
three invo lve  magnetic confinement o f  the ho t  plasma t o  i s o l a t e  i t  from the  reac tor  
chamber wal I s ,  thereby avoiding quenching o f  the plasma below the thermonuclear 
reac t ion  temperature. Laser-fusion reactions , on the o ther  hand, are envisioned 
t o  occur so r a p i d l y  t h a t  i n e r t i a l  forces provide adequate confinement dur ing the 
thermonuclear fus ion  process. 

Fusion power systems cu r ren t l y  would u t i l i z e  t h e  D-T f ue l  cycle 
( D  t T + He-4 + n),  i n  which 80% o f  the fusion energy i s  ca r r i ed  by the  neutrons. 
These systems w i l l  require a blanket region t o  convert the neutron k i n e t i c  energy 
t o  thermal energy and t o  breed t r i t i u m  fue l  by neutron absorption i n  l i t h ium,  
present e i t h e r  as the l i q u i d  metal o r  as an inorganic s a l t .  The blanket w i l l  a lso 
serve as the i nne r  po r t i on  o f  the b i o l o g i c a l  shield.  
system would be required fo r  generation o f  e l e c t r i c i t y .  
could have a large f r a c t i o n  of the  t o t a l  fusion energy ca r r i ed  by charged 
p a r t i c l e s  t h a t  might make d i r e c t  power conversion an a t t r a c t i v e  a1 te rna t ive .  

A thermal power conversion 
Advanced fusion systems 

Mater ia ls o f  construct ion w i l l  d i c t a t e  permissible operating temperatures i n  
fusion power systems. 
fabr ica ted  o f  an a l l o y  o f  a re f rac to ry  metal, such as vanadium, i f  assurance o f  
a v i r t u a l l y  oxygen-free coolant f o r  contact w i t h  the vanadium s t ruc tu re  were 
possible. 
w i th  ove ra l l  p l a n t  e f f i c i enc ies  o f  40 t o  50%. A vanadium a l l o y  o f  t h i s  type has 

no t  been developed as y e t  and would requ i re  extensive research t o  assure tha t  i t  
would meet requirements necessary f o r  purposes such as f a b r i c a b i l i t y  i n t o  la rge  

For example, the torus o f  a tokamak reac tor  might be 

Use o f  such an a l l o y  should permit  operation a t  elevated temperatures, 
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segments and compatibility with possible coolants. Vanadium materials known today 
require an essential ly  oxygen-free environment t o  prevent corrosion and consequent 
deterioration of mechanical properties. 
alloys to be developed, designs using vanadium would have t o  assure t h a t  the coolant 
i n  contact w i t h  the vanadium structure would be virtually oxygen-free. Use of other 
refractory metals, such as niobium- o r  molybdenum-based alloys, would give rise t o  
similar concern over effects of oxygen contamination. 

I f  this characteristic persists in the new 

Should use of stainless steel prove necessary, operating temperatures would be 
reduced from those for a vanadium alloy to prevent excessive corrosion by metallic 
lithium i n  the blanket. 
tional steam power plant and o b t a i n  an overall thermal efficiency of 30 t o  36%. 

Steam a t  perhaps 900OF would be used t o  drive a conven- 

Studies conducted t o  date have served primarily t o  define general operating condi- 
tions and provide a basis for more detailed assessments. 
presently under way for a theta pinch concept, a mirror concept, three variations 
on t h e  tokamak confinement systems, and a number o f  power plants based on the laser- 
fusion process. These studies will provide a basis for determining further 
research and development requirements and will also permit a more detailed analysis 
of environmental impact of fusion power plants. 

Such assessments are 

Transportation and storage of fusion reactor fuels would pose no problems, because 
neither the deuterium nor the lithium is radioactive and they can be shipped 
according t o  acceptable safe practice. The two fusion reaction products are 
stable He-4 and a neutron. Most o f  the neutrons are absorbed in the lithium 
blanket and the remainder in the structural members (resulting in activation of 
these members), while the helium is  an inert product t h a t  may be separated from 
unburned D-T fuel and used as makeup for  the helium refrigerant for the super- 
conducting magnet sys tern. 

Present understanding indicates t h a t  fusion power plants could be built with the 
same electric o u t p u t  as other types-about 1000 MWe or larger. 

6A.1.6.4 Research and Development Program 

Both the magnetic confinement and laser-fusion programs have significant efforts 
under way which are i n  the early stages of the f i r s t  phase of a research and 
development program (see the opening section, t i t led Perspective on Alternative 
Energy Options) leading to  the determination of scientific feasibility. 
possible additional efforts in this phase have been identified. These efforts, 

Many 
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efforts of subsequent phases, will be undertaken i n  parallel or i n  sequence 
the logic of the program dictates) as prerequisites t o  the i n i t i a t i o n  of major 
neering activities i n  the later phases of the program. 

In view of the fact t h a t  scientific feasibility has yet t o  be established i n  either 
the magnetic confinement o r  laser-fusion approach t o  controlled thermonuclear power, 
the research and development program described herein, and particularly the schedules 
for progressive development i n  t h a t  program, have a large degree of uncertainty 
attached t o  them. The early stages of the research and development program deal 
w i t h  experiments designed t o  achieve scientific breakthroughs. These experiments 
can be scheduled, b u t  there i s  no assurance t h a t  the results will be satisfactory 
or t h a t  they will be achieved on the anticipated schedules. A t  least three tasks 
can be identified t h a t  will have t o  be achieved before research leading t o  
achievement of engineering feasibility can be successfully accomplished: 
plasma confinement already achieved i n  small experiments must be achieved i n  
reactor-sized experiments; plasma heaters developed f o r  small experiments must be 
scaled t o  larger-sire units w i t h  reasonable efficiency; and development of the 
means for either continuously removing the helium "ash" produced or getting a 
sufficiently h i g h  burn-up o f  the fuel each cycle t o  much more t h a n  take care of 
the energy required t o  heat and ignite the plasma. 

the good 

Research and development requirements for  the different fusion power concepts have 
been assessed by several p l a n n i n g  bodies. A report originally prepared as p a r t  of 
the work done for  the Federal Council on Science and Technology's Energy Research 
and Development Goals Study examined fusion research needs as they appeared in 
1972. 

and development over the next five years was outlined. Objectives of this program, 
which were recommended to be funded a t  $1.45 billion, include the conducting of 
theoretical , computational, and experimental studies t o  predict the behavior of 
fusion experiments and the operating characteristics of fusion reactors; develop- 
ment of the technology t o  perform fusion research; establishment of the feasibility 
of various magnetic confinement systems and o f  laser fusion as a basis for 
practical fusion power generation; and development of components and an engineering 
base leading to the operation of prototype, demonstration, and commercial fusion 
power reactors. A summary of the elements of the research and development programs 
outlined i n  refs. 5 and 6, as modified by current AEC planning, i s  provided below. 

5 

More recent ly ,  i n  "The Nation's Energy Future,"6 a program o f  fusion research 
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6A. 1.6.4.1 Magnetic Confinement Program 

For a l l  of the systems i n  the magnetic confinement program, the theoret ical  and 
experimental e f f o r t s  are directed toward a common goal--the understanding of 
conditions necessary f o r  creating, heating, and sustaining a D-T plasma so tha t  
i t  may be used as an energy source for the generation o f  e l e c t r i c  power. 

The major share o f  funding a t  present i s  a l located t o  r e l a t i v e l y  large and 
sophist icated experiments devoted t o  the study of plasma properties, p a r t i c u l a r l y  
those techniques tha t  may be employed t o  heat plasmas t o  thermonuclear tempera- 
tures. Many aspects of plasma physics, however, need not be studied i n  complex 
experiments, and there i s  a s i g n i f i c a n t  research program devoted t o  the develop- 
ment of plasma science by means o f  simpler experiments intended t o  b u i l d  the 
necessary base o f  understanding. 
development and technology programs are under way which concentrate on providing 
the engineering support , both design data and hardware, necessary f o r  planned 
fu ture  experiments. 

I n  addi t ion t o  the experimental programs , 

Plasma experiments i n  progress employ hydrogen, deuterium, o r  helium, because 
use o f  t r i t i u m  would require special f a c i l i t i e s  t o  handle and control  a radio- 
ac t i ve  gas safely. However, more complex f a c i l i t i e s  are now contemplated f o r  
construction as pa r t  o f  the next generation o f  plesma experiments so tha t  the 
technology o f  burning D-T gas mixtures may be f u l l y  explored. 
experiments would be operated w i t h  hydrogen plasmas t o  c l a r i f y  appropriate questions 
of physics. They would then be fueled w i th  D-T, and the physics and engineering 
problems r e l a t i n g  t o  burning fusion plasmas would be studied. 

I n i t i a l l y ,  these 

I n  addi t ion t o  D-T burning experiments, other experiments operating so le l y  w i t h  
hydrogen plasmas w i  11 be undertaken f o r  the purpose o f  addressing separable physics 
and engineering problems. Such experiments w i l l  provide c r i t i c a l  data wi thout the 
necessity o f  providing tr i t ium-handl ing capab i l i t y  and incorporating sh ie ld ing f o r  
the neutrons generated i n  the D-T reactions. 

Magnetic confinement experiments t o  be conducted i n  the fu ture are ant ic ipated t o  
be as fol lows: 

Phase I :  Deuterium-trit ium fusion t e s t  reactors, 1 t o  10 MWt, two o r  three t o  be 
completed about 1980. 
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Phase 11: Experimental Power Reactor No. 1, 20 t o  50 We, t o  be completed about 
1985. 

Experimental Power Reactor No. 2, 100 MWe, t o  be completed i n  1989-1990. 

Phase 111: Demonstration power reactor, 500 me,  t o  be completed about the l a t e  
1990’s. 

Oevel opment and techno1 ogy ef for ts w i  11 be expanded t o  provide the necessary hard- 
ware for  the new large experiments and t o  begin those long lead-time e f f o r t s  re la ted 

t o  fusion power experimental power reactors and demonstration plants. The engi- 
neering requirements o f  power-producing systems may d i f f e r  markedly f r o m  experiments 
designed so le ly  t o  acquire data on operating character ist ics;  so conducting work 
i n  recognit ion o f  potent ia l  dif ferences i s  c r i t i c a l .  The most important development 
problems t h a t  must be faced i n  the near-term magnetic confinement fusion program 
include superconducting magnets, magnetic energy storage sys tems, and neutral beam 

sources. 

The research program w i l l  also be expanded t o  develop fu r the r  understanding o f  
plasma behavior. 
basic pr inc ip les o f  plasma physics t o  provide a great ly  needed predic t ive capab i l i t y  
i s  reasonable. 
computer simulat ion o f  plasmas, including three-dimensional computer simulation. 
This task w i l l  permit modeling o f  proposed experiments t o  assure proper machine 
design and, i n  the longer term, w i l l  provide the capabi l i ty  t o  optimize fusion 
reactor power plants more easily. 

Input t o  such computer codes w i l l  be largely  dependent on progress i n  understanding 
o f  plasma behavior, i n  much the same way tha t  f i s s i o n  reactor analysis i s  predicated 
on precise neutron cross-section data. 

6A.1.6.4;2 Laser-Fusion Proqram 1 

The laser-fusion program encompasses both theoret ical  and experimental e f for ts .  
The status o f  unclassi f ied research has been pe r iod i ca l l y  reviewed. ’-’ Program 
e f f o r t s  t o  date have been ,directed predominantly toward laser research and laser- 
system hardware development, wi th  increasing emphasis i n  recent years on lasers 
w i t h  high-energy outputs i n  subnanosecond pulses. This work has been supported 
and guided by theoret ical  and calculat ional  e f f o r t s  on laser-plasma generation, 

To expect t ha t  there w i l l  be a continuing need f o r  study o f  the 

For example, a great ly increased e f f o r t  i s  t o  be undertaken on 

: 

I .  

6A. 1-1 77 



laser-energy absorption mechanisms, pellet configurations, and laser irradiation 
experiments usinq various target configurations and materials. 

The f i r s t  priority of the laser-fusion program is  t o  o b t a i n  experimental da ta  on 
the interaction o f  high-energy laser beams with target materials and thermonuclear 
pellets. 
predictions of target performance. The small amount of tritium required for 
pellet experiments presents no difficult safety o r  handling problems, and the 
current program includes i r r ad ia t ion  of targets containing tritium. 
o u t p u t  of glass lasers i s  sufficient t o  begin serious experimental studies b u t  i s  
too low i n  energy t o  achieve meaningful pellet compressions. 
h i g h  priority o f  the current program i s  t o  develop higher o u t p u t  lasers. 

Such data  are critically needed to assess the validity of theoretical 

The present 

Therefore, another 

The best hope for substantial energy gains in the near-term lies i n  the further 
development of neodymium-glass lasers. 
under development. I n  t h e  long-term, gas lasers appear much more promising for  
providing energies o f  100,000-5 and higher a t  reasonable costs. A 10,000-3 C02 
laser i s  under development t o  evaluate the designs and components for a proposed 
100,000-5 C02 system expected t o  be started in 1975. 
in the planning stage. 
of electron-beam technology for achieving fusion. 

A 10,000-joule (3) glass laser-system is 

Larger follow-on system are 
A modest facil i ty is  planned for evaluating the potential 

Future experiments i n  the laser-fusion program are anticipated as follows: 

Phase I:  Single-cavity experimental reactor a t  50 M W t  i n  early t o  mid-1980's. 

Phase 11: Experimental power reactor, 100 We, t o  be completed by 1990. 

Phase 111: Demonstration power reactor, single or multiple 100-MWe modules, t o  
be completed about  the mid-1990's. 

As discussed above, these experiments will be supported by the development of lasers 
hav ing  increasingly higher energies and efficiencies, the design and fabrication o f  
the required fuel pellets, and developments and tests of reactor components such as 
optical hardware, tritium processing, laser gas flow systems, cavity and blast 
containment vessels, and direct conversion systems. 

As in the magnetic confinement program, more detailed attention will be given t o  
assessment of the characteristics of laser-fusion power reactors. This study will 
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permit identification of engineering developmnts necessary t o  reduce the laser- 
fusion process t o  practice init ially i n  experimental and demonstration reactors. 
Theoretical studies will also continue t o  assure t h a t  the physics of laser-pellet 
interaction processes i s  well understood and t h a t  the techniques employed make 
maximum use o f  the incident laser energy. 

6A.1.6.5 Present and Projected Application 

Since the CTR program i s  i n  the early stages of i t s  development effort, present 
and projected applications must be measured in terms of milestones along the way 
toward develohent of the technology. The major milestones anticipated t o  be 
achievable which are associated w i t h  the magnetic confinement fusion research 
program are as follows: 

Phase I :  Achievement of reactor-level plasma condi t ions i n  a hydrogen plasma 

Achievement of D-T b u r n i n g  a t  the multi-megawatt level i n  abou t  
in the late 1970's. 

1980 i n  fusion test reactors. 

Phase 11: Electrical power production abou t  1985 i n  a first-generation 
Experimental Power Reactor (EPR-1) a t  many tens of electrical 
megawatts. 

Experimental Power Reactor (EPR-2) a t  100 We. 
Electrical power production in 1989-90 i n  a second-generation 

Phase 111: Electrical power, 500 We or  more, i n  a demonstration reactor i n  

Commercial introduction of fusion power plants on a significant 
the late  1990's. 

scale beginning in the early 21st century. 

Milestones for the laser-fusion effort are as follows: 

Phase I:  Achievement of significant thermonuclear burn  i n  the mid-1970's. 
Achievement of scientific breakeven* i n  the late 1970's. 
Achievement of net energy gain by about 1980. 

*Fusion energy from the pellet equals the laser light energy incident on the 
pellet. 
the system has approached. 

Efficiency of laser would then determine how close t o  energy breakeven 
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Phase 11: Operation o f  s ingle-cavi ty experimental reactor a t  50 M W t  i n  mid-1980's. 
E lect r ica l  power generation, 100 We, i n  an experimental power 

E l e c t r i c  power, s ing le o r  mul t ip le  modules, i n  a demonstration reactor 
reactor by 1990. 

i n  the mid-1990's. 

6A. 1.6.6 Envi ronmental Impacts 

Since the fusion research program encompasses three approaches to  magnetic 
confinement and one t o  laser fusion and i s  only i n  the ear ly  phases o f  research 
and development , an attempt toward d e f i n i t i v e  assessment o f  environmental impac 
would be premature. 
Reference CTR,3 and others are t o  be undertaken based on more detai led power p lant  
scoping studies completed i n  ea r l y  1974.* A summary o f  the antfcipated environ- 
mental impact of fusion reactors based on the studies conducted t o  date i s  
provi  ded bel ow. 

However, a prel iminary analysls was done f o r  a so-called 

6A.1.6.6.1 Energy Conversion Plant 

Radioactive Eff luents 

Any radioact ive releases tha t  occur during rout ine operation o f  a fusion power 
p lant  w i l l  be due t o  t r i t i u m  leakage. 
maintained a t  manageable levels. 
by: 

It i s  expected t h a t  these releases can be 
T r i t i um leakage that  does occur w i l l  come about 

(1) 

(2 )  

(3 )  

d i f f us ion  through the blanket region wal ls i n t o  the magnet sh ie ld  region, 
d i r e c t l y  and f r o m  that  region t o  the atmosphere o f  the bui ld ing,  
leakage from j o i n t s  and/or components o f  the t r i t i u m  handling system, 
and 
d i f f us ion  through heat exchanger walls i n t o  the workinq f l u i d  o f  the 
thermodynamic cycle and subsequent leakage t o  the atmosphere. 

Di rect  d i f f us ion  from the blanket region t o  the atmosphere i s  expected t o  be 
t r i v i a l  because representative reactors (e.g., a tokamak) can be designed t o  
surround wi th  a cold wal l  the thermally hot section tha t  contains the t r i t i um.  
By evacuating the intervening space and drawing and recycl ing any t r i t i u m  i n  t h i s  

*Reports t o  be published. 
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space, the  t r i t i u m  loss  i s  expected t o  be inconsequential because the remaining 
d i f f u s i o n  path would be through a co ld  wa l l .  
l e a k - t i g h t  b lanket  coolant systems w i l l  impose a severe engineering requirement 
on fus ion  systems. The actual  seve r i t y  o f  the requirement w i l l  depend on the  
al lowable leak ra te ,  which i n  tu rn  may be h i g h l y  dependent on the d e t a i l s  o f  the 
system design and al lowable dose rates.  

The design and attainment o f  h i g h l y  

For the systems u t i l i z i n g  a steam cycle, any t r i t i u m  t h a t  d i f f used  from the  b lanket  
system would i n t e r a c t  w i t h  water i n  the steam cyc le t o  form HTO. 

t r i t i u m  once i t  i s  i n  t h i s  form would requ i re  use o f  an e x o r b i t a n t l y  expensive 
isotope separation process. Conventionally, l i q u i d  losses from steam cycles occur 
due t o  i n t e n t i o n a l  operational discharges t o  mainta in  cont ro l  o f  coolant chemistry 
and leakage. The problems associated w i t h  maintenance and operat ion o f  steam 
cycles i n  fus ion  p lan ts  are expected t o  be i d e n t i c a l  w i t h  those encountered i n  
present conventional steam-enerating systems. 
the steam cyc le i s  a f a c t o r  t h a t  w i l l  requ i re  evaluat ion o f  t he  a p p l i c a b i l i t y  
o f  cur ren t  steam cyc le design, maintenance, and operat ional  p rac t i ce  t o  fus ion  
p lan ts .  An a t t r a c t i v e  a l t e r n a t i v e  t o  the steam cyc le  i s  the closed-cycle gas 
tu rb ine  power system such as w i l l  be used w i t h  high-temperature gas-cooled f i s s i o n  
reac tor  power p lan ts .  

Recovery o f  the 

The po ten t i a l  presence o f  HTO i n  

Operation o f  c e r t a i n  fus ion power p lan ts  s o l e l y  as burners may prove poss ib le .  
The necessary fue l  could be obtained from breeder fus ion  reac tor  systems loca ted  
i n  more remote s i t e s  and shipped t o  the  burner s ta t i ons  as needed. 

would r e s u l t  i n  a minimum t r i t i u m  inventory  i n  burner s ta t i ons  and might  permi t  
urban s i t i n g  o f  such fus ion  power p lan ts .  

This p rac t i ce  

Long-Lived Radioactive Wastes 

Fusion reactors  w i l l  produce nonvo la t i le ,  long- l i ved  rad ioac t ive  wastes i n  modest 
quan t i t i es .  The primary wastes w i l l  be ac t i va ted  s t r u c t u r a l  mater ia ls  o f  t he  
b lanket ,  which w i l l  have a f i n i t e  usefu l  l i f e t i m e  w i t h i n  the reac tor  awing t o  
r a d i a t i o n  damage. Table 6A.1-21 (from r e f .  10) shows the p r i n c i p a l  long- l i ved  
a c t i v i t i e s  o f  a b lanket  structure’composed o f  vanadium o r  niobium. This tab le  
gives the  annual r a t e  a t  which a c t i v i t y  i s  generated normalized t o  1 MW o f  
reac tor  thermal power, the accumulated a c t i v i t y  r e s u l t i n g  from 1000 years o f  
continuous generation ,* and the b i o l o g i c a l  hazard p o t e n t i a l  associated w i t h  
t h i s  amount o f  accumulated a c t i v i t y .  Note t h a t  i n  Table 6A.1-21 the  maximum 

* In 1000 years the accumulated hazard po ten t i  a1 w i  11 approach i t s  s teady-state 
value. 
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Table 6A.1-21 

LONG-LIVED ACTIVITIES I N  THE BLANKET STRUCTURE 
OF A FUSION REACTORa 

B i o l  og i  ca l  Hazard 
A c t i v i t y  Accumulated Maximum Permissible Poten t ia l  A c t i v i t y  

Generation Rateb A c t i v i t y  a t  1000 Concentration i n  Water a t  1000 years + MPC 
Nucl ide L i f e  (years) (Ci /M\.lt-year) ye a r s  C ( C i  /MW t ) ( p~ i / cm3 ) (km3 o f  water/MWt) 

I f  Fabricated w i  t h  Vanadi um 

0.00014 - 0.0014 d 

I f  Fabricated w i t h  Niobium 

Lonq-Lived A c t i v i t i e s  Due t o  Ac t i va t i on  o f  Pliobium Imouri t y  i n  Vanadium 

Nb-93m 19.6 8,800 173,000 4 0.4 

?4b-94 2.9 x 10 4 2.9 2,900 3 x 10-Ge 1 .0 

aSource: 

bAverage generation r a t e  based on 20 years o f  reac tor  service. 
'Based on 1000 years o f  continuous generation. 

dAssuming niobium i s  present a t  an atomic concentratat ion o f  100 t o  1000 ppm. 
e"Default" value l i s t e d  i n  USAEC Rules and Reaulations, 10 CFR 20, Appendix B. 

D. S te iner  and A. P. Fraas, "Pre l iminary Observations on the Radio log ica l  Imp l ica t ions  o f  Fusion Power," 
Nuclear Safety 13(5): 353 (September-October 1972). 



permiss ib le  concentrat ion i n  water i s  used, which seems more appropriate than the 
value i n  a i r  i n  the context  o f  underground disposal. 

The use o f  vanadium as the  b lanket  s t r u c t u r a l  mater ia l  would d ramat ica l l y  reduce 
the problems associated w i t h  rad ioac t ive  waste disposal. Vanadium e x h i b i t s  no 
known long- l i ved  a c t i v i t y  as a r e s u l t  o f  ac t i va t i on ;  therefore,  the  long- l i ved  
a c t i v i t i e s  r e s u l t  on ly  from the a c t i v a t i o n  o f  impur i t i es  and a l l o y i n g  add i t ions  
w i t h i n  the  vanadium. 
i n  vanadium a t  an atomic concentrat ion somewhere between 100 t o  1000 ppm. I n  
t h i s  concentrat ion range, the b i o l o g i c a l  hazard po ten t i a l  associated w i t h  the 
ac t i va ted  vanadium s t ruc tu re  would be three t o  fou r  orders o f  magnitude lower 
than t h a t  associated w i th  the niobium s t ruc tu re  (see Table 6A.1-21). 
arguments would a lso be v a l i d  f o r  several promising vanadium a l l oys  (e.g., those 
conta in ing t i t a n i u m  and chromium). However, use o f  vanadium must be accomplished 
i n  a manner t o  maintain the oxygen content o f  the coolant l o w  enough (on the  
order  of 100 ppm) t o  prevent corros ion o f  vanadium s t ruc tures .  
of vanadium t o  s i g n i f i c a n t  corros ion i n  the presence o f  low oxygen concentrat ions 
has l i m i t e d  i t s  present use and minimized previous mater ia ls  development programs 
on vanadium t o  a f a r  smal ler  sca le than those accomplished on niobium. 

Niobium i s  t yp i ca l  o f  such an impur i t y  and might be present 

The same 

This s u s c e p t i b i l i t y  

S t ruc tu ra l  mater ia l  se lect ions f o r  fus ion power p lan ts  are by no means f i xed .  
Studies are under way t o  assess the  s u i t a b i l i t y  o f  b lanket  and s t r u c t u r a l  mater ia ls  
t h a t  would minimize ac t iva t ion . ”  
being assesszd t o  es tab l i sh  whether they could meet a l l  the engineering requ i re -  
ments imposed by the reac tor  operation. 

Mater ia ls  such as graph i te  and aluminum are 

Waste Heat Reject ion 

The D-T f u e l  cyc le  requi res the use o f  a thermal power conversion system, although 
a p o t e n t i a l  e x i s t s  f o r  ‘ d i r e c t  power conversion i n  both advanced m i r ro r - fus ion  and 
laser - fus ion  systems. The e f f i c i e n c l e s  o f  thermal systems are determined i n  la rge  
p a r t  by the  maximum temperature o f  the heat t r a n s f e r  f l u i d ,  which i s  determined by 
the  maximum temperature o f  the core s t ruc tu re .  
r e f r a c t o r y  metal a l l o y  might  be capable o f  operat ion a t  1000°C. 
Z r  i nd i ca te  t h a t  i t  might be s u i t a b l e  f o r  t h i s  serv ice  and could be used w i t h  a 
potassium topping cyc le  superimposed on a conventional steam system. The combined 

cyc le should g ive  a p l a n t  e f f i c i e n c y  between 50 and 60% depending on the a u x i l i a r y  

power requirements, p a r t i c u l a r l y  f o r  f ue l  i n j e c t i o n .  
t u rb ine  power system might r e s u l t  i n  e f f i c i e n c i e s  i n  the  40 t o  50% range. 

A fus ion  reac tor  u t i l i z i n g  a 
Tests w i t h  Nb-1% 

Use o f  a closed-cycle gas 
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The use of cooling water vs wet or dry cooling towers has not  been considered 
in detail for fusion reactors because the choice of heat rejection mode i s  such a 
sensitive function of plant s i te  considerations. 
temperatures of a refractory metal fusion reactor would allow increased flexibility 
i n  optimization of a system using cooling towers over power cycles operating a t  
lower temperatures. 
fusion power plants a t  100 t o  200°C w i t h o u t  seriously reducing plant thermal 
efficiency. 
heating and cooling and /o r  industrial processes, before beinq ultimately rejected 
a t  1 ower temperatures. 

Obviously the hiqh operatinq 

Wi th  a h i g h  peak cycle temperature, heat can be rejected from 

This heat m i q h t  then be used i n  urban sitinq applications for buildinq 

Land Despoilment 

There are two aspects of land despoilment related t o  the fusion power plant. The 
f i r s t  i s  the direct land use by the power p l a n t  i t se l f ,  which includes buildings, 
switchyards, transformer yards, transmission lines, and cooling equipment. To a 
significant extent, fusion reactors would be similar t o  fission reactors in this 
regard, and fusion fuel-storaae space requirements will be neqligible. 

The second aspect of l and  despoilment is  associated w i t h  the projected flexibility 
of fusion reactor siting. If the low radioloqical haza rd  potential of fusion 
reactors makes urban sitinq acceptable, then the larqe l a n d  areas usually required 
for  power transmission froc rural t o  urban  areas would be sisnificantly reduced. 

Accident Hazards 

Any reasonable appraisal of accident hazards requires a detailed examination of a 
specific desiqn because many potential problems are .in larqe measure denendent 
upon specifics of the system. 
conceptual fusion reactor desiqn has been examined in a n y  denth in an attempt t o  
maximize safety and minimize accident potential and t h a t  reference controlled 
thermonuclear reactor served as a basis for the analysis. 
f o r  a description of the reactor and p.  28 f o r  a discussion of the potential 
accident hazards i nvol ved. ) 

As discussed in Report Ii4SI-1-1239 (ref.  3 ) ,  only one 

(See n .  9 o f  ref. 3 

A listing of the principal hazards recognized as requiring attention 
and development program is given below. Report WASH-1239 (ref. 3) d 

of these i n  some detail with the general conclusion t h a t  the hazards 
and amenable t o  control by proper design: 
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( 1 )  Stored energy i n  the system i n  nuc lear  and chemical forms--the l a r g e s t  
source i s  the l i t h i u m  i n  the  b lanket  (see Table 6A.1-22).* The upper 

l i m i t  on the nuc lear  energy re lease v i a  nuc lear  r e a c t i o n  o f  the f u e l  i n  
the  plasma reg ion  ( 4  g)  would a t  wors t  prov ide a minor temperature 
per tu rba t ion .  
Plasma i n s t a b i l i t i e s  lead ing  t o  a l o c a l i z e d  plasma dump onto an adjacent 
w a l l  and consequent w a l l  burnout w i t h  l i t h i u m  leakage i n t o  t h e  plasma. 
This event would quench the f u s i o n  r e a c t i o n  i n  a f r a c t i o n  o f  a second. 

Magnet f a i l u r e  lead ing  t o  damage t o  the  magnet system. 
Loss o f  coo lan t  acc ident  w i t h  consequent minor a f t e r h e a t  problems. 

L i t h i u m  leakage and the  consequences of such leakage. 
Leaks i n  the potassium condenser-steam generator. 

Leakage o f  the t r i t i u m  inventory  i n  the fus ion  r e a c t o r  i n c l u d i n g  t h e  

l i t h i u m  coolant. 

(2 )  

(3 )  

( 4 )  

( 5 )  
( 6 )  

( 7 )  

Table 6A.1-22 

ENERGY RELEASE POTENTIAL OF COMPONENTS OF A 
REFERENCE CTR PRODUCING 1000 YWe 

Energy Equiva lent  Gallons 
(megajoules ) o f  Fuel O i l  

P1 asma, Complete Fusion 6.9 l o 4  2.430 

Magnet 2.4 l o 5  %1500 

L i t h i u m  t Water t A i r  6.4 10’ 2.4 l o 5  
Potassium t Water t A i r  6.4 105 4 0 0 0  

Secondary Vacuum Vessel 1.6 lo4  -1 00 
Primary Vacuum Vessel 640 4 

6A.1.6.6.2 O f f s i t e  A c t i v i t i e s  

Procurement o f  M a t e r i a l s  

The major o f f s i t e  a c t i v i t i e s  from t h e  power p l a n t  which c o n t r i b u t e  t o  env i ron-  
mental impact are associated w i t h  the  procurement o f  the  f u e l  and cons t ruc t ion  

m a t e r i a l s .  

*Note t h a t  the s e l e c t i o n  o f  l i t h i u m  as a coolant  i n  some conceptual f u s i o n  r e a c t o r  
designs i s  very p r e l i m i n a r y  and cou ld  g i v e  way t o  more conventional f l u i d s  such 
as water  o r  helium. 
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D-T fus ion  power p lan ts  would consume deuterium and l i t h i u m  as fue l s .  
obtained from water,. which i s  u n i v e r s a l l y  ava i lab le .  

despoilment, b u t  i t  does r e s u l t  i n  the production o f  use fu l  quan t i t i es  o f  commercial 
grade hydrogen and oxygen and modest quan t i t i es  o f  p u r i f i e d  water. 

Deuterium i s  
I t s  ex t rac t i on  resu l t s  i n  no 

L i th ium i s  obta inable from sur face and underground br ines  ( t h e  l e a s t  expensive 

ex t rac t i on  process) and from the oceans (a more expensive process b u t  s t i l l  

r e l a t i v e l y  i n s i g n i f i c a n t  i n  cos t ) .  
ex t rac t i on  o f  l i t h i u m  and the  metals incorporated i n  the  s t ruc tu re  o f  a tokamak 

reac tor3  i s  shown i n  Table 6A.1-23, which shows t h a t  the ore residues r e s u l t i n a  

from e x t r a c t i o n  o f  lead and copper are o f  g rea tes t  concern. 

The land despoilment associated w i t h  the 

Table 6A.1-23 

YIELD OF REQUIRED METALS FROM THEIR ORES 

Approxi mate 
Re uirement fo r  Average Y ie ld  o f  Ore Requirement 
109 MWe (met r ic  i4etal from Crude f o r  107 MWe 

Metal megatons ) Ore (percent)  (me t r i c  meoatons) 

Nb 
Be 
C r  

N i 

L i  
cu 
Pb 

A1 

V 
Mo 
Sn 
Fe 

Z r  

7 

0.6 
11 

5 

5 

40 

107 
10 
4 
6 

0.8 

170 
0.07 

2 

2 
5 

1.1 

1.5 

0.9 

1.5 
10 
5 
2 

10 
45 
1.5 

350 
30 

220 

500 

100 
4,400 

7,100 
100 
80 

300 
8 

380 

Total 13,600 

Transpor tat ion 

To s t a r t  up a fus ion  power p lan t ,  an i n i t i a l  f ue l  charge o f  deuterium and t r i t i u m  

w i l l  be needed. Thereafter, a continuous supply o f  deuterium and l i t h i u m  w i l l  be 

requ i red  a t  the r a t e  o f  1.1 kg/day. T r i t i u m  shipment w i l l  be necessary on l y  t o  
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supply the init ial  charges t o  s ta r t  new power plants ( o r  t o  provide fuel for 
possible fusion burner plants--see Section 6A.1.6.6.1), because recycling within 
each p l a n t  i s  assumed t o  be the principal operatinn mode. nnly a b o u t  10 k g  of 
tritium would be expected t o  be shipped from each opera t inq  p l a n t  every few years 
on the average, depending upon the rate  of growth of the fusion nower industry. 
Thus, the transportation o f  nuclear fuels for fusion reactors is  seen t o  be a 
relatively minor problem as compared with transportation for other nuclear or 
fossil-fueled power plants. 

T h e  blanket structure of a fusion plant will become radioactive durinq operat ion.  
This structure is  expected t o  have a lifetime on the  order of 10 t o  20 years, and 
when i t  i s  replaced, the used activated unit will have t o  be shipped from the 
power p l a n t  t o  a s i te  wherein i t  would be stored. 
nonvolatile and consequently i t s  hazard potential should be relatively low. 
would n o t  require a large amount of shielding during shipment nor would i t  present 
a difficult cooling problem. One design study has indicated t h a t  use of a 
niobium alloy could result in a shorter f i r s t  wall lifetime (%5 years) and increase 
the overall q u a n t i t y  of waste sent for disposal.12 Ongoing studies are intended 
t o  establish how waste disposal will be influenced by reactor concept, structural 
alloy selected, operating conditions, and wall stresses; and designs resulting in 
minimum radioactive waste are being emphasized.13 Clearly, more definitive 
assessments remain t o  be obtained. 

The structure i tself  would be 
I t  

I 

6A.1.6.6.3 Irreversible and Irretrievable Commitment of Resources 

A preliminary survey has been made of U . S .  and world resources of the various 
mater ia l s  needed f o r  fusion reac tor  c o n s t r u c t i ~ n . ~  The results are shown i n  

Table 6A.1-24 where, i n  order t o  emphasize maximum resource requirement, the 
largest q u a n t i t . y  of a given material required by any of the several reactor 
designs i s  presented. For instance, a pulsed theta-pinch reactor would use more 
copper and less superconducting material t h a n  would a tokamak reactor. The 
larger needs for  bo th  materials are included i n  the table. Clearly, no one 
reactor design would use all of the materials listed, and this approach thereby 
overestimates the quant i  ties o f  material needed. 

7 In the extreme of a fully developed world fusion power economy, 10 MWe o f  electric 
power might be generated by fusion reactors. 
table shows the mass of materials i n  metric megatons needed t o  construct and 
operate ten thousand 1000-MWe fusion reactors. 
per year would be required a t  a later time b u t  i s  not  considered here. 

Therefore, the t h i r d  column of the 

Plant replacement a t  about 5% 
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Table 6A. 1-24 

1 I 
4 

00 co 

CTR RESOURCE UTILIZATION 
Tota l  E s t i -  
mated Roduc-  Resources A t  

Uass In  t i o n  i n  Year Increased 
Approx. Mass In Metric  Mega- 2000 In Known Resources P r i ces  
Metr ic  Tons Per For tons For Metric Present P r i ces  In Metric 

Mate r i a l  1000 W e  Reactor Reactor+ lo7 Hie MeRatons Metric Megatons Megatons 

Nb 

L i  

Be 

C r  

N i  

Ti 

He 

cu 

Graphi te  

Pb 

A 1  

V 

MO 

K 

Sn 

F 

Fe 

400 s t r u c t u r a l ,  
130+180 in 
NbTi and NbjSn 

900 

60 

1100 i n  S S  

500 i n  SS 

LOO s t r u c t u r a l ,  
80 in NbTi 

350 

2900 coi 1, 
1100 i n  NbTi 

2200 

10,700 

570 s t r u c t u r a l ,  
390 i n  Nb3Sn 

600 

400 s t r u c t u r a l ,  
200 i n  SS 

20 

83 i n  NbgSn 

500 i n  f l i b e  

12,600 s t e e l ,  

4.1.2 7 

1 9 

2 .6 

5 11 

5 5 

1.1 5 

3 4 

3.1 40 

1 22 

1 107 

3.2  10 

4 4 

L.5 6 

1 . 2  

2 .8 

2 5 

1.5 170 

U.S. WORLD U.S. WORLD U.S. WORLD C-nts 

.009 

.01 

.002 

1 

.5 

2 . 3  

.012 

6-12 

. 1  

3 

33 

. 0 3  

.os 

11 

. 1 2  

2 .2  

180 

.020 

,016 

.003 

4.3 

1.3 

6.9 

.015 

35 

1.4 

7.3 

75 

.06 

.26  

56 

.41 

7.5 

800 

.07 

5 

,026 

0 

. 2  

.15 

1.2*  

77  

. 5  

32 

1 2  

.1 

2 . 9  

120 

.006 

4.9 

2000 

6 

6-8 

. 3 8  

700 

68 

6.4 

1.2* 

2 80 

> 100 

66 

2200 

9 

5 

=. 10.000 

35 

90,000 

.14 

9 

.072 

1.6 

5.0 

.4 

5* 

180 

NA 

45 

275  

3 

NA 

7 70 

.Ob2 

NA 

20,000 

NA Present  mining ope ra t ions  a r e  r e l a t i v e l y  nonpol lut ing;  g r e a t l y  
increased demand m i a t  n e c e s s i t a t e  s t r i p  mining t o  ob ta in  lw 
grade d e p o s i t s  

250,000 100 metr ic  megatons probable land r e sources ;  e x t r a c t i o n  from 
sea v a t e r  poss ib l e ,  1 .5  lb s .  o f  L i / l O O , O O O  ga l .  of sea v a t e r  

1 L i t t l e  information on v o r l d  Be r e sources  a v a i l a b l e ,  Be presen t s  
h e a l t h  haza rds  i n  mining and handl ing 

NA Resources almost e n t i r e l y  ou t s ide  of U.S. 

NA World e s t ima tes  a r e  based on fragmentary information and a r e  
possibly l o w  

30 S i g n i f i c a n t  q u a n t i t i e s  o f  mud a n d  s l imes  r e s u l t  from dredging 
T i  minerals  from send d e p o s i t s  

29,OOoC *In the ground 
+Extracted from atmosphere a t  up t o  30 tims cur ren t  p r i c e s  

1,100 Considerable  secondary recovery poss ib l e ;  s i g n i f i c a n t  land-use 
c o n f l i c t  v i 1 1  r e s u l t  from an  expanded copper induscry 

Very rough e s t i m a t e s  of vo r ld  r e se rves  a v a i l a b l e  NA 

95 Considerable  s e c o n d a q  recovery possible  

NA l a r g e  land a r e a s  and g r e a t  amounts o f  energy needed to mine 
and process  A 1  

NA 

> 10 Subs tan t i a l  r e sources  o f  sub-marginal-grade ore  lilroughout 
t he  U.S. end world 

Vi r tua l ly  
unl imited 

7 Some secondary recovery poss ib l e  

NA Increased p r i ce  vould s t imu la t e  expanded exp lo ra t ion  f o r  
f luo r spa r  

> 300.000 P o t e n t i a l  r e se rves  a r e  vas t  

'Reactor code:  
1 )  ORNL Tokamak, 2) PPPL Tokamak, 3) USL Iheta-Pinch,  4)LLL DT Mirror .  5 )  LLL D3He Mirror 



Also presented i n  the table are estimates of the total production of the various 
materials projected t o  be required i n  the year 2000, along w i t h  quantities of known 
reserves a t  present prices and estimates of resources available a t  increased prices. 

A great many evaluations of U.S. and world raw materials resources have been made, 
b u t  these are usually a matter of expert op in ion .  
"known resources a t  current costs" vary widely from one source t o  another. Often 
the estimated quantities of a raw material available a t  increased costs are based 
on industrial projections. However, when adequate reserves of a given ore are 
available 'to supply the demand for 20 t o  30 years, exploration for additional 
reserves i s  usually curtailed w i t h  the result t h a t  total projected reserves can be 
underestimated t o  a significant degree. 
1970 edition of "Mineral Facts and Problems." In a d d i t i o n  t o  estimating materials 
needs, some comments concerning environmental problems associated with a particular 
raw material are included i n  Table 6A.1-24. 

Consequently, values such as 

Most of the values quoted are from the 

3 

7 Obviously, the production of 10 MWe of fusion power would give rise t o  some resource 
use conflicts t h a t  would have t o  be resolved. 
niobium could just  be met by known reserves. However, additional reserves may be 
found o r  other superconducting materials developed. 
possible resource conflicts exist in the projected usage of nickel , chromium, 
beryllium, t i tan ium,  helium, lead, vanadium, and molybdenum; and some of these 
problems will also be common t o  other power-generating concepts. 

For example, the requirements for  

In addition to  n i o b i u m  other 

6A.1.6.7 Costs and Benefits 

6A.li6.7.1 Costs 

For the period fiscal year 1951 th rough  fiscal year 1974, AEC funding o f  magnetic 
confinement fusion research totaled $544.4 mil 1 ion. 
expended on fusion research for  many years, b u t  reliable estimates o f  cumulative 
funding are unavailable. 
range of $2 to 3 million per year. 

Non-Government funds have been 

Current industrial support i s  estimated t o  be i n  the 

Government funding of laser-fusion research totaled abou t  $122.4 mill ion for the 
period fiscal year 1963 th rough  1974. 
funded by industry a t  a current rate of expenditure of about $4 million per year 

Non-Government research on laser fusion i s  

Although estimates of the total funding requirements are based on incomplete d a t a ,  
fund ing  of the order of $8 t o  10 billion will probably be required t o  carry the 
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fusion research program through the demonstration power plant operation phase. 
This phase would encompass both  fabrication of experiments and all associated 
research and development. 

3 Very preliminary studies show t h a t  demonstration power reactor costs might be 
about $500 per kWe for a nuclear "island." Ultimate magnet costs (20 to  25% of 
current costs) would &duce mirror and tokamak reactor costs substantially. 
superconducting coil i n  the theta-pinch reactor serves as an enerqy storaqe element 
separated from the plasma vessel, and i t  operates a t  low fields. Its cost i s  a 
small fraction of the system total cost and is  l i t t l e  affected by the ultimate 
magnet cost patterns. 
tions associated with production quantity manufacturinq and the removal o f  desiqn 
uncertainties, further reducinq costs. Projected fusion commercial reactor 
capital costs then correspond roughly t o  the level projected for other types of 
plants in the year 2000. 
present cost estimates serve only t o  suggest t h a t  fusion power capital costs could 
be competitive with other energy sources. 
o r  disadvantage a t  this stage of development would clearly be premature. 

The 

Maturina of the fusion reactor industry should brinq reduc- 

Because of the uncertainties, the AEC believes t h a t  

To conclude any capital cost advantaqe 

Fusion fuel-cycle costs are determined by the costs of deuterium and lithium (from 
w h i c h  tritium will be bred). 
deuterium plus lithium will be abou t  7 x lom3 mill/kWhr. Fuel transportation 
costs will be negligible because of the small quantities of materials involved 
and because handling techniques for gases and liquid metals are already well 
devel oped and inexpensive. 

3 Based upon current prices, calculations show t h a t  

6A.1.6.7.2 Benefits 

The following benefits are associated w i t h  employment of fusion power systems: 

( 1 )  an effectively infinite supply of fuel; 
( 2 )  no possibility of nuclear runaway; 
( 3 )  a complete absence of chemical combustion products; 
( 4 )  relatively low radioactivity and attendant hazards; 
(5 )  minor shutdown reactor cooling problem; and 
(6) no use of uranium o r  plutonium, thus no possibility o f  the diversion of 

those materials for clandestine purposes. 
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Because of these very a t t rac t ive  features,  fusion reactors may be acceptable for  
urban s i t i n g ,  particularly for  systems designed to  operate w i t h  small radioactive 
inventories (D-T burners t h a t  do not breed tritium i n  situ or D-D burners). 

6A.1.6.8 Overall Assessment of Role i n  the Energy Supply 

A successful, vigorously supported fusion program would be expected t o  lead t o  con- 
struction of a demonstration power reactor tha t  would begin operation i n  the mid- 
1990's.  
reflecting such experience i n  the design of improved commercial power plants,  
fusion power plants could be expected t o  contribute s ignif icant  quant i t ies  of 
e lec t r ic  power to  the Nation early i n  the 21st century. 
Energy Future1I6 estimates that  fusion reactors could add 18 x 1015 B t u  of energy 
t o  our e lectr ical  system by the year 2020, which would provide about 8% o f  the 
energy i n p u t  required for  e lectr ical  generation a t  that  time. 

Considering time requirements for  accruing operating experience and 

The report "The Nation's 
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6A.2 FOSSIL FUELS FOR CENTRAL-STATION ELECTRIC POWER GENERATION 

O i l ,  gas, and coal provide about 93% o f  our current t o t a l  energy needs,' d i s t r i b u t e d  
as fo l lows: 

Percent 
cont r ibu t ion  

Domes t i c  t o  t o t a l  
production Imported Total energy 

O i l  ( m i l l i o n  barrels/day) 9.5 6.5 16 42 

Gas ( b i  11 i o n  ft3/day) 57 3 60 33 

Coal (thousand tons/day) 1425 0 1425 18 

Together, o i l  and gas supply one-fourth o f  the energy required by the e e c t r i c  
u t i l i t i e s ,  over h a l f  the i n d u s t r i a l  energy requirements, and near ly a l l  o f  the 
t ranspor ta t ion  and nonelectr ic comnercial and res iden t ia l  requirements. 
coal used domestically, e l e c t r i c  u t i l i  t i e s  consume two-thirds and indus ry u t i l i z e s  
most o f  the res t .  
e l e c t r i c  and nuclear e l e c t r i c  power plants and from wood. 
have no t  been developed as y e t  and, consequently, are no t  being used f o r  energy 
production. 

O f  the 

The remaining 7% of our t o t a l  energy supply comes from hydro- 
Our o i l  shale resources 

This sect ion explores the use o f  these f o s s i l  fuels,  t h e i r  environmental impacts, 
and t h e i r  use i n  the production o f  e l e c t r i c i t y  projected t o  the year 2000 and 
beyond. 

6A.2.1 Coal 
6A.2.1.1 In t roduc t ion  

6A.2.1.1.1 General Descript ion 

Coal, which represents we l l  over 80% o f  the na t ion 's  f o s s i l - f u e l  reserves i n  terms 
o f  energy value, i s  burned i n  la rge  quant i t ies  t o  produce e l e c t r i c i t y .  The essen- 
t i a l  elements o f  a coe l - f i r ed  e l e c t r i c  energy system are depicted i n  Figure 6A.2-1. 
The f i r s t  step i n  the coal-energy system i s  extract ion,  and i t  involves e i t h e r  
surface mining, which removes the overburden t o  expose the coal seam, o r  under- 
ground (deep) mining, which ex t rac ts  the coal from beneath the overburden. 
extract ion,  most o f  the coal mined. i n  recent years f o r  power p l a n t  use2 has been 
processed by e i t h e r  wet o r  d ry  (pneumatic) cleaning t o  p a r t i a l l y  remove impur i t ies  
before the coal i s  transported by ra i l road,  truck, barge, conveyor b e l t ,  o r  s l u r r y  

A f te r  
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n p ipe l ine  t o  a power p lan t .  A t  t he  power p l a n t ,  the heat re leased  by combustion of 
the coal i n  a b o i l e r  produces high-pressure steam t o  drive a tu rb ine ,  which i s  
l inked t o  a genera tor  t h a t  converts  the ro t a ry  mechanical energy i n t o  e l e c t r i c i t y .  
The e l e c t r i c i t y  i s  t ransmi t ted  and distributed, usual ly  by overhead power l i n e s ,  t o  
load cen te r s  such as  homes, o f f i c e s ,  and manufacturing f a c i l i t i e s ,  where i t  i s  used 
f o r  l i g h t i n g ,  hea t ing ,  a i r  condi t ion ing ,  powerinq machinery, and o the r  purposes. 

6A.2.1.1.2 His tor ica l  aspec ts  

From 1900 through 1972, U.S. coal consumption3 h a s  t o t a l e d  about, 35 x 10 
Since 1905, t o t a l  annual domestic use has dropped below 70 quads* ( o r  about 
385,000,003 tons )  only d u r i n g  the depression years  1932 and 1933. 
U.S. consumption occurred d u r i n g  t he  Llorld ldar years  1918 and 1943, a t  17 quads 
(about  654,000,000 tons ) .  The 1970 t o t a l  consumption of 13.6 quads (about 
523,030,000 tons)  was equaled during seven years  in  the per iod 1912-1948.** 

3 
tons .  

The peak annual 

6A.2.1.1.3 S ta tus  

Although the f r a c t i o n  of t he  i la t ion’s  t o t a l  energy demand met by coal has decl ined 
from 78% i n  1920 t o  about 18% a t  p r e s e n t , l Y 5  the energy output  of coa l - f i r ed  
e l e c t r i c a l  power p l an t s  has remained i n  t he  range of 46 t o  54% of the t o t a l  
e l e c t r i c a l  energy production f o r  the per iod 1955 t o  1973. 6-8 Conversely, of a l l  
the coal consumed domest ical ly ,  the port ion usecl by e l e c t r i c a l  u t i l i t i e s  has 
increased from 57% i n  1970 The cur ren t  energy crisis 
is  f o s t e r i n g  a conversion of o i l - f i r e d  e l e c t r i c  power p lan ts  t o  coa l .  
these p lan t s  had only r ecen t ly  been converted t o  o i l  i n  order  t o  meet environmental 
s tandards .  These conversions,  as they a r e  implemented, could eventua l ly  s i q n i f i -  
can t ly  inc rease  the  percentage o f  the t o t a l  e l e c t r i c a l  energy produced by coal .  

4 t o  about 65% current ly .”’  
Some o f  

The por t ion  o f  U.S .  coal surface-mined by a l l  methods has increased from 3% i n  
1929 t o  35% i n  19691° t o  about 509; i n  1971 
Essen t i a l ly  a l l  addi t ions  of l ign i te  and bituminous coal mined since 1970 have been 
obtained by s t r ipp ing .  T h i s  major change i n  mining pa t t e rn  over  the p a s t  few years  
i s  a t t r i b u t e d  p r inc ipa l ly  t o  the higher product iv i ty  and lower cos ts  achieved by 
s t r i p p i n g  coal as  compared w i t h  extr-act ing i t  from deep mines. 
subs t an t i a l  reason f o r  the number o f  United S t a t e s  coal miners droppinq t o  about 

3 and appears s t i l l  t o  be growing. 

Th i s  process is a 

“1 quad is 1015 B t u  o r  0.001 Q;  1 Q i s  10l8 B t u .  
**In the preceding examples of consumption ~ a r i a t i o n , ~ ’ ~  the thermal energy and 

tonnage values were in te rconver ted  by means of the r e l a t i o n 4  26 quads = lo9 tons 
of coa l ,  which corresponds t o  a t o t a l  heat ing value of 13,000 B t u / l b .  
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o n e - f i f t h  o f  i t s  h i s t o r i c  peak.3 There i s  some uncer ta in ty  regarding the amount o f  
ava i lab le  coal t h a t  can be extracted by str ip-mining techniques. Recent statements 
ind ica te  t h a t  on ly  3 t o  18% of the cu r ren t l y  recoverable coal i s  economically 
str ippable;  11,12 however, these estimates have been disputed by others who use 
d i f f e r e n t  economic c r i t e r i a  t o  a r r i v e  a t  a subs tan t i a l l y  l a m e r  estimate (about 
35%).13 

Few new coal mines were opened dur ing the 1960's because o f  compet i t ive pressure 
from cheaper na tura l  gas, increased o i l  importat ion, and the p o s s i b i l i t y  o f  a s ign i -  
f i c a n t  market penetrat ion by nuclear energy. The enactment o f  environmental 
l e g i s l a t i o n  t h a t  r e s t r i c t s  SOx emissions and inf luences s t r i p  mining has introduced 
f u r t h e r  uncer ta in t ies  i n t o  the question o f  opening new coal mines. 

I n  1971, the capaci ty o f  coa l - f i r ed  steam plants (about 164,000 MW)'4 represented 
about ha l f  o f  the t o t a l  na t iona l  e l e c t r i c  capacity. This type o f  p lan t  has been 
operated f o r  decades, i t s  r e l i a b i l i t y  i s  proven, i t s  conversion e f f i c i e n c y  i s  high, 

and the technology and maintenance are well-understood. 
Message t o  Congress o f  A p r i l  18, 1973, urged expanded use o f  the Nat ion's coal 
resources, s t a t i n g  t h a t  "each decis ion against coal increases petroleum o r  gas 
consumption, compromising our nat ional  se l f -su f f i c iency  and r a i s i n g  the cost o f  

meeting our energy needs. 

President Nixon's Energy 

,115 

6A.2.1.2 Extent o f  Energy Resource 

6A.2.1.2.1 Geographical D i s t r i b u t i o n  

Coal deposits are widely d i s t r i b u t e d  throughout the Nation, and major reserves 
e x i s t  r e l a t i v e l y  near many la rge  centers o f  indus t ry  and populat ion. 
about two-thirds o f  the known petroleum and natural-gas reserves l i e  i n  the West 
South Central Region, p r i m a r i l y  i n  Texas, Oklahoma, and Louisiana, which contain 
on l y  about 8% o f  the U.S. populat ion. Other major po ten t i a l  fuel-resource bases 
are a lso  remote from most o f  the major populat ion centers; f o r  example, o i l  shales 
are concentrated i n  the Green River formation i n  Colorado, Utah, and Wyoming, and 
the Athabasca t a r  sands are located i n  Alberta, Canada. 

16 I n  contrast ,  

6 Figure 6A.2-2 i s  a map t h a t  shows the  major coal-producing areas. Known coal 
resources under l ie  about 459,000 square mi les i n  37 states." Fiqure 6A.2-3 depicts 

the 1965 estimate o f  the o r i g i n a l  and remaining U.S. coal reservesY6 by coal rank 
(type) and by state.  The tonnages ind ica ted  include on ly  coal i n  seams a t  l e a s t  
14 i n .  t h i c k  and less  than 3000 ft deep i n  explored areas. About 75% o f  the addi- 
t i o n a l  low-rank peat reserve o f  about 14 x 10 tons occurs i n  Minnesota, Wisconsin, 9 
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and Michigan.17 Of the total  bituminous reserve indicated i n  Figure 6A.2-3, about 
two-thirds is  located east  of the Mississippi River. 
(bituminous and anthracite) tha t  contain 1.0% sulfur or  l e s s ,  the s ta tes  eas t  of 
the Mississippi River contain about 40% of the Nation’s supply.6 
the largest  reserves of b i tuminous  coal of any s t a t e  and, eas t  of the Mississippi, 
i t  contains the largest  total  reserves.16 About 98% o f  the Ration’s l ign i te  reserves 
(usually low i n  sulfur)  a re  located i n  North Dakota and Montana. Estimates o f  coal 
reserves i n  Montana alone range from 222 x 10 tons ( i n  seams 14 i n .  or  more thick 
a t  depths less  than 3000 f t ) 6  t o  a total  resource of 379 x 10 tons6 to  700 x lo9 
tons. 

Of the high-rank coals 

I l l i n o i s  contains 

9 
9 

18 

Very large beds of low-sulfur l i g n i t e ,  subbituminous, and bituminous coals sui table  
for  power generation, liquefaction, and gasification occur i n  the Rocky Mountain 
States.” The bi l l ions of tons of low-sulfur fossi l  solids i n  the Upper Fiissouri 
Basin i n  thick seams ( u p  to  about 100 f t )  t h a t  underlie modest earth overburdens i n  
f l a t  or rol l ing terrain and that  promise to  yield up  t o  10 tons/acre of fe r  the 
potential3 for  transforming Montana, Wyoming, and the Dakotas into an icimense new 
natural-energy center tha t  may displace the premium fossil-fuel s t a t e s  o f  Texas, 
Louisiana, and Oklahoma. 

5 

6A.2.1.2.2 Estimated Availability 

Use of Present Technology 

The Department of the Inter ior  estimates” that  the U.S. total  remainin? coal 
resources a r e  3.20 x lo1‘ tons ( t o  a depth of 6000 f t ) ,  w i t h  1.60 x lo1‘ tons a t  
depths less  than 1000 f t ;  the f i r s t  estimate represents 17 t o  20% of the global 

6 coal resource. 19*20 

a total  resource of 1.58 X 10” tons for  coal seams a t  l e a s t  14 i n .  thick a t  depths 
less  than 3000 f t  i n  explored areas. 

The Department o f  Health, Education, and blelfare has repor ted  

Because of various technical and economic constraints,  a large part  of the estimated 
total  resource base probably will n o t  be recovered. Total estimated reserves tech- 

9 nically recoverable, without regard to  economics, range from 790 x 10 tons6 t o  
850 x 10 tons,16 or about one-fourth of the estimated total  resource. 
of amounts commercially recoverable from established formations w i t h  present m i n i n g  
technology under current economic conditions have varied from 150 x 10 tons 
to  about 400 x 10 tons. 
adequate for  periods of 254 and 680 years, respectively, a t  the 1972 net coal- 
production rate .  Considering only the low-sulfur b i tuminous ,  subbituminous, and 
l i g n i t e  coal i n  the Rocky Mountain s t a t e s ,  the recoverable resources to  a depth o f  

9 Estimates 

9 20,21 
’13’22 These quantit ies represent available reserves 9 
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9 1000 ft have been estimated t o  be 94 x l o 9  tons, o f  which 26 x 10 tons are so we l l  
i d e n t i f i e d  and character ized t h a t  they are considered t o  be proven reserves. 10,23 

A reasonable estimate o f  the recoverable reserve , using technology ava i l ab le  through 
about 1975, i s  about 400 x 10 tons, o r  about one-eighth o f  the  estimated t o t a l  
base. 

9 

For coal  w i t h  a s u l f u r  content  o f  1.0 w t  X o r  less,  a reasonably conservative 
est imate o f  the  amount c u r r e n t l y  ava i l ab le  can be made by c a l c u l a t i n g  one-eighth of 
the estimated remaining low-sul fur  reserves i n  seams a t  l e a s t  14 i n .  t h i c k  a t  depths 
l ess  than 3000 ft i n  explored areas, as publ ished i n  r e f .  6. 
an estimated ava i l ab le  low-su l fu r  na t i ona l  reserve of about 128 x 10 tons (about 
1/25 o f  the estimated t o t a l  base) , d i s t r i b u t e d  by coal rank as shown i n  Table 6A.2-1, 
The Chase Manhattan Bank has published a corresponding estimatez4 o f  124 x l o 9  tons. 

This  procedure gives 
9 

Table 6A.2-1 

E ST I MATED A V A I  LABL E RESERVES 
OF LOW-SULFUR COAL IN THE UNITED STATES 

Rank h o u n t a  ( m i l l i o n s  o f  tons) Percent o f  t o t a l b  

Bituminous 

Subbi tuminous 

L i g n i t e  

Anthrac i te  

A1 1 

26,878 

48,400 

50,752 

1,844 

127,874 

29.5 

99.6 

90.7 

97.1 

64.8 

aWith 1.0% maximum s u l f u r  and based on a v a i l a b i l i t y  o f  12.5% o f  est imated reserve. 
Derived from Table 4-1 o f  "Control Techniques fo r  Su l fu r  Oxide A i r  Po l lu tan ts , "  
NAPCA Pub l i ca t i on  No. AP-52, U.S. Department o f  Health, Education, and Welfare, 
January 1969. 
bPercent wi th  s u l f u r  content  of 1% o r  less.  

The preceding observations on estimates o f  resource ava i l ab i  1 i t y  based on var ious 
premises are  summarized i n  F igure 6A.2-4, where the  shaded bar  areas i n d i c a t e  lower 
and upper bounds o f  the  c i t e d  pro jec t ions .  

Use o f  Advanced Techno1 ogy 

Very l a rge  tonnages o f  coal a re  ava i l ab le  by use of cu r ren t  mininq technolocry 
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9 (probably enough for  four centuries a t  an average use ra te  of 10 tons/year). 
Expressed different ly ,  only about 0.15% of t h i s  base would be required for  the 
projected 1985 coal-fired e lec t r ica l  generation (Table 18 i n  re f .  9) .  Based on the 
current state-of-the-art ,  a 400 x 10 ton  recoverable resource, used ent i re ly  i n  
e lec t r ica l  power plants,  would be suff ic ient  to generate almost 900 bi l l ion MWhr of 
e lectr ical  energy. For this reason, technological development over the next several 
decades is  l ike ly  to  be oriented more t o  increasing production ra tes  than to  increas- 
i n g  avai labi l i ty .  
other fuel sources, the potential for  technology advancement is  probably large. 
Inst i tut ional  actions tha t  should increase the efficiency of coal-energy systems 
include increasing vocational t r a i n i n g  for  miners , increasing the number of mining-  
school graduate engineers, and implementing a more active technology transfer 
program t o  convert research and development resu l t s  from other areas t o  common 
practice i n  an industry tha t  has been characterized as technologically conservative. 

9 

Since coal use has been deemphasized i n  recent years i n  favor of 

Controlled underground ( in-s i tu)  combustion and transfer of the heat t o  water tubes 
or  extraction of the low-Btu-content gas generated could make available the energy 
i n  some coal deposits not economically mineable o r  i n  previously mined areas where 
about half the original coal remains. Conceivably, combined actions such as those 
enumerated above could lead to  an available coal resource of 400 x 10 to  500 x 10 
tons i n  the year 2000, even a f t e r  allowance i s  made for  probable extraction 
depletion beyond 1974. 
c i ted b u t  also on the assumption tha t  conversion systems will be successfully 
developed w h i c h  will allow ultimate use of coal that  contains more than 1% sulfur.  
Annual production ra tes ,  which are  l ikely to  a t t a i n  very h i g h  levels toward the 
end of this time period, 3916 could be made more feasible  by improved systems 
analyses of mining  cycles to  minimize element mismatch, thereby maximizing average 
material flow ra tes ,  and by intensified study and implementation of other mining  
methods, including hydraulic (high-pressure water j e t )  extraction. 

9 9 

T h i s  estimated ava i lab i l i ty  i s  based n o t  only on the factors 

25 

6A.2.1.3 Technical Description 

6A.2.1.3.1 Power Generation Plant 

Processed coal for  boiler f i r i n g  is  taken from pulverizers, which usually produce 
par t ic les  of about 75-pm diameter (about 200 mesh), by a stream of a i r  supplied t o  
the pulverizer a t  a temperature of 300 t o  7 O O 0 F ,  depending on the moisture content 
of the coal. 
fuel burners to ensure rapid ignit ion and t o  maximize combustion. I n  the commonly 
employed radiant-type boilers,  vir tual ly  a l l  the steam is generated i n  the tubes 

The flow of f ine coal and primary a i r  i s  mixed and directed by 
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t h a t  form the furnace-enclosure walls by the heat radiated from the flame and from 
the h o t  combustion qases. To improve thermal efficiency, the high-pressure steam 
i s  superheated i n  tubular elements exposed t o  the combustion products and also i s  
often reheated, in one o r  more stages, a t  lower pressures following expansion 
th rough  the high-pressure turbine. After i t  i s  dried and pur i f i ed ,  the steam is 
expanded t h r o u g h  a 3600-rpm steam turbine, which i s  the d r i v i n g  element of a con- 
densi ng turbine-generator s e t .  

Turbine-inlet steam pressure and temperature i n  large plants are commonly i n  the 
ranges 1800 t o  2400 p s i g  and  1000 t o  llOO°F, respectively. 
constructed i n  which the steam i s  a t  pressures t o  5000 psig and  temperatures t o  
12OO0F, b u t  many of the recent units operate a t  the 3503-psiq 1,evel w i t h  i n i t i a l  
temperature a t  about 1050°F, conditions t h a t  yield thermal eff ic iencies  of 40 t o  
42%. The exhaust steam flows t o  a large water-cooled surface condenser, which pro- 
duces a low back pressure (usually 1.0 t o  3.5 i n .  Hg a b s )  a t  the turbine exhaust i n  
order t o  improve the heat ra te ,  t o  deaerate the condensate, and t o  conserve the 
condensate f o r  reuse as boiler feed. The water from the condenser i s  then reheated 
and pumped again t h r o u q h  the boiler.  Comprehensive descriptions of steam cycle 
variations,  boi ler  water circulation modes, and components (such as steam separators,  
economizers, a i r  preheaters, condensers and a i r  ejectors , feedwater heaters and 
pumps, and cooling towers) are readily accessible. 

A few units have been 

26,27 

C u r r e n t  Vari a t i  ons 

To meet re la t ively brief peak power demands and emergency services requirements, 
power pl ants often employ pumped-storage ins tal  1 ations , gas-turbi ne-dri ven gener- 
a tors , o r  diesel engi ne-generator u n i  ts . The pumped-s torage concept involves pumping 

water i n t o  a h i g h e r  elevation reservoir d u r i n g  periods of low power demand for l a t e r  
release through reversible pump turbines when the power demand exceeds the base load. 
The 1973 instal led capacity of pumped-storage instal la t ions was about 4500 M!#le. 
Gas turbine and diesel peaking units operate a t  heat rates of 12,000 t o  15,000 
Btu/kWhr;28  and a t  the end of 1972, these u n i t s  represented instal led capacities of 
4800 MW (internal-combustion plants) and 28,000 MI4 (gas-turbine plants) .  7 

Cyclone furnaces are sometimes used t o  re ta in  most of the ash from low-ash-fusion- 
temperature coals i n  the s lag ,  thereby minimiz ing  ash flow p a s t  Lye heat-absorbina 
surfaces and reducing stack fly-ash emissions. 
t o  a size o f  about 4 mesh, i s  admitted tangentially w i t h  the primary air. 
coarser fuel par t ic les  are transported centrifugally t o  the outer furnace wall , from 
which, a f t e r  f inal  combustion, the molten ash drains th rough  an open ng i n  the boiler 

In this  variation the coal, crushed 
The 
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furnace floor into a slaq-collection t a n k .  Tanaential admission of both primary and 
secondary a i r  a t  h i q h  velocity ( t o  about 300 ft/sec) produces hiqh turbulence levels 
and volumetric heat-release rates ( t o  abou t  5 x 10 B t u / h r  per f t  ). 5 3 

Future Variations 
29.30 The technical feasibility of fluidized-bed combustion has been demonstrated. 

The basic concept of a fluidized-bed bailer involves nassina a i r  upward throuah a 
a r i d  plate supportina a bed, several feet thick, of qranular, noncopbustible 
material such as coal ash or lime. This a i r  fluidizes the aranular particles and ,  
w i t h  the relatively small amount of air used t o  iniect the coal, serves as the com- 
bustion air. 
bed above the a r i d  plate. 
bed temperature i s  controlled by water-tube walls or  internal heat-transfer surfaces. 
Flue oases leavinq the bed pass over a convection heat-transfer surface above the 
bed, and the elutriated ash i s  mechanically or electrostatically collected. Operated 
a t  atmospheric pressure, f l u i d i z e d  units would replace conventional boilers. Pres- 
surized systems--coal-fired gas turbines fed by external fluidized combustors 
operated a t  pressures up t o  perhaps 25 atm--could achieve thermal efficiencies of 
about 45%. Such systems also could use low-arade coals and offer the potential of 
effective removal of the oxides of sulfur dur ina  combustion by burnina the coal i n  
the presence of a sulfur-acceptor such as limestone or dolomite. In addition, the 
relatively low operating temperature of abou t  1600 t o  1800OF would reduce f i x a t i o n  
of atmospheric nitroqen and siqnificantly diminish PIOX emissions. 

Crushed o r  finely ground coal is  fed near the base of the fluidized 
The fue.1 burns raDidlv i n  the suspended bed, and the 

As far as electrical-enerqy qeneration i s  concerned, an additional major advantaae 
relative t o  conversion of coal t o  fuel oil o r  t o  power (low-Btu) aas i s  t h a t  the 
cycle (coal mine t o  bus bar)  efficiency i s  siqnificantly imwoved by avoidinq the 
losses, typically about 3 O X ,  involved i n  processes for convertina coal t o  
alternative fuels. Work in this area is  active and rapidly acceleratinq. 
reoort of Subpanel V, *  one of the qroups t h a t  contributed t o  the preparation of 
"The Nation's Energy Future,"31 notes the following: 

The 

( 1 )  
( 2 )  
(3) Projected ultimate thermal efficiencies are promising: 40% (atmospheric 

This program i s  one of the major alternatives. 
Such boilers will meet all environmental standards. 

system) and 47% (pressurized system). 

*"Coal and Shale Processing and Combustion, "Report of Subpanel V (M. (Irentz, 
Chairman) t o  USAEC, Oct. 27, 1973. 
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Developed fluidized-bed boilers should capture a t  least 255 of the market 
for new coal boilers; this rate of implementation would result i n  m i n i m u m  
installed capacity of 3000 MWe i n  1985 and 40,000 We i n  the year 2000. 
k i n o  a comon-basis costino procedure, estimates show t h a t  for a 60'l-We 
plant operating a t  a 70% load fac to r ,  the capital cost and electrical 
energy generating cost o f  a fluidized-bed boiler plant would be abou t  85% 
and 93%, respectively, of the correspondins costs o f  a conventional-boiler 
power plant. 
The primary barriers t o  implementation are: 
sulfur recovery for  the system variants involvino reqeneration: dernon- 
stration of hirlh-temerature, hiah-pressure * particulate-removal tschnoloay 
f o r  pressurized systems: and demonstration of the onerabilitv of the inte- 
qrated boiler systems on a lame scale. 

sorbent reoeneration and 

Assessment of various a1 temative themdvnamic cycles, 4*32 includino uotassium- 
vaoor t o n p i n o  and ammonia (or fluorocarbon) bottominn cycles, is continuina, b u t  
such systems are only one route t o  increased thermal efficiencies. 
dynamic (MHD) power qeneration 4 9 3 2  is another process, several variations o f  which 
continue t o  receive attention. Of areater near-term interest i s  the cornhined 
pas-turbine steam 
turbine and recoverinq the heat i n  the h o t  exhaust oas (about  1000 t o  l200OF) w i t h  
a waste-heat boiler t o  oenerate steam t o  drive a bottomina steam turbine. Low-Rtu- 
content gas, obtained by onsite qasification, should constitute an environmentally 
acceptable fuel, because even with a hiqh-sulfur coal feed, bo th  particulate matter 
and sulfur would be reduced to acceptable levels or ior  t o  combustion. All o f  these 
system are discussed in detail i n  Section 63. 

Maanetohvdro- 

which entails combustino fossil fuel t o  drive a qas 

The results of studies to develop low-temperature superconductina electric 
qenerators have been pronisinq,4 and as qenerator-uni t capacity continues t o  
increase (1500-MVA units are currently available), the decreased rotor sizes and 
other advantages of such alternators would be sionificant. 
reduced to practice, could be used i n  any oeneration nlant t h a t  uses turbine- 
qenerators. 

This development, once 

Technical improvements such as those discussed above mav be exnected i n  the 
future. A successful outcome of current research and development i n  the areas of 
pre-, co-, and post-comhustion coal treatment and o f  fluidized-bed combustinn and 

binary cycle develaoment could lead t o  future fossil-fueled power nlants t h a t  
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would be s ignif icant ly  m r e  e f f ic ien t  and environmentally acceptable than the 
average plant of th i s  type now i n  operation. 

6A.2.1.3.2 Fuel Cycle 

H i n i n g  and Preparation 

In underqround m i n i n q ,  deep coal beds (which are o r i d -  and contour-mapped i n  
advanced operations) are made accessible by slope, d r i f t  , or  vertical  shafts , 
depending on the orientation of the seam relat ive t o  the terrain.  The staqes of 
cuttinq (sometimes by continuous machines) , loadinq, and conveyinq (by narrow-gaqe 
ra i l  car  o r  by conveyor b e l t )  i n  deep coal m i n i n q  have become highly mechanized. 
Provisions are made for  tunnel ventilation, atmosphere monitorinq, d u s t  control,  
water drainaoe, and safety equipment t o  ful ly  sa t i s fy  the requlations established 
by the 1969 Coal Mine Health and Safety Act. 

Year-surface coal (0 to  about 200 f t  deep) has been extracted increasinoly by sur- 
face mining  because o f  the favorable economics. 
the terrain is f l a t  o r  gently roll inq: contour s t r i p p i n q  i s  done alono h i l l s ides .  
After blasting, the overburden i s  removed w i t h  large power shovels, scrapers,  and 
draglines. The coal is  then scooped up w i t h  smaller power shovels and loaded 

2- t o  7- f t -  diam horizontal augers t o  penetrate vertical  outcroppinqs t o  depths of 
about 200 f t .  
bed) range from about 407 for auger m i n i n q  t o  about 57% for  deep m i n i n q  to  80% for  
strip m i n i n g 2  , a1 though recoveries as h i g h  as 909: have been attained w i t h  area 
s t r i p p i n g .  

Area strip rninino is  conducted when 

into large trucks. A small amount of coal is auqer-mined (3 .3% i n  1970) 34 ,35 w i t h  

Recovery eff ic iencies  (fraction of coal recovered from the worked 

Dur inq  the coal-preparation or cleaning s tep,  aross impurities such as rock, shale,  
s l a t e ,  and clay are removed f i rs t ,  and often the refuse i s  deposited i n  larae pi les  
near the mine o r  coal-cleaninq plant. 
qiven imDetus t o  coal cleaninq and preparation because such minino does n o t  
d i f fe ren t ia te  well between coal and impurities. Further separation of imnurities 
from steam coal i s  usually by a liquid-washinq process based on differences i n  
density ( the  coal beinq l iqh ter  than an eaual volume of impurit ies).  
process often s ignif icant ly  reduces the sulfur content by removinq Darticles of 
pyrite (FeS2). One studyY3li based on 1968 data from 113 mines, showed that when 
the raw coal was crushed to  3/8-in. diam and floated i n  a heavy medium (an orqanic 
l iquid of  1.60 specif ic  qravi ty) ,  the coal from about 20% of the mines could be 

The introduction of mechanized rnininq has 

T h i s  cleanino 
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cleaned t o  1% sulfur or  less. A later and more extensive study,37 using 322 coal 
samples obtained primarily from mines east o f  the Mississippi River prodricinq coal 
for u t i l i t i es ,  also showed t h a t  less than 30% of the samples could be cleaned t o  a 
total sulfur content of 1% or less. 
60% yield) were removed by specific gravi ty  separation (float-sink) of coal f i r s t  
crushed to 3/8-in. diam, only 20 t o  25% of the coals tested could produce a product  
containing 1% o r  less total sulfur. 
~ a t e d ; ~ ~  a simplified schematic6 i s  

Idhen 40% of the heavy impurities (leavincr a 

The overall operation can be fairly cornpli- 
shown as Figure 6A.2-5. 

Transportation and Storage 

Of the coal loaded a t  the mine m o u t h ,  about  70% i s  carried by 
is later transferred t o  other carriers. 
arrives by rail , 34% by barge, and the remainder by other mans (truck, conveyor 
belt,  and slurry pipeline).35 The averaae transport distance from mine t o  power 
plant i s  300 miles, by either rail o r  waterway. 2 y 3 5  U n i t  t r a i n s ,  which consist of 
conventional equipment operating continuously between a coal mine and a power plant 
i n  the service of one customer, are often used because rail car utilization is 
greatly increased and because transit time (as compared w i t h  a general train 
carrying mixed goods) i s  reduced. 

althouah some 
In the electrical ut i l i ty  sector, 52% 

The only operating commercial coal-slurry pipeline i n  the U.S. delivers coal a 
distance of 273 miles from the Black Mesa mine i n  Arizona t o  the 1580-We Mohave 
Power Plant in Nevada. 
tons of coal (0.3 t o  0.8% sulfur content) per hour thmuah an 18-in.-diam pipe. 
The slurry, which i s  50 w t  % coal (14-mesh particle size) flowinq a t  about 5 ft/sec, 
i s  fed t o  centrifuges a t  the power p l a n t  t o  be dewatered t o  about 15 w t  X water. 
An earl ier ~ i p e l i n e , ~  operated i n  nhio from 1958 t o  1963, used a combination of 

vacuum fil tration and thermal dryina to dewater the received slurry. 
a t i o n  of the coal from the water, the spent water could be returned by a second 
pipeline for reuse or i t  could be used a t  the power plant for ash handling, coolinq- 
tower makeup, o r  evaporation from disposal ponds. 

Operating since mid-1970, the pipeline delivers about 660 

39 

After separ- 

10 

A recent article4' indicates t h a t  a large number of long-distance, high-volume coal- 
slurry pipelines from western coal fields t o  midwestern load centers are being 
pl anned , including a 1000-mi le ,  38-1 n . -di  am 1 i ne t h a t  w i  11 transport  25 m i  11 ion tons 
of coal per year. 
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a reduction i n  boiler efficiency of only 4%. 
water, be used for  s lu r ry ing  t o  increase the energy t h r o u g h p u t  of coal s lurry 
pipelines may soon be implemented i n  Canada.42 Recent reports43 s t a t e  t h a t  
NorthPakota l i g n i t e  w i t h  a moisture content of 38.5 w t  % has been burned success- 

The suggestion tha t  o i l ,  rather than 

4 

f u l l y  for  3 years i n  a 235-1\1# cyclone furnace. 
w i t h  hot air ,  and the coal and drying a i r  were fed to  the boiler furnace. 

The crushed l i g n i t e  was predried 

A 90-day coal supply a t  the power plant i s  generally considered desirable. 
eous heating of this coal p i le ,  which may lead t o  i g n i t i o n ,  i s  caused by oxidation 
o f  the coal, and the likelihood of spontaneous heating i s  greatest  w i t h  coals of 
lower ranks and f iner  s izes .  
by compacting the p i le  i n  layers with a r o l l e r  t o  minimize access of a i r .  

Spontan- 

Overheating (beyond about 120OF) i s  usually prevented 

Waste Processing and Disposal 

In current practice,  waste processing a t  the mine i s  minimal, and rejected sol ids  
a re  deposited i n  large refuse banks. 
generally dumped down slope. 
par t ia l ly  replaced by working long parallel  trenches a n d  by using the material 
excavated from the second cut t o  f i l l  the f i r s t .  Neither reclamation of surface- 
mined areas t o  a condition tha t  approximates the original nor controlled hackfilling 
of deep mines has been practiced i n  the United States t o  a s ignif icant  degree. 
Set t l ing ponds a re  commonly used i n  coal processing to  reduce the discharge of 
black-water sol ids;  these discharges would be about 250 times as large without such 
ponding.2 Coal d u s t  from dry processing and from thermal drying of some wet- 
processed coal i s  collected by cyclone separators, which pay for  themselves i n  
reclaimed coal .2 A t  the power plant,  e lec t ros ta t ic  precipitators w i t h  collection 
eff ic iencies  t o  about 99% col lec t  f l y  a s h ,  which i s  disposed of i n  s e t t l i n g  ponds. 

Changes i n  stack-gas composition result ing from use of low-sulfur f u e l ,  desulfuri-  
zation by limestone addition, o r  changes i n  ash character is t ics  generally a l t e r  the 
precipitator performance and usually require larger units.44 Some of the flue-gas 
sul fur-dioxide-removal processes under development control par t iculate  emissions 
w i t h  h i g h  efficiency by wet scrubbing, b u t  others require a h i g h  level of par t iculate  
removal as a preliminary treatment. 

I n  contour stripping, spoil material is  
However, i n  area stripping, the overburden can be 

Of the large number of stack-gas sulfur-dioxide-removal systems tha t  have been pro- 
posed and are  under development, none a re  y e t  i n  routine ful l -scale  operation on 
large boilers burn ing  high-sulfur coal. 
furization is  tha t  o f  continuously removing a large fraction o f  a small concentration 

The basic problem of post-combustion desul- 
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of sulfur dioxide from a very large flow of stack gas. 
plant o f  1000-MWe capacity, bu rn ing  coal w i t h  a sulfur  content of 2.5 t o  3.0 w t  %, 
will emit about 2 x 10 f t  / m i n  of f l u e  gas w i t h  a sulfur  dioxide concentration 
between 0.2 and 0.3 vol X. 

For example, a modern power 

6 3  
45 

The main processes under consideration a re  l i s t e d  i n  Table ~ A . M . ~ ~  Of these, 
the 1 imestone-injection--wet-scrubbing variation i s  probably commanding the most 
attention. The mid-1973 technological s ta tus  of the processes is  summarized i n  
Table 6A.2-3.46 Through May 1973, the ava i lab i l i ty  of stack-gas SO, abatement 
systems ranged from nil  to  33% ( for  one scrubber i n  a dual-scrubber ins ta l la t ion) ,  
and the longest continuous on-stream time for  any U.S. coal-fired plant was about 
three weeks.47 Some persons ant ic ipate  tha t  present d i f f i c u l t i e s  will be overcome 
by continued development and tha t  successful regenerative units will be instal led 
on perhaps three-fourths of the coal e lec t r ica l  capacity by 1980.48 I n  the fuel 
cycle, sol i d  wastes generated by air-pol lution controls--for example, f l y  ash and 
limestone sludge--would be disposed of i n  s e t t l i n g  ponds and waste banks. 

Fuel -to-Fuel Conversion 

T h i s  subject, which includes conversion of coal i n t o  low-Btu gas for  boi ler  f i r i n g  
and i n t o  either fuel o i l  o r  syncrude (synthetic crude o i l  convertible to  motor fue ls ) ,  
i s  treated i n  some breadth by Hottel and H ~ w a r d . ~  The importance of these processes 
is emphasized by the i r  a b i l i t y  t o  a lso produce l i q u i d  fuels  for  the transportation 
sector--gasoline for  cars ,  diesel fuel for  trucks and locomotives, and j e t  fuel 
for  airplanes--for which e l e c t r i c  power from any source, foss i l  o r  nuclear, i s  n o t  
currently substi tutable.  
ment4’ i s  shown i n  Figure 6A.2-6. 

A schematic tha t  depicts some of the systems under develop- 

Low-Btu gas (120 to 200 Btu/standard cubic foot,  typically) i s  considerably cheaper 
per million B t u  than synthetic or subst i tute  natural gas of h i g h - B t u  pipeline- 
quali ty;  and sulfur compounds, principally hydrogen sulf ide,  can be removed more 
easi ly  and economically before combustion than a f te r .  
use of a gas i f ie r  i n  which h o t  coal or coke i s  contacted w i t h  a i r  and steam a t  
temperatures from 1500 t o  2500°F and a t  pressures from 1 t o  450 psig. After 
impurities have been removed from the reaction products, the principal consti tuents 
of the gas a re  carbon monoxide, hydrogen, nitrogen, carbon dioxide, water vapor, 
and methane. 
summarized and are  compared46 i n  Tables 6A.2-4 and 6A.2-5. 

Processes generally involve 

The  principal processes for  producing low-Btu gas from coal a r e  
Processes currently 
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Table 6A.2-2, 
REVIEW O F  PROCESSES FOR R E W V A L  O F  SO, FROM FLUE GASES 

Type of process 
~ ~ ~~ 

Sulfur disposal method Demonstration plant status 

MgO slurry scrubbing 

Na solution scrubbing 

Catalytic oxidation 

Limestone into boiler 
with wet scrubbing 

Wet scrubbing with 
lime slurry feed 

Wet scrubbing with 
limestone slurry feed 

Dry limestone into 
boiler only 

Sale of 98% H2S04 

Sale of sulfur' (5% of sulfur 
to  Na2S04 waste) 

Sale of 80% H2S04 

CaSO 3 C a s 0 4  waste sludge 

Same as above 

Same as above with excess CaC03 

CaS03CaS04 with ash 

150-MW oil-fired in operation; 

75-MW oil-fired in operation; 

100-MW coal-fired in startup 

Several demonstration plants shut 

100-MW coal-fired under construction 

115-MW coal-fired under construction 

down due to operating problems; 
others canceled 

150-MW operating with coal of 2% sulfur 
content; others under construction 

175-MW coal-fired in startup stage; 
many others under construction 

Inadequate sulfur removal (10 to 40%); 
no further operation planned 

Basis for selection: These are processes for which a demonstration plant with a capacity of at least 100 MWe, 
using high-sulfur coal, has been completed, is under construction, or is anticipated. 

Concentrated SO2 can also be converted to  other products. a 



Table 6 A . 2 - 3  
TECHNOLOGICAL STATUS OF SOME 

S02-REMOVAL PROCESSES 
STACK-GAS 

Status of demonstration plants 

activities operating on foreign, operating on chemistry 
Major U.S. engineering U.S. plants Other plants, U.S. and Status of process Major technological 

ROCCSS problem ares 

coal of >2% s oil or low-s coal 

MgO wet scrubbing 

Na solution 
scrubbing 

Catalytic oxidation 

Limestone into 
boiler with 
wet scrubbing 

Wet scrubbing with 
lime slurry 
feed 

Wet scrubbing 
with limestom 
slurry f e d  

Chemic0 

Wellman-Lord 

Monsanto 

Combustion Engineering 

Combustion Engineering, 
CHEMIC0 

Babcock d Wilcox. 
Combustion Engineering, 
TVA 

100-MW unit near startup 

125-MW unit under construction 

100-MW unit completed in 
1972 but not yet in 
operation 

Shut down as a result of 
continuing operating 
difficulties 

several ne= startup 

175-MW unit completed in 
1972; has not yet met 
acceptance tests; many 
othns of >loo Mw' 
under construction 

Two 150-MW units in 
operation; U.S. on oil. 
Japan with throwaway cyde 

250-MW unit near startup 
for coal of 1% S. Smaller 
units of several types 
operating without difficulty 

Small units for process 
development only 

No additional plants; 
scheduled units have 
been canceled 

Successful operation of 
150-Mw unit in Japan on 
coal of 2% S; other planta 
operating 

units only 
Small-scale development 

No mdor uncertainties 

Additives required to 
minimize oxidation to 
Naz SO4 

Apparently no problems 

Complex O S 0 4  scaling 
dimcult to control 

Complex COS04 scaling 
difficult to control 

Complex, not completely 
understood; blinding of 
limestone surface a 
problem 

Ash removal requirements 

Sulfate formation requinr 
waste bled and caustic 
makeup 

Ash removal requirements; 

catalyst attrition; low 

Senre boiler operating 
problems; poor limestone 
utilization; severe 
scaling, dcmirter plugging 

PlUg&Il 

high operating temperahue; 

HzS04 quality 

SMre scaling, demistcr 

Dcmister plugging; poor 
dependability; low limb 
stone utilization; waste 
sludge diapossl 
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PRODUCT CLEAN-UP METHANATION POWER S Y S T E M  PROCESS 

HYGAS COLD GAS 

TRANSPORTATION R E C Y C L E  
(FLUID BED) M E A  

COI PACKED TUBE 
HIGH B.T.U. ACCEPTOR HOT 

CARBONATE INDUSTRIAL 
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being used t o  produce fue l  gas comflercial ly inc lude the  Lurg i ,  Koppers-Totzek, and 

Wellman-Galusha; the  Lurg i  i s  the f u r t h e s t  advanced w i t h  respect  t o  coal g a s i f i -  

ca t i on  on an i n d u s t r i a l  scale. L i q u i d  processes f o r  desu l fu r i z ing  r a w  low-Btu gas 
inc lude seven i n  which absorption i s  accompanied by chemicaT reac t i on  and f i v e  i n  
which absorpt ion takes place by phys ica l  so lvent  a c t i o n  alone. These processes 
operate a t  0 t o  260OF and 1 t o  1000 ps ig  and produce hydrogen s u l f i d e  o r  s u l f u r  
products . 

46 

Coal l i que fac t i on -desu l fu r i za t i on  may proceed by several routes. Table 6A.2-6 

summarizes the cu r ren t  technologica l  s ta tus  o f  the  major processes.46 The Solvent 
Refined Coal product has a s u l f u r  content  below 1% and an ash content o f  about 0.1%, 
s o l i d i f i e s  a t  300 t o  4OO0F, and has a heating value o f  about 16,000 Btu/ lb .  The 
Meyers process removes about 95% o f  the p y r i t i c  s u l f u r  by simple chemical leaching, 
bu t  the organic s u l f u r  content  i s  essen t ia l l y  unchanc~ed.~' The H-Coal process i s  

i nhe ren t l y  f l e x i b l e  because the propor t ions of f u e l  o i l  and syn the t ic  crude can 
be var ied over a wide range. 

increased, the contact  t ime i n  the  reac tor  i s  reduced, the  degree o f  hydrogenation 
o f  the  coal i s  less  severe, and the r a t i o  o f  f u e l  o i l  t o  lower -bo i l ing  naphtha 
produced i s  increased. 

For example, i f  the  throughput i n  a given p l a n t  i s  

Flowsheets f o r  the c i t e d  processes f o r  producing gas, o i l ,  and c lean s o l i d  f u e l  
from coal may be found i n  r e f s .  4 and 46, and s i m p l i f i e d  c o l o r  schematics can be 
found i n  Lessing's a r t i c l e .  50 

6A.2.1.3.3 Energy Transmission 

The energy-transmission system element i s  common t o  both f o s s i l - f u e l e d  and nuclear 
e l e c t r i c a l  systems. 

t o  765 kV fo l lowed by l o c a l  d i s t r i b u t i o n  by means o f  e i t h e r  overhead l i n e s  or, i n  
l a rge  metropol i tan areas, bur ied cables. Average e l e c t r i c a l  transmission e f f i c i e n c y  

i n  1969, expressed as power so ld  d iv ided by power produced, was 91.2%.' Future 
add i t ions  o f  c a l o r i c  o i l s  and gases produced from coal would in t roduce the  a l t e r -  
na t i ve  o f  t ranspor t ing  energy by pipe1 i n e  as syn the t ic  f ue l .  

Current p rac t i ce  invo lves overhead-1 i n e  AC transmission a t  230 

6A.2.1.4 Research and Development Program 

This sect ion considers the large-scale research and development program t h a t  i s  
necessary i n  order f o r  f o s s i l  f u e l s  t o  complement o ther  energy sources i n  meeting 
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i a D i e  O I + . L - L ~  

A SUlYlClARY OF SOME PROPOSED PROCESSES FOR THE 
PRODUCTION OF LOW-BTU GAS FROM COAL 

Gasifier 
Processa Gasifier type pressure 

@a 
Lurgi Downward-moving stirred 300-450 

bed, nonslagging 

Koppers-Totzek Cocurrent solidgas 1-5 
combustion, slagging 

WellmanGalusha Downward-moving stirred 1-300 
bed, nonslagging 

Union Carbide Ash-agglomerating 
fluidized bed, 
separate fluidized 
regenerator 

ATGAS Coal is dissolved in 
(Applied Technology molten iron with 
Corp.) limestoneair 

injection 

100 

1 

General Electric Slow-moving bed with 300 
inert bulk diluents 

Bi-gas Twostage entrained bed 300 

Oxidizing 
medium Comments 

Air 

Oxygen or 
oxygen- 
enriched 
ai1 

Air 

Air 

Air 

Air 

Air 

Process is in commercial operation 
on sized noncaking coal. Rans 
are under way to test operation on 
caking bituminous coal 

Process is in commercial operation 
using oxygen. Tests are planned 
using enriched air. Can handle 
any type of coal 

Process is in commercial operation 
using coke or noncaking coals, 
mostly in the steel and ceramics 
industries. Bureau of Mines has 
a pilot plant operating on caking 
coal at pressures up to 125 psig. 
capacity about 20 tonslday. Tests 
are planned at 300 psig to increase 
throughput 

Process is in the pre-pilot-plant 
stage. Plans are proceeding for 
design and construction of a 
25-ton/day pilot plant 

Bench-scale unit operating (2.5 ft 
diam). Development work is in 
progress. Can handle any type 
of coal 

Few details available. Process 
is in bench-scale stage. Uses 
extrusion feeder instead of lock 
hoppers; membrane scrubber for H2S 
removal. Plans are under way for 
6-tonlday pilot plant 

Pilot plant with 120-ton/day capacity 
is under construction. Process 
can handle any type of coal 

‘Processes such as Hygas, Synthane, and CO2 Acceptor are not included in this table since they are intended primarily 
for high-Btu gas production. 
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Table 6A.2-5 
PRELIMINARY COMPARISON OF SOYE PROPOSED LOld-BTU GAS PROCESSES 

Process Claimed or potential advantages Potential disadvantages or problems 

Lurgi 1. Process is in large-scale commercial 
operation on noncaking coal 

Koppers-To tzek 

WellmanGalusha 

Union Carbide 
ash-agglomerating - 
fluidized bed 

ATGAS 

General Electric 

Bi-gas 

1. Process is in commercial operation 
using 0 2  

1. Many gasifiers are in commercial 
operation on coke and noncaking 
coals, principally in steel and 
ceramics industries 

1. Can handle any type of coal 
2. Fluidized-bed technique gives high 

throughput per unit volume 
3. Separate regenerator permits use 

of air without nitrogen dilution of 
product 

1. Can handle any type of coal 
2. Gas purification greatly simplified 
3. Low cost claimed 

1. Can handle swelling caking coals 
2. Eliminates lock-hopper feeders 
3. Simplified H2S removal 
4. Eliminates stirring devices 

1. Can handle any type of coal 
2. Entrained-bed gasifier is simple 

3. High throughput per unit volume 
and reliable 

1. Possible problem with caking coals 
2. Low degree of automation 
3. High operating and maintenance 

requirements 

1. May have difficulty operating with 
air instead of oxygen. Oxygen adds 
appreciably to cost 

2. Not readily adaptable to high- 
pressure operation 

1. Process is lower pressure than 
Lurgi, hence probably lower 
throughput per gasifier 

2. Low degree of automation 
3. High operating and maintenance 

4. Possible difficulty with swelling 

1. Process is still in the development 

2. Possible difficulty in establishing 

requirements 

caking coals 

stage 

proper conditions for fluidization of 
ash particles 

1. Process is still in the development 

2. Possible engineering and materials 

1. Process is still in the development 

2. Use of inert bulk diluents may pose 

1. Process is still in the development 

2. Molten ash may cause deposits in 

stage 

problems 

stage 

problems 

stage 

gasifier 
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Table 6A.2-6 
TECHNOLOGICAL STATUS OF LIQUEFACTION-DESULFURIZATION PROCESSES 

Process 
Pilot plant 

Process developer - Major technological 
and sponsor Location Capacity Status and cost ' problem areas 

(tons coallday) 

Process improvement 
research and development 

Solvent Refwd Coal Pittsburg and Midway Coal Tacoma, 50 

Coal Research (OCR) 
Mining Co.; Office of Warh. 

Meyen process 

F 
v HCoal pr- 
N 
VI - 

C o n d  process 

COED process 

Southern Services Co.; Wdsonville, 6 
Electric Power Research Ala. 
Institute 

TRW. Inc.; EPA Redondo Beach, Bench d e  
Calif. (1 2-ton/day 

pilot plant to 
be built) 

1. Solids separation techniques 
2. Increased sulfur removal 
3. Use of CO + H2 instead of H2 

Under cons t r i i cL ion ;  
s l a r t u p  f a l l  1 9 7 4 ;  unreactedcoal 
$17 million 

1. Solid separation of 

2. Production of H2 for 

3. Extent of sulfur removal 4. Gasification of unreacted solids 
process for hydrogenation 

for H2 production 

Under construction; Same as above 
startup Jan. 1974; 
$6 million 

Same as above 

1. Removal of elemental 1. Studies of organic sulfur removal 
sulfur from the coal after 
the leach step 

by solvent extraction 

Hydrocarbon ReJcarch, Trenton, 3-0 Process development 1.  Solid separation of 1. Solids separation techniques 
Inc.; OCR and lpoup N.J. (250-tonlday unit in operation unreacted coal 2. Evaluation of catalysts 
of oil companies pilot plant 2. Production of Hl for 3. Scale-up to commercial-sized 

proposed) process equipment 
3. Catalyst regeneration 

C o n s o l i d a t i o n  C o a l  C o ;  &sap, 24 
OCR W.Va. 

FMC Corp.; OCR Rinceton, 36 
Cogas Devel. Corp. (FMC N.J. 

Corp.. Panhandle Eastern 
Pipeline Co., and Tenn. 
Cas Pipeline Co.) 

Operated 1967-1970; 1. Solid separation of 1. Solids separation techniques 
currently shut down; unreacted coal 2. Mechanical modification of 
may be used for coal 
liquefaction demon- problems operation 
strations 

2. Equipment mechanical 

3. Production of H2 for 
process 

1. Separation of solids from 
oil produced during oil 
pyrolysis Wtration 

char produced during coal 
pyrolysis 

pilot plant to permit continuous 

In operation 1970 to 
date; 54.5 million 

1. Development of an oil absorption 
system to eliminate oil 

2. Gasification of the residual 2. Product evaluation studies 
3. Development of char gasification 

techniques 

US. Bureau of Mines Bruceton. 0.5 Began operation 1. Solids separation of 1. Filter and centrifuge development Bureau of Mines 
Hydrodesulfurization Pa. (6-tonIday Aug. 1973 unreacted coal for solids separation 
PI- pilot plant 

p r o p o d )  process used during hydrogenation 
2. Production of H1 for the 

3. Scale-up of reactor to 
commercial sizes 

2. Substitution of H 1  + CO for H2 

3. Determination of catalyst 
consumption 



the total  e lec t r ica l  and other energy demands of the Nation. Coordination and 
exchange o f  'technology among participants--governmental agencies , u t i l i  t i e s  , vendors , 
and consortia--to avoid costly duplication of e f f o r t  will be important because of 
the multiple demands on limited research funds for  energy. As indicated by Lapp, 
19% of the total  funding recommendations for  research on energy contained i n  the 
i n i t i a l  f iscal  year 1974 budget were designated for  foss i l  fuels .  Including the 
l a t e r  supplemental funding for  energy research d u r i n q  f iscal  year 1974, this fraction 
increased t o  about 25%. Lapp, addressing coal conversion specif ical ly ,  asser ts  
that  "the R&D e f f o r t  demands a sense of uraency and concomitant technological daring 

3 

tha t  is  lacking today. 113 

In the m i n i n g  area,  a need exists for  extensively automating the already highly 
mechanized deep coal mines. I f  the need for  miners t o  be underground were thus 
minimized, the h i g h  dea th  and injury rates associated w i t h  U.S. deep min ing  could 
be reduced significantly.  
combustion o f  underground coal i n  s i tu for  extraction of h e a t  o r  o f  low-Btu  gas. 
Hydraulic mining w i t h  high-pressure water jets,  i n  those areas where water 
supply i s  adequate, offers  the potential of increased extraction rates , removal 
of the coal from the mine i n  a s lur ry  (by us ing  the cutt ing water and, i n  arid 
areas,  recycling i t ) ,  and the elimination of explosions caused by the ignit ion 
of methane o r  suspensions of coal d u s t  by sparks from metal-rock impacts. 

The same end could be achieved by development of 

In addition, the mechanisms of delayed subsidence of deep mines should be deter- 
mined, and control steps, includinq blind pressurized backfi l l inq,  should be 
developed and p u t  in to  practice. 
prohibition or  (more l ikely)  legis la t ive restr ic t ion of str ip min ing ,  the demand 
for  deep-mi ne extraction would increase several fol d ,  i n  w h i  ch case the suggested 
research would take on added importance. 
m i n i n q  appears t o  be application of existinq technology ( for  example, land 
reclamation and s i l t a t i o n  control) ra ther  than a larqe research and development 
program. 
w i t h i n  the legis la t ive domain. 

I f  environmental-protection ac t iv i ty  results i n  

The current primary need i n  surface 

Steps such as l imitinq s t r i p p i n g  t o  areas w i t h  slopes under 20' f a l l  
Section 6A.2.1.2.2 qives other general suqgestions. 

Research and development i n  fuel transportation should include the development of 
pipe w i t h  higher strength-to-weight ra t ios  for  gas t r a n s m i ~ s i o n ; ~  the development 
of general s lur ry  preparation, f luid dynamics, and s lurry u t i l i za t ion  studies 
aimed a t  increasing the general usabili ty of coal-slurry pipelines; and the 
development of commerc a1 integral  t ra ins  t h a t  are highly automated and consist  
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of overs ize gondolas, semi-permanently swivel-coupled and designed f o r  r a p i d  
loading and unloading. 

Processing research would e n t a i l  cont inu ing e f f o r t s  t o  c u r t a i l  emissions o f  undesira- 
b l e  e f f l uen ts ,  t o  improve stack-gas plume r i s e  and d ispers ion p r e d i c t i v e  capab i l i t y ,  
t o  increase the u t i l i z a t i o n  o f  l imestone i n  current  stack-gas desu l fu r i za t i on  
processes, and t o  broaden stud ies o f  by-product uses, w i t h  and w i thout  benef ic ia t ion .  

I n  power generation, the need f o r  more in tens ive  research and development o r ien ted  
toward increas ing thermal-conversion e f f i c i e n c i e s  seems genera l ly  accepted. 
work would encompass the large-scale development o f  improved thermodynamic cyc les , 
inc lud ing  gas turb ines in tegra ted  w i t h  clean gas from coal ,  and the  research 

necessary t o  b u i l d  advanced f lu id ized-bed b o i l e r s  and cryogenic a l t e rna to rs  i n  

sizes adequate t o  permi t  r e a l i s t i c  evaluation. 

This 

I n  the area o f  f u e l  conversion, a g r e a t l y  increased l e v e l  o f  process research 
leading t o  l a rge  p lan ts  producing clean coal, low-Btu gas, and syn the t ic  f u e l  o i l  
i s  c l e a r l y  needed. 
t e s t i n g  o f  the mu1 t i p l e  a t t r a c t i v e  fuel-conversion combinations should be conducted , 
and the r e s u l t s  evaluated, a t  the process-demonstration-unit stage. 
could lead t o  s i g n i f i c a n t  f u tu re  reductions i n  power p l a n t  requirements f o r  f l y -ash  
removal and post-combustion SOx con t ro ls  o f  perhaps uncer ta in  r e l i a b i l i t y .  
common-basis techn ica l  and economic evaluat ion o f  compet i t ive processes should be 
made and f requent ly  updated by an ob jec t ive ,  competent group, perhaps dedicated 

s o l e l y  t o  t h i s  funct ion.  

To prevent prematurely forced process decisions, extensive 

This program 

A 

A s a l i e n t  p o i n t  made by the  National Science Foundation Energy Task Force” i s  
t h a t  s a t i s f a c t o r y  determination o f  energy-area research and development s t ra teg ies  

i s  t oo  complex and too important t o  be conducted under ad hoc cond i t i o rx  and t h a t  
a long-term cont inu ing mu1 t i d i s c i p l i n a r y  e f f o r t  e f f e c t i v e l y  located w i t h i n  the  
government i s  required. 

coal f o r  o i l  and gas has been proposed as p a r t  o f  a na t iona l  energy program 
described i n  “The Nation’s Energy Future. ‘I3’ 

the fo l l ow ing  fou r  essent ia l  elements: 

A program o f  t h i s  nature aimed a t  s u b s t i t u t i n g  the use o f  

The coal recommendations included 

(1) Development and demonstration o f  more productive, safe coal mining 
technology t o  the p o i n t  where i t  can be used i n  g r e a t l y  expanded f u t u r e  
operations. This element w i l l  inc lude:  the development and demon- 

s t r a t i o n  o f  surface coal mining systems fea tu r ing  in teara ted  ex t rac t i on  

and reclamation processes t h a t  meet environmental , soc ia l ,  and economic 
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constraints; the development of underground coal mining systems that 
increase average productivity to 30 tons/man shift with as complete 
extraction as possible in a manner that ensures safety and environmental 
protection; and the development of systems for mining oil shale in an 
environmentally safe and productive manner. 
Development of coal-fired boilers for electric power generation which 
have improved thermal conversion efficiency, reduced costs, and acceptable 
environmental impact. This process will include the completion of 
pilot-scale tests of four methods of clean combustion of coal and the 
construction and operation of one pressurized fluidized-bed boiler 
system. 
Development of technology for converting coal to clean liquid and gaseous 
fuels. 
processes for converting coal to pipeline quality gas and the construction 
and operation of a demonstration coal gasification plant; the construction 
and operation of three to five pilot plants and two combined-cycle 
demonstration plants to test four processes for converting coal to a 
low-Btu gas; the investigation of several processes for converting coal 
t o  liquid boiler and distillate fuels, the selection of three or more of 
these for further testing in pilot plants, and the desiqn of one 
demonstration plant; and the construction of two commercial-scale plants 
incorporating state-of-the-art processes and techniques for producing 
oil and gas from coal and the measuring, monitoring, and evaluation of 
the operation of these plants. 
Provision of the necessary supporting research and development to achieve 
the other coal objectives and to develop the technology necessary for 
reducing to acceptable levels the environmental impact of commercial- 
scale coal processing , transportation , conversion, and combustion 
operations. The objectives of this program element would be to obtain 
data through laboratory research on materials and component development 
for various coal conversion processes, to provide exploratory data for 
development of new processes, to develop an economical method of removing 
sulfur dioxide from flue gas, to reduce impurity and pollutant discharges 
resulting from the combustion of coal, to improve the technology for 
impurity removal from coal by physical and chemical treatment, t o  ensure 
the environmental acceptability of commercial-scale processes of con- 
verting coal to gas and to liquids, to develop economical methods of 
disposing of wastes resulting from the use of coal, and to investi- 
gate the feasibility of converting coal to gas in situ. 

This program element will cover the investigation of several 
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A brief summary of the costs of conducting a coal research and development program 
of this scope and magnitude is included in Section 6A.2.1.7.2. 

With regard to one particular area, namely the development and construction of 
advanced fluidized-bed boilers as discussed above in Section 6A.2.1.3.1, one 
cormenter* on the Draft Environmental Statement has suggested that the prospects 
of this concept may be even more promising than reported: 

Of all of the research and development programs now in one stage or 
another of implementation the fluidized-bed furnance and steam generator 
is the most advanced. 
the experimental furnace has been operated successfully under laboratory 
conditions demonstrating capability to meet the air pollution emission 
limitations utilizing high sulfur high Btu coal as a fuel. 
unit is under construction. Conceptual designs of a steam generator 
comparable in size to the proposed experimental LMFBR installation are 
available. The EIS gives only passing recognition to this fact in a 
one paragraph statement regarding its possibilities. The fluidized-bed 
combustion program is much farther advanced than the LMFBR program. If 
given appropriate emphasis at this time in the research and development 
picture the first large scale steam generator could be in full commercial 
operation prior to 1980 and a whole new generation of fluidized-bed 
electric power plants utilizing high sulfur, high Btu bituminous coal 
located in the major coal producing areas near the mines could be 
contributing to the energy self-sufficiency goal of this country by the 
mid-1980's. 

Most of the research work has been completed and 

A prototype 

This cornenter** went on to note: 

A full environmental impact analysis of the current development program 
for the clean burning of coal may well indicate that greater priority 
should be given to some of these accompanied by a more orderly and 
longer term development program for LMFBR. I am confident that this 
will prove to be the situation in at least one case. A crash effort 
to develop the various concepts of the fluidized-bed boiler may well 
yield this result. 

The AEC recognizes the potential contributions that may be made by fluidized-bed 
combustion in the future and supports the development of this power conversion 
concept. A National Fluidized Bed Program has been established in the Office of 
Coal Research (Department of the Interior) with fiscal year 1975 funding of about 
$34 million and plans for additional funding in future years. 
essential accord with this development program and feels that the recommended 
program plan will lead to fluidized-bed boiler power plants becoming an important 

The AEC i s  in 

*Mr. Hamilton Treadway, Comment Letter 15, pp. 5-6. 
**Mr. Hamilton Treadway, Coment Letter 2, p. 2. 
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contributor to  the Nation's e lec t r ica l  power generation capacity i n  the 1980's, 
though probably not unti l  three or fokr years l a t e r  than suggested i n  the referenced 
comment l e t t e r s .  This argument does bot imply tha t  other energy generation systems, 
including nuclear f iss ion reactors,  will n o t  a lso be needed. On the contrary, a 
mixture of power generation options will be required t o  meet the Nation's energy 
needs i n  the years t o  come. 

6A.2.1.5 Present and Projected Application 

Recent and current application of coal i n  the e lec t r ica l  energy sector was outlined 
i n  Section 617.2.1.1.3. Projections reveal tha t  coal ' s  share of the total  energy 
demand will remain a t  the 1972 l e v e l ~ o f  about 18% or  i t  will decrease s l igh t ly  
until  1985, b u t  the total  amount consumed will increase by about 75% t o  1.0 x 10 
tons/year i n  1985. 2 s 2 1  These projecttons, and others, are  summarized i n  
Table 6A.2-7. 1 

I 

2 
9 

Risser g i v e s  estimatesl6 o f  coal production ra tes  for  synthetic natural gas and 

gasoline for  the period 1980 t o  2000 tha t  are  comparable w i t h  Linden 's .  
However, these synthetic-fuel projections may be low since production of 6,260,000 
barrels of syncrude per day (25% of the estimate'd total  United States petroleum 
demand i n  1985 ) would require about 800,000,000 tons of coal per year. 

52 

9 

3 Lapp estimates that  his projection for  the year 2000 would increase to  about 
3.4 x 10 tons/year i f  coal were substituted t o t a l l y  f o r  the nuclear e lec t r ica l  
generation anticipated for  tha t  year. Taking maximum total  consumption ra tes  

9 9 from Table 6A.2-7 for  the years 1985 and 2000 as  1.5 x 10 tons and 1.9 x 10 tons 

gives total  ra tes  of 1.6 x 10 tons (1985) and 2.0 x 10 tons (2000). Currently, 
about 66% of the gross raw coal production i s  cleaned, about 23% of which i s  l o s t  
(12% coal and 11% rock).' If t h i s  cleaning loss of about 15% of gross production 
remains unchanged, the maximum total  m i n i n g  ra tes  i n  1985 and 2000 would be about 
1.8 x 10 and 2.3 x 10 tons, respectively. 

9 

and increasing them by 8.9 and 7.6%, respectively, to  account f o r  export demand 53 
9 9 

9 9 

All recent projections, made by use o f  various probable energy-mix patterns,  p o i n t  
to  s ignif icant ly  increased coal consuiption ra tes  over the next 40 t o  50 years for  
combined e l e c t r i c i t y  generation and mdtor-fuel production. To meet increased energy 
demands and to  sa t i s fy  current and fulure  requirements of the Federal Clean Air Act 
of 1970 and the Water Quality Act of 1972, much of the new fossil-fuel technology 
under development must be on l ine  t o  4 signif icant  degree w i t h i n  a decade. 
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FOOTNOTES FOR TABLE 6A.2-7 

? 
N 
I 
W 
N 

aAbout 10% of the net production was exported dur ing  1970 t o  1972. 
bReference numbers i n  parentheses re fer  t o  references on the following page. 
C By 2000, coa l ' s  share of e lec t r ica l  generation is  expected to  decrease t o  about half i ts  current contribution, 

tha t  is ,  t o  22%, ( re f .  12) which will correspond t o  an e lec t r ica l  generation about 13% larger than the 1972 total  
generation ( re f .  13). 

dExcept for  ref .  1 projections, and projections f o r  the year 1990, the tonnages i n  t h i s  column a r e  not the sum of 
those i n  the two preceding columns. 

eFor production of synthetic natural gas and synthetic crude o i l  only. 
f Industr ia l  consumption, household and commercial use, and synthetic gas production. 
gNational Petroleum Council, "U.S. Energy Outlook, Coal Availabil i ty," pp. 13 and 89, 1973. 
h"Energy Facts," Committee P r i n t ,  Prepared f o r  the Subcomm. on Energy of the Corn. on Science and Astronautics, 
U.S. House of Representatives, 93rd Congress, _- 1 s t  ~ Session, -~ Nov. 1973, p. 180. 
Also reported % Business Week, p.  65, Nov. 17, 1973. 

- -i- 

!Man, Materials. and Environment, Chapter 4 ,  The HIT Press, Cambridge, 1973. 
'National Academy of Engineering, "U.S. Energy Prospects: An Engineering Viewpoint," as reported i n  Chem. and 

Engr. News, p. 24, May 27, 1974. 
1 

Report of the Cornell Workshops on the Major Issues of a National Energy Research and Development Program, 
College of Engineering, Cornel1 University, Dec. 1973, p. 81. 

m"Mining-Coal and O i l  Shale," Subpanel I1 (contribution t o  AEC Report WASH-1281), Summary, Table 2, 1973. 
"Sum of "e lec t r ica l"  and "other;" underestimates actual t o t a l .  

I 
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Recently estimated comercial  introduction dates tha t  seem at ta inable ,  i f  the 
developments are funded a t  increased l e l e l s  commensurate w i t h  the apparent need 

I 

and without delay, include: l 

\ 
SO2 stack-gas ~ l e a n u p : ~ '  scrubbers nstal led on about 10,000 
We of coal capacity by l a t e  1975, a t ransi t ion t o  regenerative 
(vs throwaway) processes i n  the l a t e  1 9 7 0 ' ~ ~  t o  u n i t s  
ins ta l led on about 75% of the coal e ectr ical  capacity i n  1980. 
Improved stack-gas dispersion modeling:54 by about 1977. 
Advanced steam-generator furnaces ,55 including fluidized 
beds:30 by l a t e  1970's t o  early 1980's. 
A1 kal i-metal topping56 and ammonia bottoming57 cycles : by 
ear ly  1984)'s. 
Low-Btu gas from coal : 
1980 e a r l i e ~ t ; ~ '  by 1985.l 
Combined gas  and steam turbine cycles:58 early 1 9 8 0 ' ~ ~  i n -  
cluding the case o f  advanced gas turbines dr iven  by gas from 
coal or  o i l .  
Clean fuels  from coal (desulfurized coal,  syncrude, fuel o i l ,  
and low-Btu gas):  
by early 1990's. 

from l a t e  1970's t o  ear ly  1980's, .58,59 

33 

ear ly  1980's, 5 0 9 5 2 9 6 0  s ignif icant  supply 
1 

Though some of these introduction dates are  almost cer ta inly more r e a l i s t i c  than 
others,  anticipation of the large-scale use by 1985 of most of these capabi l i t ies ,  
i f  they are needed, appears reasonable. 

If the "Decade Program'' proposed by Wilson61 were implsmented, 50% of our total  
energy need would be met by coal by 1985, w i t h  the coal coming predominantly from 
western surface mines operated under s t r i c t  restoration regulations. 
which  would reduce reliance on a l l  energy imports t o  10% of the national need by 
1985, includes a tentative plan t o  meet 75% of the energy demand w i t h  coal by the 
year 2000. Wilson strongly urges the mobilization of a massive crash program o f  
parallel  p i l o t  and demonstration plants for  the promising coal-uti l ization processes, 
including production of synthetic o i l  and low-Btu u t i l i t y  gas ,  the direct  f i r i n g  o f  
coal w i t h  pre- or  post-combustion treatment, and, especially,  the creation of an 
immense synthetic natural gas capacity. Even i f  the national energy growth ra te  
were reduced t o  3% per year by 1975, the actions proposed would require a coal 
consumption of about 2 x 10 tons/pyear by 1985. 

T h i s  program, 

9 

6A.2-34 



Several expressions of support were received i n  the comments on the D r a f t  Statement 
for  placing greater rel iance on f o s s i l  fuels, p a r t i c u l a r l y  coal, instead o f  nuclear 

power f o r  meeting our expanding e l e c t r i c i t y  needs i n  the future.* For example, 
Mr .  Wil fred Beaver** noted: 

We support, instead a1 ternat ive energy sources such as . . . f o s s i l  
fuels. ... These are the 'safe' a l ternat ives nature has given us t o  
use. We support the explo i ta t ion o f  our coal reserves as a second 
l i n e  of defense ..., Coal supplies appear t o  be s u f f i c i e n t l y  p l e n t i f u l  ... t o  provide f o r  our e l e c t r i c a l  generation needs well  beyond the 
next century, so tha t  the choice between nuclear and f o s s i l  power 
generation w i l l  be made on economic considerations taking a l l  costs, 
including po l l u t i on  control , in to  account. 

Another comnentert stated: 

I wish t o  urge my government t o  change i t s  p r i o r i t i e s  from the f a s t  
breeder to other fonns o f  cleaner and safer energy ... and i n  the mean- 
time, making every e f f o r t  towards cleaning up our coal. 

Dr .  Thomas Cochran, i n  suggestionstt submitted p r i o r  t o  the preparation of the 
D r a f t  Statement, stated: 

It would appear that  improved coal technology as well as ... (other) 
technologies could a l l  be developed f o r  a t o t a l  program cost t ha t  w i l l  
be smaller than the LMFBR Program. 

Thus, there appears t o  be considerable support for re l y ing  on f o s s i l  fue ls  instead 
of nuclear power both i n  the near fu ture and i n  the longer term. The AEC agrees 
w i t h  these views to  a l i m i t e d  extent, and it supports the  explo i ta t ion o f  our coal 
reserves. As indicated above, coal w i l l  be needed along wi th  other energy sources 
t o  meet the Nation's energy requirements. 
o f  project ions o f  domestic coal consumption i n  Table 6A.2-7, which r e f l e c t s  the 
sharply increased rates o f  coal u t i 1  i za t i on  ant ic ipated during the next several 
decades. 

9 
and capi ta l  may render attainment o f  the higher project ions-- that  i s ,  1.9 x 10 
tons/year by 1985-quite d i f f i c u l t .  Also, although our inplace coal reserves are 

adequate t o  l a s t  well  i n t o  the n e t  century, the u t i l i z a t i o n  o f  these reserves i n  
an economically competitive, safe, and environmentally acceptable manner t o  provide 

I t s  use i s  shown i n  the tabulat ion 

However, constraints on a v a i l a b i l i t y  o f  needed equipment, manpower, water, 

*Comnent Let ters  2, pp. 1-2; E, pp. 5-7; 24, pp. 2-3; - 42, pp. 34-35; Pre-draft 

* I lene Younghein, Comment Let ter  E, enclosure p. 7. 

Let ter  15. 
**Comnent Le t te r  3, pp. 1-2. 

++pre-ciraft Le t te r  15, encl, p. 2. 
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all our new electrical generating capacity over even the next several decades has 
been considered unrealistic by nearly every study group t h a t  has looked i n t o  the 
matter. 

In the long term, of course, we cannot rely on fossil fuels, because the universal 
agreement i s  t h a t  they will be essentially depleted within a few centuries a t  
most--and even sooner i f  consumed as the major fuel for producing electricity a t  
the higher demand levels projected i n  the future. 
effort to  develop all viable energy sources, including fossil fuels, i s  warranted 
i f  the Nation i s  t o  ma in ta in  i t s  economic growth, the AEC does not  believe t h a t  we 
can rely solely on non-renewable fuels for either the short- o r  long-term for 
meeting the Nation's energy needs. 

2,31,35,58 

=, 

Therefore, a1 though an additional 

6A.2.1.6 Environmental Impacts 

The principal environmental impacts considered i n  this section are those caused by 
coal-fired power plants and those related t o  offsite support activities, w h i c h  

include min ing ,  cleaning (processing) , transportation, and anticipated fuel-to-fuel 
conversion. 

Figure 6A.2-7, adapted w i t h  minor modifications from ref. 35, and based on National 
Coal Association ( N C A )  d a t a ,  62s63 depicts the approximate production and disposition 
of U.S. bituminous coal i n  1970. Some of the tonnarles were necessarily inferred o r  
estimated, because the NCA production figures are net--that i s ,  the net yield after 
cleani nq. 

The relationship between the power plant and the offsite activities for a typical 
current coal-fired electricity system i s  shown i n  Fiqure 6A.2-8, adapted from 
ref. 2 ;  average mass flows, losses, energy inputs, and stage efficiencies are shown. 
When the "reference" system or  power plant i s  cited i n  this section, i t  i s  a 
reference t o  the system depicted by Fiqure 6A.2-8. 

6A.2.1.6.1 Energy Conversion Plant 

Typical coal-fired power plants emit significant quantities of particulates (fly ash) 
and noxious gases such as sulfur oxides, nitrogen oxides, carbon monoxide, and hydro- 
carbons. For each ton of coal burned, about 200 lb of ash are produced; and for a 
national-average sulfur content of 2.5 w t  X ,  about  80 lb of sulfur dioxide aas are 
emi tted.35 W i t h  minimal or  currently orevalent environmental controls, the 
reference plant of Figure 6A.2-8, t h a t  i s ,  a 1000-MWe plant w i t h  a load factor of 
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395 x 106 tons 290 x 106 tons 

Totol Cleaning Loss 

103 x I6 tons 
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21 x 16 tons 

t 24% 

56% 41% 
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15 x IO6 tons 

2.5% 

3% 
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- * 603 x IO6 tons 
(85% of gross) 

Gross Production 

706 x 106 tons 
* (Cleaning) 

r r l  1.7 x 1 0 6  tons 

- 

t 

427 x IO6 tons 

279 x IO6 tons 

Unprocessed 

Delivered to 
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319 x 16 tons 
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Totol Consumption 

588 x lo6 tons 100 x 106  tons I TO Electric Utilities 5% 
4 :: 321 x IO6 tons 

Waterway 31% 

17% 

53 x 16 tons 
Non-Electrical Energy 
ond Non-Energy Uses 

196 x IO6 tons 71 x 10 tons 

PRODUCTION AND DISTRIBUTION OF U.S. BITUMINOUS COAL (1970) 
Figure 6A.2-7 



34.1% (UNPROCESSED) 1.03 I IO6 TONS 
DEEP MINE 1 0 

EXTRAETION 
SURFACE MINE 3.03 I I O  TONS 

1 

I 

- i ' 

RESOURCE 57y. 
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532 I IO6 TONS 

' 

i * 

END USE TRANSMISSION E POWERPLANT 2% ~ 
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9279  

r 

TRANSPORT 
2 . 5 7 ~  IO6 TONS 

R E S E R YO I R 

, 

CLEAF~\'~NG I 
0.12110~TONS J 

(TONS /AVG.D*Y) 

COAL-FIRED ELECTRICITY SYSTEM FOR A 1000 MWe POWER PLANT 
OPERATING ANNUALLY AT A 0.75 LOAD FACTOR 
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0.75 and a heat ra te  of 9000 Btu/kWhr (33% conversion eff ic iency) ,  burnin? 
pulverized coal w i t h  10 w t  % ash and 2.58 w t  X sulfur ,  produces about 352,000 tons 
of a i r  emissions per year, about 93% of which i s  SOx and par t iculates  and about 
6% oxides of nitrogen. 

2 

In an average pulverized-coal-fed furnace, a b o u t  80% of the ash i n  the coal appears 
as f l y  ash (about 160 lb/ton of coal) ,  and  the remaining 20% consti tutes slag waste. 
For a cyclone-boiler plant,  these ash percentages are aporoximately reversed, that  
i s ,  70 t o  80% of the ash goes t o  slag. 
pulverized-coal reference plant produces rouqhly 800 tons of water pollutants per 

. year tha t  are almost ent i re ly  inorganic ( a b o u t  77% suspended sol ids  and boron 

compounds). 
as benzo[a] - pyrene, 35964 b u t  the total  hydrocarbons comprise only about 0.1 w t  % 

of the to ta l  a i r  emissions;2 other sources, especially autos and petroleum refin- 
e r i e s ,  emit enormously greater amounts of hydrocarbon vapors ,  
regarding t h i s  potential hazard from coal-fired plants appear t o  exis t .  
coal contains traces of uranium, thorium, and radium, there has been a continuinq 
debate regarding radionuclide emissions from coal plants ; however, a 1000-Mble plant 
probably discharges a total  of only about 2 .2  curies annually.2 Of t h i s  t o t a l ,  a 
plant equipped w i t h  e f f ic ien t  e lec t ros ta t ic  precipitators emits about 0.03 curies/  
year t o  the atmosphere (as  Ra-226 and R a - ~ 8 ) ~ ~  and over 98% i s  associated w i t h  the 
collected f l y  ash sent t o  s e t t l i n g  ponds. The radiological dose t o  the population 
associated w i t h  these releases appears t o  be insignif icant .  
climatic c o n d i t i o n s ,  sulfur ic  acid mist may form i n  the atmosphere and cause 
damage t o  a wide range of objects,  including stone buildings. 

Preliminary estimates2 indicate t h a t  a 

Emitted hydrocarbons may contain smal 1 q u a n t i  t i e s  of carcinogens such 

No quantitative data 
Because 

Under certain 

65 

Heat rejected by the condenser cooling water t o  rivers and lakes is  considerable; 
i n  1964, f o r  example, of a l l  industrial  cooling water used i n  the United States ,  
81% was f o r  e l e c t r i c  power plants.2 The heat rejected per u n i t  o f  electr ical  eneray 
produced i n  a coal-fired power plant i s  about the same as tha t  from the HTGR and 
the proposed LMFBR, b u t  i s  40 t o  50% less  than tha t  from current LWRs because of 
the fossil-fueled plant ' s  higher thermal efficiency. 

Any advancement i n  the thermal efficiency of e i ther  foss i l  or nuclear e lec t r ica l  
generation provides  the double environmental gain of reducing thermal and other 
waste emissions t o  the environment and conserving resources of natural fuels.  
The heat ra te ,  o r  thermal energy consumed i n  producing e l e c t r i c i t y ,  is one measure 
of thermal efficiency. 
has declined from about 14,000 Btu /kWhr  i n  1950 t o  10,760 Btu /kWhr  i n  1960 t o  10,300 

The national average value for  fossil-fueled power plants 
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Btu/kWhr i n  1970, and "this value is  expected t o  drop t o  about 8500 Btu/kWhr for  
the most e f f i c i e n t  plants i n  operation by 2000."66 The quoted projection seems 
somewhat conservative when compared w i t h  the 8600 (f_70)-Btu/kWhr heat ra tes  already 
achieved by the most e f f i c i e n t  large coal-fired plants. 2,67 

The to ta l  land commitment for  the reference 1000-Mle coal power plant w i t h  minimal 
environmental controls is  about 700 acres,2 or  about 130% larger  than for  a current 
LWR w i t h  the same power rating. 
( f l y  ash and limestone sludge) require s ignif icant  additional land use for  disposal. 
An annual incremental land use of 15 acres f o r  this purpose has been estimated 
for  a controlled reference plant,2 based on 99% f l y  ash removal (201,000 tons 
of dry ash per year averaging 33 f t  /ton) and 85% SOx removal (742,000 tons of lime- 
stone sludge per year averaging 22 f t  / ton).  
factors  associated w i t h  six SOx stack-gas removal processes46 are  given i n  Table 
6A.2-8. In addition, i f  natural-draft  wet cooling towers were used, they would 
occupy about 10 acres/lOOO-MWe capacity. 

Solid wastes generated by air-pollution controls 

3 
3 Some of the environmental impact 

2 A t  the power plant stage,  about 113 workers are  involved per 1000-MWe capacity. 
Because major accidents such as boi ler  explosions and t ransient  high-concentration 
toxic-gas releases are  n ~ i j  qui te  rare  i n  coal-fired power plants ,  the occupational 
death and injury rates  have been estimated t o  be low (0.012 death and 1.38 injur ies  
per year for  the reference plant of Figure 6A.2-8). 2 

Aesthetic intrusions and noise emissions of modern plants w i t h  environmental controls 
a re  generally low. 
of various programs f o r  reducing the environmental impacts of coal-fired power 
plants ,  the impact factors  are  anticipated t o  be moderated t o  a s ignif icant  degree 
by the application of available and emerging technologies. 

Although d i f f i c u l t i e s  a re  being encountered w i t h  some aspects 

6A.2.1.6.2 Offsite Support Act ivi t ies  and Fac i l i t i es  

Mining  

Current mining  practices,  which are  improvable i n  many regards, cause extensive 
environmental impacts, the nature of which depends on whether the mining  i s  conducted 
underground or  on the surface. 

Deep Mining .  
explosions (from methane and coal d u s t ) ,  s l a t e  f a l l s ,  bronchitis ,  dyspnea, and 
"black lung" (coal workers' pneumoconiosis, or  CWP). 

In deep m i n i n g ,  workers are  exposed t o  the hazards of f i re  and 

In recent United States  
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Table 6A.2-8 
WASTE D I S P O S A L  AND ENV IROMMENTAL IMPACT FACTORS 

FOR P R O C E S S E S  FOR REMOVING SO, FROM STACK G A S  

Process Additional dry 
solid waste 

Additional 
solution waste 

Additional Effect on 
slurry waste particulate emissions 

MgO wet scrubbing None None 
~ 

None except 
ash scrubber 

Na solution None 
scrubbing 

Catalytic Small amount 
oxidation of catalyst In 

== fines 

f 
N 
I 

Limestone into Cas03 and urueacted 
boiler with lime with ash, 0.1 ton 
wet scrubbing per ton of coal 

Wet scrubbing None 
with lime 
slurry feed 

Wet scrubbing None 
with limestone 
slurry feed 

Na2S04 purge; 0.02 ton per 
ton of coal as 15% solution 

Lowquality HzSO4; 0.10 
ton per ton of coal; might be 
considered a waste product 

None 

None 

None 

None except 
ash scrubber 

None 

About 0.15 ton 
Ca compounds 
and ash per ton of 
coal; 40% H2O 

About 0.15 ton 
Ca compounds per 
ton of coal; 30% 

About 0.2 ton 
Ca compounds per 
ton of coal; 60% 

H2 0 

H2 0 

Excellent particulate 
removal necessary as a 
preliminary step 

Particulate removal 
necessary as preliminary 
process step 

Excellent particulate 
removal necessary with 
minimum heat losses as a 
preliminary process step 

Electrostatic precipitators 
operate poorly, but wet 
scrubbing completes par- 
ticulate removal 

Wet scrubbing completes 
particulate removal 

Wet scrubbing completes 
particulate removal 

Basis: Coal of 4% S; H2SO4 of >90% concentration, S, and SO2 are not waste products 



experience,’ the incidence rates  of simple and of complicated (acute) CWP are 
approximately 3.47 and 1.60 cases per thousand man-years, respectively. Other 
studies35 indicate s ignif icant ly  lower rates i n  British experience: about two 
total  cases per thousand man-years, and only about 0.2 acute case per thousand 
man-years, each following a minimal exposure time of 15 years. Occupational hazards 
i n  the United States i n  1970 led t o  0.65 death and 28.07 nonfatal injur ies  per 
million tons of coal mined and t o  an average of 55 workdays l o s t  per injury. 2 

Subsidence caused by deep m i n i n g  can damage surface s t ructures ,  disrupt groundwater 
hydrology, and, i f  sudden, precipi ta te  localized earth tremors. Subsidence affects  
about 0.2 acre/1000 tons of coal produced, and about 30% of the total  area under- 
mined f o r  coal has already subsided t o  some extent.2 The area potentially altered 
by subsidence varies inversely w i t h  the seam thickness for  a g iven  tonnage 
extracted; based on 1800 tons of coal per acre-ft and 502 recovery, the coal 
extracted increases from 9000 t o  90,000 tons/acre as the seam thickness increases 
from 10 t o  100 f t .  A large United States deep coal mine produces about Z,OOC),OOO 

tons/year. Average productivi t i e s  16’34 of  about 14 tonslman-day for room-and- 
pil lar-type min ing  have been attained; productivity has recently declined t o  about 
11 tons/man-day because of the more stringent safety requirements of the 1969 Coal 
Mine Health and Safety Act. 
deep-mining techniques and shif t ing t o  the much thicker western coal beds 
should lead t o  s ignif icant  increases i n  productivity. 
can also a t ta in  90 t o  95% coal recovery and allows controlled subsidence of the 
surface t o  the p o i n t  of natural s tabi l izat ion.  

Increased use of the newer short-wall and long-wall 

The long-wall m i n i n g  system 

The land d i s t u r b e d  by storage of underground mining wastes has been based, i n  one 
estimate,‘ on a use ra te  of 84,400 tons of waste per acre o f  waste bank, which 
corresponds t o  an average refuse density of 1.5 tonslyd and a bank h e i g h t  of 35 ft.  3 

2 Based on 1969 Appalachian-area data, the annual water-pollutant runoff from a deep 
mine supplying the reference power plant of Figure 6A.2-8 would be approximately 
2129 tons of su l fur ic  acid,  532 tons o f  dissolved i ron  s a l t s ,  and n e g l i d b l e  s i l t ,  
probably continuing over a 15-year period. 
contaminates receiving water bodies , although less  seriously when the sulfur  content 
of the coal is low, as i n  western areas. 

The acid drainage from deep mines 

Surface Mining.  
were 0.12 per million tons and 5.40 per million tons, respectivelyY2 w i t h  an average 
of 36 workdays lost per injury. 

In surface m i n i n g ,  the U.S. death and nonfatal injury rates  (1970) 

The incidence of CLIP among surface miners i s  
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clear ly  lower than tha t  among deep miners working i n  confined spaces, b u t  
apparently has n o t  ye t  been quantitatively determined. Surface m i n i n g ,  a 
safer  than deep mining  as currently practiced, djsrupts large land areas,  
adverse e f fec ts  on vegetation, crops, wildl i fe ,  habi ta t ,  and water supply 
qual i ty ,  as well as  conflicting w i t h  timber, grazing, 

The land area disrupted by s t r i p p i n g  varies inversely 
recovered per acre. Contour str ipping on h i l ly  te r ra  
has yielded only about 1700 tons of coal per acre,3 s 

are often only 1 t o  2 f t  thick,  The national average 
about 3300 tons/acre. 2,35 Production of coal by area 

the rate 
though 
causing 

States 
ved 
i s  

and 
and other resource uses 

w i t h  the amount o f  coal 
n i n  the eastern United 
nce the coal seams i n v o  
surface-mining recovery 
s t r i p p i n g  of thicker beds can 

lead t o  great ly  reduced surface-area d i s r u p t i o n .  
acre-ft  and 80% recovery, the coal extracted increases from 14,400 t o  144,000 
tons/acre as the bed thickness increases from 10 t o  100 f t .  

68 land area d i s t u r b e d  by surface m i n i n g  t o  1965, 41% was at t r ibutable  t o  coal 
(and adding sand and gravel production accounts for 67% o f  the t o t a l ) .  

Based on 1800 tons of coal per 

Of a l l  United States  

According t o  the Council on Environmental Quality,’ about 90% o f  the overburden 
from surface m i n i n g  i s  redeposited on the s i t e .  The major solid waste produced 
by surface m i n i n g  i s  s i l t ,  as shown by the following estimate‘ of annual water 
pollutants for  a surface mine supplying the reference power plant o f  Figure 
6A.2-8: 
and 35,612 tons of s i l t .  
overburden runoff, was estimated a t  3.0 tons/acre per year f o r  15 years. 
can lead t o  sedimentation and consequent increased possibi l i ty  of flooding or to  
accelerated eros ion  rates. 

0 

approximately 166 tons of sulfur ic  acid,  42 tons of dissolved iron s a l t s ,  
S i l ta t ion  of receiving water bodies, result ing from waste 

S i l ta t ion  

11 

Under some geological conditions,.waste pi les  and h i q h  walls (ver t ical  earth banks 
l e f t  by m i n i n g )  can s l ide  o r  slump, causing property damage and posing a safety 
hazard t o  people’’ and animals. 
of pits, spoil  p i les ,  and haulage roads, and consequent wind  erosion could contribute 
t o  dus t  storms. 
such as d r i l l i n g  and blasting can be obtrusive. 
may be excessive, especially i n  some western areas w i t h  limited ra infa l l .  

High d u s t  concentrations can occur i n  the vicini ty  

Noise and vibration levels generated by surface-mining a c t i v i t i e s  
The demand on local water supplies 

69 

A large United States surface coal mine produces about 5,000,000 tonslyear. 
requirements can be estimated .from recent average productivi ties of about 32 tons 
of coal per man-day for  a l l  strip mining16 and about 36 t o  40 tonslman-day 
for  area s t r i p p i n g .  

Labor 

34,35 
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/ 
For b o t h  deep and surface min ing ,  the a i r  emissions from b u r n i n g  coal seams and 
waste banks and from power mining  equipment seem a t  present t o  be undetermined. 

Processing Plant 

A large coal processing plant may clean a million tons of raw coal per year, 
occupy about 40 acres,  and produce about 1.5 tons of waste water per ton of coal 
processed.35 During cleaning of the raw mine product, about 24% of the feed is 
discarded, of which about half i s  coal. 2935 Coal-dust emissions a r i se  almost 
en t i re ly  from thermal drying of wet-processed coal; from data i n  ref. 2 (pp. 43 
and 45) ,  the 1968 emission rate  can be calculated as about 15 tons of d u s t  per 
thousand tons  of cleaned and thermally dried coal. By adding wet scrubbers and 
a i r  recirculation t o  the cyclone separators i n  common use, d u s t  emissions can be 

2 reduced t o  about 0.2 ton/1000 tons of i n p u t  coal. 

2 

Solid waste forms refuse heaps, and the s i l t a t i o n  rate  from processing waste banks 
has been taken' to be 42 tons/acre per year for 15 years,  a rate  about 14 times 

tha t  from present surface-mine waste banks. Black-water discharges, consisting 
of water-suspended f ines  from the washing operation, can be impounded by s lurry 
dikes, b u t  careful geological studies and d i k e  design are necessary f o r  safe ,  
high-level retention. 
lower than for  e i ther  surface or deep m i n i n g , 2  averaging 0.0147 death and 1.58 
nonfatal injuries per million tons, w i t h  39 workdays l o s t  per injury. 

Death and injury rates  for processing operations are much 

For the reference system of Figure 6A.2-3, if  half the coal is  deep mined and half 
surface mined, the combined m i n i n g  and processing f a t a l i t i e s  to ta l  1.2 per year, 
based on 1970 data. 

Transportation 

Surface transportation of coal by r a i l  o r  truck requires l a n d  for  right-of-way 
(about 50 f t  w i d t h  for  r a i l )  
other vehicles across the committed areas. Dust i s  caused by heavily loaded trucks 
on unpaved roads and by blowaway of coal from r a i l  cars (about 1% unless wetted or 
covered) .2 Truck transport produces objectionable noise levels ,  and r a i l  transport 
contributes t o  grade-crossing accidents, many of which are fa ta l .  Two hundred 
ton-miles of cargo movement requires about 1 gal of diesel fuel rated a t  136,000 
Btu/gal. For an average s h i p p i n g  distance of 300 miles,2y35,70 the diesel fuel 
energy expended, by t ra in  or  water, i s  less  than 1% of the energy content of the 
coal ,35 and the transportation-associated a i r  pollution is  negliglible compared 
w i t h  tha t  from other sources. 

2 and r e s t r i c t s  f ree  travel of people, animals, and 
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Conversion 

Processes for conversion of coal to clean solid fuel, oil, or gas would involve 
land commitment and water usage and the control of ash and slag from plants 
generating process steam and/or power. Potential environmental contaminants include 
solids (char, ash, spent catalyst, sulfur, and sludges from waste-water treatment), 
liquids (phenols, cresols, oils, tars, and ammonia solutions), gases (hydroven 
sulfide and sulfur dioxide), and heat (probably released to the atmosphere from 
cooling towers), 
available or under development. Flowsheets for fuel-to-fuel conversion processes 
may be found, in increasing order of detail, in refs. 50, 4, and 46. 
coal-derived liquids, especially the higher-boiling fractions, have been shown to 
exhibit carcinogenic activity 71 ,72973 (primarily relating t o  skin cancer), data 
are needed for use in establishing limits for exposure to and inhalation and 
ingestion of coal-derived products. 

Techniques for control ling or disposing of these effluents are 

Because some 

6A.2.1.6.3 Irreversible and Irretrievable Commitments of Resources 

Since the coal resource base is so large, relative resource depletion will be minor 
over the short term. 
and transportation is likely to be permanent only in part. 
and cleaning sites, for example, could be periodically reclaimed on a regular basis, 
such as at 6- or 12-month intervals, although this has not been common industry 
practice in the past. Surface disruption and subsidence caused by mining activities 
are potential irreparable consequences that are in some instances amenable to 
mitigation by surface reclamation of stripped areas and by backfilling, sealing, 
and chemical treatment of acid drainage from deep mines, 
particular sites selected for various stages of the fossil-fuel energy system, some 
onsite and offsite ecological balances would be disturbed and potentially altered 
irreversibly in the framework of a human lifetime. 
complex interactions among soil condition, water quality, vegetation, crops, 
wildlife, and human habitation. 
in water-deficient areas could have a drawdown effect on shallower wells supplyina 
people or livestock, and the lowered water table might prove irreversible in the 
same time context. Successful long-term reclamation of reseeded overburden spoil 
in arid areas has not yet been demonstrated. 

Land surface dedicated to extraction, cleaning, conversion, 
Land at the mining 

Depending on the 

Obvious examples include the 

High use rates o f  water supplied by deep wells 

11 
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6A.2.1.7 Costs and Benefits 

6A.2.1.7.1 

Direct or Internal Costs 

Direct or internal costs are difficult to estimate accurately because of the 
nonuniformly increasing costs being experienced in different areas of the 

2 electrical energy sector. A recent study by the Council on Environmental Quality 
included an estimated 1973 electrical generation cost for the reference zoal-fired 
1000-MWe power plant of Figure 6A.2-8, with minimal environmental controls, of 
7.66 mills/kWhr. 
with efficient electrostatic precipitators, wet limestone stack-gas scrubbing, and 
wet natural-draft cooling towers at the power plant, disposal o f  solid wastes from 
air and water pollution controls, control of silt runoff and acid mine drainage, 
and land reclamation at the mine and processing sites after one year of use. 
controlled-system generation costs totalled 9.79 and 10.07 mills/kWhr for plants 
using deep- and surface-mined coal, respectively. Most of the cost increase o f  

2.1 to 2.4 mills/kWhr was incurred by reducing the power plant SOx emissions by 
85% with the stack-gas scrubber system. 

Energy Production and Delivery Costs 

2 Estimates were also made for a controlled system, that is, one 

The 

Some of the component costs (1973 dollars) included $180 per kW for the basic (uncon- 
trolled) power plant, $0.35 per million Btu for fuel, 0.39 mill/kWhr for operation 
and maintenance, $2000 per acre for land reclamation, $10 per kW for the cooling 
towers, and $40 per kW for the scrubber system including settling pond (1.8 mills/ 
kWhr annualized cost). After transmission and distribution an average distance, 
the increase in generation cost o f  about 30% would be felt by the average 
residential consumer as an increase of about 10 to 12%. 

Some o f  the costs used in this estimate may be low. In some areas, for example, 
a land reclamation cost of $4000 per acre is doubtless more realistic; operation 
and maintenance costs and fuel costs may be double the value used; and higher 
scrubber-system cost forecasts have been made by many others, including about $60 
to $66 per kilowatt,46 $75 per kilowatt,74 and up to $80 per kilowatt.58 Total 
costs (capital and operating) for retrofit scrubber-system installations have 
been estimated to be as high as $0.85 per million Btu by some utility companies 
having experience with scrubber systems. 75 

Approximate estimates of low-Btu gas-production costs have varied from 604 to 854 
per million Btu46 (Lurgi and Bi-Gas processes) to about 954 per million B ~ u . ~ ~  By 
contrast, current estimates o f  synthetic natural gas production costs are generally 

6A. 2-46 

n 



i n  me range OT 3 1 . u ~  LO 9 1 . m  per mi i i iu r i  D L U ,  ur- auuu L UII~Z-LII I I u 1 1  iyricr . 
Syncrude-production cost  estimates vary from $1.00 t o  $1.60 per million B t u  ($6 t o  
$10 per bar re l ) .  50y77 H 0 t t e 1 ~ ~  has concluded tha t  while gas from coal appears t o  
have a s l i g h t  edge today, not one of the processes has had i t s  t rue cost established, 
and the Nation will almost cer ta inly need both gas and o i l  from coal. 

The 1968 average capi ta l  cost  f o r  large deep coal mines o f  about $10 per ton of 
annual capacity16 i s  probably now about $13. 
surface mines of about $8 per ton of annual capacity” has l ike ly  increased t o  about 
$9. 

The 1970 average cost  for  larqe 

Part ia l  cost  estimates tha t  have been developed a t  Oak Ridge National Laboratory 
f o r  use i n  Section 11 are summarized i n  Table 6A.2-9. 
p lan ts  only, operating a t  an 30% load fac tor ,  and they are expressed i n  mid-1974 
dollars.  Startup times for coal-fired and nuclear plants are assumed t o  be 6.0 and 
7.5 years,  respectively. The coal-fired plants are assumed t o  be equipped w i t h  wet 
natural-draft  cooling towers, e l e c t r o s t a t i c  precipi ta tors ,  and wet-1 irnestone SOx 

scrubbers; and they are  assumed to  burn coal containing 3.5 w t  X su l fur  and 20 w t  
X ash. 

The costs are  f o r  the power 

Table 6A.2-9 
PROJECTED ELECTRICAL POWER PLANT COSTS 

Plant 
TY Pe 

Capital cost  ($/kWe) 
Twin  1300-MWe T w i n  2000 -MCle 

Units ( t o  1990) Units ( a f t e r  1990) 

Operating and 
Maintenance Cost 

(mil ls/kNhr) 

LWR 
Coal 
HTGR 
LMFBR 

~ 

420 
345 
420 
* 

370 
31 5 
370 
* 

0.7 
2.2 
0.7 
0.8 

*Currently anticipated t o  be approximately $100 per kWe more than the LWR costs.  

Coal prices themselves rose sharply i n  l a t e  1973 and ear ly  1974, along w i t h  those 
of other fuels.  
Table 6A.2-10. 

Representative prices derived from several sources are shown i n  
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Table 6A.2-10 
REPRESENTATIVE PRICES (AT THE MINE) FOR COAL AS OF FIRST QUARTER 1974 

Heating Cost/Ton ( 8 )  Cost/M Btu (#)a 
Value Repr . Repr. Repr. Repr. 
(Btu/l b) Value Range Value Rance 

Bituminous (Eastern) 
High Sulfur (>  3%) 11,500 14 10 to 18 60 43 to 78 
Low Sulfur ( <  1%) 11,500 20 16 to 25 86 69 to 108 

Low Sulfur ( s  0.5%) a ,500 4.25 3.40 to 6.80 25 20 to 40 

Low Sulfur ( s  0.5%) 6,750 2.50 1.60 to 3.25 18 12 to 24 

Subbi tuminous (Western) 

Lignite (Western) 

6 aM Btu = 10 Btu. 

Indirect or External Costs 

Indirect or external costs are those not borne by the purchaser. The environmental 
effects of effluents that are controllable by modifications in mining and pro- 
‘cessing practices and by equipment added to the power plant would be transferred to 
direct costs recoverable from utility revenue. Adoption of full-cost pricinq at 
all stages of the energy system--that is, internalizing the environmental costs of 
energy production and use--would significantly reduce but not eliminate these 
external costs. 

The incremental cost per ton o f  coal associated with land reclamation is given in 
Table 6A.2-11 for various yields (tons per acre) and reclamation expenditures per 
acre. 
natural contour include backfilling, compacting, soil conditioning, regrading, 
reseeding, and revegetating. 

incremental coal cost of 206 to 30# per ton 9334 (for coal yields o f  20,000 to 
30,000 tons/acre). 
be only 36 to 4& per ton!’ A speculative projection has been made34 that averaae 
reclamation costs may fall to a level as low as 10 to 26 per ton by the year 2020. 

The operations involved in rehabilitating strip-mined land to a pleasing, 

Current basic cost estimates range from $2000 per 
to $6000 per acre,34 with the second figure corresponding to an anticipated 

For western coal, the surcharge for extensive reclamation might 
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Table 6A.2-11 

RECLAMATION COSTS II4 INCREMENTAL CENTS PER TON OF COAL M I N E D  

Incremental Cost (cents) for 
Tons of Coal Land Reclamation Cost (per acre) of 

$2000 $3000 $4000 $5000 $6000 Recovered Per Acre $looo 
~ ~ -~ ~~~~~~~~ ~~ 

3,000 33 67 100 133 167 200 
10,000 10 20 30 40 50 60 
20,000 5 10 15 20 25 30 
30,000 3.3 6.7 10 13 17 20 
50,000 2 4 6 8 10 12 
100,000 1 2 . 3  4 5 6 

For deep mines, rehabilitation operations include backfilling (perhaps by pressurized 
slurry) to minimize subsidence, selective sealing to reduce access of water to acid- 
producing strata and of air to residual coal, and lime treatment of acid drainage. 
On an initial demonstration basis, a cost of $11,000 per acre has been estimated, 
which is equivalent to an incremental cost of 376 per ton for a coal yield of 30,000 
tons/acre. Cost forecasts for complete treatment of acid drainage and black-water 
emissions have ranged from 56 per ton34 to 196 per ton. 

34 

2 

Indirect costs include a portion of those related to occupational health. Incidence 
rates for fatalities, nonfatal injuries, work time lost, and CWP ("black lunq") and 
related disabilities are known reasonably well, but no estimates seem to have been 
made of the effect of significant system changes on these rates and associated costs. 

6A.2.1.7.2 Development Costs 

These costs (borne by all financial sources) are assumed to fund development 
through the stages of design, construction, operation, and evaluation of a prototype 
unit or demonstration plant smaller than commercial scale. The total development 
cost, obtained primarily from recent Federal Power Commission and Oak Ridge 
National Laboratory estimates, is approximately $1.7 billion (1973 dollars) , 
of which about half would be required for development of desulfurized coal (Solvent 
Refined Coal and Meyers process) and of low-Btu gas and fuel oil from coal. The 
distribution by program is shown in Table 6A.2-12. High-Btu synthetic gas is 
not included since it is not an electric-utility fuel and is approaching full 
d e ~ e l o p m e n t . ~ ~  When an estimate spanned a range, the higher cost was used. 
the period of intensive development continues through 1985 and inflation rates 
remain at recent levels, this sum will easily exceed $2 billion. Extensive 

If 
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development in the areas of mining, land reclamation, fuel transportation, and 
energy transmission would require additional exuenditures. 
to attain, at an accelerated pace, large-scale production of qas and synthetic oil 
from coal on an initial commercial basis is believed to be $2 billion to $3 billion. 50 

The funding required 

Table 6A.2-12 

ESTIMATED DEVELOPMENT COSTS 

Program cost 
(millions of dollars) 

Synthetic fuel oil from coal 
Low-Btu gas from coal 
Desulfurized coal 
SO, stack-gas cleanup 
NO, abatement 
Advanced steam-generator furnaces , including 
fluidized-bed combustion 

Advanced (high-temperature) gas turbines 
A1 kali-metal topping cycle 
Steam-ammonia cycle, includinq NH3 turbine 

500 
300 

100 
75 
15 

a5 

250 
200 
110 

Dry cool ing-tower development 80 
Improved stack-gas dispersion modeling 

Total 
0.3  

1715.3 

The more recently proposed research and development proqram described in ref. 31 
and discussed briefly in Section GA.2.1.4 would entail funding of $2.175 billion 
over the next five years. 
technology, 5200 million on direct combustion, $1270 million on the production of 
synthetic fuels (oil and gas) from coal, and $380 million on general coal tech- 
nology, including environmental control and supporting research and development. 
Whichever program or element thereof is selected for support, clearly, the potential 
funding that will be needed for coal development is substantial. 
benefits that may be expected to accrue are discussed below. 

This cost would include $325 million on coal mining 

The related 

6A.2.1.7.3 Benefits 

The major benefits derived from modernizing the coal electrical-energy system 
would include, on a cumulative basis over the next two decades: 
jected energy deficit, moderating the environmental impacts of current units, and 

narrowing the pro- 
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@ minimizing reliance on imported premium fossil fuels (oil and natural gas) with the 
associated balance of payments problem. The number of people employed in research 
and development, mining, transportation, construction, and plant operation would 
be large but would likely decrease as the system matures and becomes increasingly 
capital-intensive. By-product markets might develop but probably would not be of 
major economic significance. If other electrical energy programs, including the 
LMFBR, lag scheduled introduction dates or if they are, for any reason, followed 
at a more deliberate pace, an efficient and clean coal-based energy system would 
provide a potential alternative in the interim. 
could produce large quantities of synthetic motor fuels--a capability shared only 
by oil shale among the other options under current consideration. 
combine in such a manner that we are dealing simultaneously with a shortfall in 
nuclear generating capacity, a decline in domestic petroleum and natural gas reserves, 
and a decreased access to foreign fuel, then availability of domestic fuel would 
override normal economic considerations, and the use of synthetic fuels produced 
from coal could became a necessity. 

Additionally, such a system 

If circumstances 

6A.2.1.8 Overall Assessment of Role in Energy Supply 

To the year 2000, coal will probably continue to play a vital role both in 
electrical power production and in meeting total energy needs, and the total 

9 mining rate will probably be about 2 x 10 tons/year by that date, approximately 
half of which will be used in electrical utility p w e r  plants. 

6 mines, with capacities of perhaps 40 x 10 tonslyear, will probably be developed. 
Coal usage will increase if low-sulfur deposits in the western states are developed 
and if current efforts to produce clean oil and low-Btu gas from coal and to 
desulfurize stack gases are commercially successful. 
evolving environmental standards, if they occur, would contribute further to 
increased usage. 

Very large coal 

Selective relaxation o f  

Beyond the year 2000, it seems likely that mined tonnages will be so large that 
even higher consumption rates will be deterred by limitations on the enormous 
amount of solids handling, from mining to waste disposal. In addition, stricter 
environmental standards and the substantial amount of electricity expected to be 
produced by other technologies will also act to deter further major expansion of 
our coal producing capacity. 

6A.2.2 Natural Gas and Oil 

As shown by the tabulation in the "General Introduction" of this section, oil and 
natural gas supply jointly about 75% of the total energy consumed in the United 
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S t a t e s .  a u r i n g  1972, o i l  and gas suppl ied 15.6% and 21.5%, respec t ive ly ,  of the 
t o t a l  e l e c t r i c a l  energy generated.  Pro jec t ions  of petroleum cont r ibu t ions  t o  the 
t o t a l  energy c o n s ~ m p t i o n ~ ~  and t o  the  e l ec t r i ca l - ene rgy  sec tor14  a re  shown i n  
Table 6A.2-13. These pro jec t ions ,  developed i n  1972, a r e  sub jec t  t o  a subs t an t i a l  
margin of error, e s p e c i a l l y  under present oi l - import  condi t ions .  
number of e l e c t r i c  power p l an t s  t h a t  have only recent ly  switched from coal t o  o i l  
t o  meet environmental po l lu t ion  s tandards have been d i r ec t ed  t o  switch back t o  
coal because of  the cu r ren t  shor tages  i n  o i l  supply.  

For example, a 

Table 6A.2-13 

PROJECTED COhiTf?IBUTIOt.IS OF OIL AND ?!ATURAL GAS 
TO TOTAL AND ELECTRICAL ENERGY CONSUMPTIOU 

Contribution t o  energy use ( 4 )  
1975 1980 1985 2000 

-~ ~ ~~ 

Total use 
Oi l a  43.8 43.9 43.5 37 .2  

[ ia tural  gas  31.4 28. 1 24.3 17.7 
E l e c t r i c a l  use 

Oila  15.9 1G .9 16.8 G.3 

Natural gas 16.8 12.2 8.7 3 . 3  

aIncluding natural-gas  l i q u i d s .  

The proport ion of world natural  -hydrocarbon production represented by U.S. output  
i s  dec l in ing ,  and a t  the same time, U.S. consumption has been increasinq.80 The 
recent  import r a t e  of crude o i l  and petroleum products was G t o  7 mi l l ion  bbl/day. 
Even i n  1970, the U.S. r a t e  of consamption of na tura l  gas exceeded the discovery 
r a t e ;  75y81 since the gas deEiand has grown f a s t e r  t h a n  can be sat isf ied by domestic 
product ion,  subs t an t i a l  amounts of gas have been imported from Canada and Vexico 
(about 1 t r i l l i o n  f t ' /year ) ,  and these imports \vi11 be increased by the a r r i v a l  
of l i que f i ed  natural  gas from liorth Afr ica  i n  the near  f u t u r e .  
of domestic gas production d u r i n g  1971 t o  1973 led t o  an unsa t i s f i ed  demand f o r  
energy t h a t  could be met only by o i l - - i n  f a c t  , only by imported o i l .  

The l eve l inq  of f  

81 

The r a t i o  of proven reserves  t o  annual production f o r  domestic natural  gas" has 
f a l l e n  from 37 i n  1945 t o  about 12 i n  1970; f o r  domestic crude o i l ,  this reserve 
r a t i o  has decl ined d u r i n g  t he  Sam period77 from about 15 t o  about 10. 
of 1973, the r a t i o  was 11.1 f o r  both crude o i l  and na tura l  gas. 

A t  the end 
82 
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Estimates of the excess of U.S. o i l  and gas needs beyond domestic production i n  
1985 vary, b u t  the consensus appears t o  be tha t  the deficiencies,  a f t e r  allowing 
for  Alaskan North Slope contributions and for  expected discoveries, will be quite 
large76--around 16 x 10 bbl of o i l  per day and up t o  36 x 10 f t  of natural 
gas per day.* If this en t i re  1985 o i l  d e f i c i t  were to  be imported i n  250,000-ton 
tankers, an armada of 350 such ships would be needed, and one would dock every 2 
hr around the clock.76 
o f  36 b i l l ion  f t  /day were imported as  liquefied natural gas i n  100,000-ton 
cryogenic tankers,76 a f l e e t  of 120 would be required, w i t h  one s h i p  docking every 
10 h r .  

6 9 3  

If only one-third of the estimated 1985 gas deficiency 
3 

If the Nation were t o  continue to  re ly  as heavily i n  the future as  i n  the past on 
natural f lu id  fuels ,  a growing import r a t e  would be inescapable. 
o i l  reserve of the world i s  large,  amounting t o  500 t o  600 b i l l ion  bbl, 19,81,83 

i t  i s  by no means uniformly d i s t r i b u t e d ,  because a t  l e a s t  6OX8l and probably 7 0 % ~ ~  
o f  the secure reserve i s  i n  the nations of the Middle East and North Africa, and 
is concentrated i n  the Persian Gulf countries. 
world reserves, 82% l ies  i n  the Middle East and Africa.84 Further, the world's 
probable o i l  reserves, tha t  i s ,  those ye t  to  be discovered w h i c h  will supply the 
needs of the coming decades, probably l i e  predominantly i n  the Middle East.81 
same pattern holds  t rue for  natural gas; of the world's proven reserve, l ess  than 
20% i s  i n  the United States.  

Though the proven 

Of total  proved non-Communist 

The 

19 

To increase the resource base, the technology of the o i l  and gas industries i s  
focused on exploration for  new producing f i e l d s  and on increasing fractional 
resource recovery by secondary and t e r t i a r y  techniques (see Section 6C.2.1). These 

methods include hydrofracturing of t i g h t  gas sands and gas-bearing rock to  increase 
the flow ra te ,  application of pressure t o  oil-bearing s t r a t a  (or bu rn ing  par t  of 
the o i l  i n  situ) to  force out additional o i l ,  and possible nuclear stimulation of 
low permeability formations. 

I 

Costs of o i l  and natural gas will almost cer ta inly increase s ignif icant ly  i n  the 
future. Imported crude o i l  was sel l ing i n  April 1974 for  $10.50 t o  $11.00 per 
barrel on the East and Gulf Coasts, a price more than double tha t  of half a year 
e a r l i e r  and about f i v e  times the price paid i n  1963.20 Regulation of well head 
gas prices by the FPC may soon end, and the FPC has proposed tha t  the f i e l d  price 
of new-contract gas sold i n  i n t e r s t a t e  commerce be essent ia l ly  d e r e g ~ l a t e d . ~ ~  Such 

*This estimate does not consider o i l  tha t  may become available from o i l  shale,  
which  is considered separately i n  Section 6A.2.3. 
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actions could lead t o  a doubling of the average consumer price of natural gas 
from i t s  present level o f  about 506 per thousand cubic feet. Natural gas imported 
i n  the future from new fields i n  the Alaskan and Canadian Arctic will probably cost 
a t  least $1.10 per thousand cubic feet, with transportation accounting for about  
three-fourths of the total cost.35 In other words, natural-gas energy prices may 
be expected t o  double within one t o  two years. 

To summarize, neither short-term nor long-term prospects for natural gas and oil i n  
the U.S. energy economy are especially hopeful. Continued and extensive use of oil 
and gas as fuels for electric power plants does not  appear t o  be warranted. The 
current situation with regard t o  these fuels serves t o  highlight the need t o  develop 
alternative energy sources and t o  shift  partially t o  other resource bases t o  
preserve these fuels for transportation and residential uses; t o  reduce future 
balance-of-payments deficits; t o  minimize the perils of dependence on unreliable 
foreign imports of crude o i l ,  petroleum products, and liquefied natural gas; and t o  
retain a sizable p a r t  o f  these dwind l ing  domestic hydrocarbon supplies f o r  petro- 
chemical-industry feedstocks. This need i s  now well established and increasingly 
accepted as a current reality. 

6A.2.3 Oil Shales 

6A. 2.3.1 Introduction 

6A.2.3.1.1 General Description 

Oil shale i s  a finely textured, sometimes laminated, sedimentary rock t h a t  generally 
contains a b o u t  one-third mineral matter.85 In  the rich Colorado deposits, the 
shale i s  highly consolidated and impervious. 
is a solid, insoluble, organic material called kerogen. The kerogen i s  a mixture 
of complex compounds, and a typical macronolecule i s  a po1yc:er with a highly 
naphthenic structure85 and a molecular wei,ght exceeding 3000. \*!hen oil shale is  
retorted (heated), the kerogen decomposes and yields a crude o i l  t h a t  can be up-  
graded and refined t o  give various products. The potential oil shale resource i n  
the U.S. i s  large, and i t s  possible development must, therefore, be considered an 
a1 ternative energy o p t i o n  independent of oil- available from conventional sources. 

Mixed with the marlstone host rock 

If a domestic shale-oil industry i s  developed, a portion of the fuel products 
(residual fuel oil and gas) from the refinery could be used t o  fuel a t e n t r a l  
station producing electric power. The essential elements of oil-shale surface 
processing are depicted86 i n  Figure 6A.2-9. 
electric-energy system, t h a t  i s ,  the electrical transmission and distribution 

The remainder of a shale-oil-fired 

n 
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s t ages ,  would be s imi l a r  t o  o the r  systems a s  shown i n  Figure 6A.2-1. 
e f f i c i e n c i e s  and environmental impacts of both control  led and uncontrolled electric- 
energy systems using o i l  (onshore and of fshore ,  domestic and imported) and natural  
gas a r e  out l ined  i n  ref. 2 (pp. 46-54). 

The component 

6A.2.3.1.2 His tor ica l  Aspects and S ta tus  

Of the e i g h t  o i l  sha l e  indus t r i e s  developed over the pas t  100 yea r s ,  only those i n  
the Soviet  Union and i n  mainland China a r e  i n  existence today. Brazil  cu r ren t ly  
has an experimental o i l  sha l e  p lan t  operat ing a t  a maximum r a t e  of 2500 tonslday. 
The maximum sha le  throughputs a t t a ined  i n  i ndus t r i e s  of the pa'st a r e  l i s t e d  i n  
Table 6A.2-14, w h i c h  has been developed from Prien's h i s t o r i c a l  review.87 Depletion 
o f  the depos i t  forced c losu re  of  an operat ion i n  South Afr ica ;  i n  the o the r  na t ions ,  
the indus t r i e s  were discont inued f o r  economic reasons when r e l a t i v e l y  inexpensive 
imported petroleum became widely ava i lab le .  

Table 6A.2-14 

OIL SHALE INDUSTRIES OF THE PAST 

Peak Shale Throughput 
Nation Period of Operation ( tons /year )  

South Afr ica  1935-1 962 *250,000 
Aust ra l ia  1940-1 952 350,000 (1947) 
France U n t i l  1957 500,000 (1950) 
Spain U n t i l  1966 1,000,000 ( l a t e  1950's)  
Sweden 1940-1 966 ~2 ,000 ,000 
Scotland 1862-1962 3,300,000 (1913) 

Since the Soviet  o i l  s h a l e  industry is  one of the l a r g e s t  current users of this 
energy resource,  an examination of i t s  h i s to ry  and s t a t u s  is  of interest. 
1971 Soviet  production of about 24 mi l l ion  tons  of o i l  sha l e ,  77% was mined i n  the  
Estonian S.S.R.,  where s i g n i f i c a n t  production of  the rich kukersite sha le s  began i n  
the 1920's.  
annual r a t e  of  13 mi l l ion  tons/year during the period 1945 t o  1970. 
production i n  the pas t  has been from 15  underground mines, but l a r g e ,  new open-pit  
mines w i t h  c a p a c i t i e s  t o  9 mi l l ion  tons/year  have been opened o r  approved; i n  a 
few years  open-pit  mining will probably account f o r  near ly  half  the t o t a l  Sovie t  
sha l e  production, w h i c h  i s  scheduled t o  increase  t o  30 t o  35 mi l l ion  tons lyear  

Of the 

The Sovie t  indus t ry  is  estimated t o  have mined sha le  a t  an average 
The primary 

+ 
by 1975.87 '-, 
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About 60% of the shale mined has been burned direct ly  for  power generation i n  
pulverized-shale boilers w i t h  capacit ies t o  1625 Mlde (the Baltic Thermal Power 
Station a t  Narva). 
U.S. shales) ,  the heating value of the sol id  fuel shale has been, since 1965, about 
5800 E t ~ / l b . ~ ~  However, about 40 w t  % of the shale fed appears as stack-gas f l y  
ash; and because the dust collectors have n o t  operated e f f ic ien t ly ,  an "almost 
insurmountable a i r  pollution problem has been created i n  the Estonian o i l  shale 
area. 
and gaseous hydrocarbons from retorted shale i s  being considered. 

Because of the h i q h  keroqen content (double t o  t r i p l e  that  of 

To minimize this problem, the cleaner route of b u r n i n g  ash-free liquid 

The remaining 40% of Soviet o i l  shale mined i s  retorted t o  produce crude naphtha, 
petrochemical feedstocks, specialty products, and heating g a s .  The fuel g a s ,  w i t h  
an average heating value of 450 Btu/ft3, i s  produced i n  Estonia a t  a ra te  of 35 t o  
37 b i  1 1 i on f t3/year. 85,87 Two complexes, each t o  process 16 million tons of raw 
shale per year,  were proposed i n  1970 t o  generate e lec t r ica l  power and t o  produce 
chemicals. The current s ta tus  of the proposals i s  unknown.  

The nation processing the most o i l  shale i s  the People's Republic of China, i n  which 
production has been continuous since the 1920's. 
shale were processed, primarily i n  Manchuria, where crude shale o i l  production has 
increased from 3600 bbllday d u r i n g  World War 1185 t o  perhaps 60,000 bbl/day i n  
1971.87 L i t t l e  more i s  known about the Chinese shale industry, b u t  indications 
are tha t  i t  is s t i l l  expanding. 

I n  1970, 40 t o  50 million tons  of 

In the United States ,  no major shale-oil operation has ye t  been conducted, and views 
have been expressed 85988 that  Federal Government policies have discouraged adequate 
development and/or tha t  i t  has been deliberately retarded by major petroleum company 
i r ~ t e r e s t s . ~ ~  About 80% of the oil-shale lands are Federally awned and have been 
closed t o  leasing since 1930,85 although one lease was made available i n  the 1960's; 
two b i d s  were submitted, b u t  both were rejected. The numerous and extraordinarily 
entangled technical,  economic, p o l i t i c a l ,  l ega l ,  and inst i tut ional  factors tha t  
have contributed t o  domestic shale lands remaining v i r tua l ly  untouched over the 
past 50 years have been addressed by Welles. 88 

 prier^^^ re jects  this obstructionist  rationale and c i t e s  ample supplies of inex- 
pensive petroleum products, the lack of a National energy policy, and uncer- 
ta in t ies  regarding shale-oil costs and environmental res t ra in ts  as factors tha t  
explain the absence of a U.S. oi l  shale industry, 
ever, tha t  "recent improvements i n  technology have reduced U.S. shale o i l  costs 

Prien concluded i n  1971, how- 
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to  the point where they a r e  already more t h a n  competitive w i t h  new domestic 
petroleum.”87 A Final Environmental Statement on the Prototype O i l  Shale Leasing 
Program f o r  private development of up t o  six parcels of p u b l i c  o i l  shale lands has 
been re lea~ed ,~’  and the leasing of these Governrent lands has begun. Bidding  on 
the first t r a c t  was completed i n  January 1974; the highest b i d  of $210,000,000 was 
submitted by Gulf Oil and Standard Oil of Indiana. The second t r a c t  received a 
h i g h  b id  of $117,700,000 from The O i l  Shale Corporation (TOSCO), Atlantic Richfield, 
Ashland Oil, and Shell Oil Company groups. 
development of a prototype industry w i t h  a capacity of about 250,000 bbllday, 
i s  a mature industry producing 1,000,000 bbl of shale o i l  per day by 1985. 

The leasing program’s goal, following 

6A.2.3.1.3 Qualitative Overview of Relative Merits 

Attractive features of o i l  shale include minimal exploration costs  as  compared w i t h  
crude-oil production and a s l igh t ly  higher hydrogen-to-carbon r a t i o  than Canadian t a r  
sands. 8977 Compared w i t h  processes for  d e r i v i n g  o i l  from coal,  oi l -shale  processes 
a re  simpler4 and a t  a more advanced stage of d e ~ e l o p r n e n t , ~ ~  and there i s  l ess  apparent 
need to  develop technically sophisticated methods for  syncrude production. Because 
oil-shale beds a re  much thicker than coal seams, oil-shale min ing  would a f fec t  l ess  
acreage than mined coal w i t h  an equivalent energy content.” Raw o i l  from shale 
is relat ively low i n  sulfurg0 ( typical ly  0.7 t o  0.8 w t  %)86 and extensive desul- 
furization would not be required. Advocates88 have claimed tha t  o i l  from shale 
could be produced a t  a much lower cost  than o i l  from coal. 
support t h i s  claim, though some52 indicate a s ignif icant  advantage f o r  syncrude 
from re la t ive ly  rich o i l  shale. 
is successfully developed, the d i f f i c u l t  spent-shale disposal problem would be 
largely avoided; production costs would l ike ly  be less ;  and, compared w i t h  surface 
retor t ing,  the o i l s  produced would contain smaller quant i t ies  of heavy fractions 
and they should be more amenable to  further processing. 

On the other hand, r ich o i l  shale i s  not nearly as  widely dis t r ibuted across the 
Nation as  coal. Total process water requirements seem rather  uncertain, w i t h  the 
forecasts varying from 1.42 barrels t o  4.50 barrels of water per barrel of shale 

Though the sulfur  content of crude shale o i l  i s  low, the nitrogen content 
is re la t ively h i g h ,  averaging about 2 w t  %.86 Techniques for  economically mining  
o i l  shale a t  h i g h  ra tes  are  less  developed than those f o r  coal;  open-pit m i n i n g  of 
deep, thick beds, fo r  example, has not y e t  been d e m ~ n s t r a t e d . ~  In-situ processing 
of o i l  
created permeability underground so tha t  c i rculat ing gases can retort the shale i n  
place. 

4 Other estimates do not 

If in-situ (underground) re tor t ing of o i l  shale 

91 

will require the use of naturally occurring or  a r t i f i c i a l l y  

The spent shale from surface retor t ing amounts to  80 to  90 w t  % of tha t  
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processed, *4’87993994 and because the  volume o f  spent shale, i f  uncompacted, i s  about 
50% greater  than t h a t  o f  the in -p lace  shale and about 15% greater  even a f t e r  

c o m p a c t i ~ n , ~ ~ ’ ~ ~  a massive so l ids-d isposal  problem resu l t s .  
y i e l d  from U.S. shale, i n  terms o f  ba r re l s  per ton  o f  s o l i d  processed, i s  on ly  

about one- th i rd  o f  t h a t  obta inable from coal. 

, 

I n  add i t ion ,  the o i l  

6A.2.3.2 Extent  o f  energy resource 

Though o i l  shale occurs i n  30 states,88 the  r i c h e s t  deposi ts  a re  concentrated i n  
the Green River  formation i n  Colorado, Utah, and Wyoming. 
t o t a l  o i l  i n  place, the 1.8 x lo1*  bb l  i n  t h i s  formationg5 represent 82% of the  
2.2 x 
under l ies  about 25,000 sq mi les  o f  semiarid, sparsely populated land, a t  an 
e leva t i on  o f  5000 t o  8000 ft. 

commercially developable i n  the foreseeable future.95 The r i c h e s t  regions i n  the  
formation are i n  the Piceance Creek (Colorado), U in ta  (Utah), and Green River  

( Wyomi ng ) bas i n s . 

On a basis o f  estimated 

bbl i n  the  U.S.85 The Green River  format ion (Eocene i n  geologic age) 

O f  t h i s  area, about two- th i rds i s  thought t o  be 

I n  places, the  format ion i s  up t o  1800 t o  3500 f t  th i ck ,  under an overburden o f  
l 0 0 0 . t o  3000 ft.88 Though y i e l d s  vary from i n s i g n i f i c a n t  volumes t o  about 105 
gal  (2-1/2 b b l )  o f  o i l  per ton o f  shale,88 the usual range i n  the  more 
commercially i n t e r e s t i n g  reg ions i s  15 t o  35 gal  o f  raw o i l  per ton  o f  shale, 

4 and a ton o f  shale y i e l d i n g  33 gal o f  raw o i l  i s  considered r e l a t i v e l y  r i c h .  
I n  the cen t ra l  p o r t i o n  o f  the  Piceance basin, a 2000- f t  bed t h a t  under l ies  about 
1000 t o  2000 f t  o f  barren overburden should produce an average o f  25 gal  (0.6 b b l )  

o f  o i l  per ton o f  shale. 

96 

85 

Approximately one- th i rd  o f  the Green R iver  format ion o i l ,  o r  about 600 b i l l i o n  
bbl, i s  i n  beds a t  l e a s t  10 f t  t h i c k  t h a t  assay 0.6 bb l  o r  more per ton  o f  
shale,95 an amount about two- th i rds l a r g e r  than the  1972 proved Middle East o i l  
reserves o f  355 x 10 bbl.83 I f  5% o f  t he  Green River  format ion proves su i tab le  
f o r  near-term development, the equiva lent  shale o i l  reserve o f  90 x 10 bbl  wo’uld 

9 exceed tw ice  the  c u r r e n t l y  proved U . S .  l i q u i d  petroleum reserve o f  about 39 x 10 
bbl.” This  vast  quan t i t y  o f  o i l  could s u b s t a n t i a l l y  amel iorate the  na t iona l  

9 
9 

energy s i  t u a t  

Since cu r ren t  

o f  fu tu re  ava 

on. 

technology has n o t  y e t  been u t i l i z e d  on a commercial scale, estimates 
l a b i l i t y  us ing advanced technology would be extremely uncer ta in .  
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6A.2.3.3 Technical  D e s c r i p t i o n  

6A.2.3.3.1 Power Generat ion P l a n t  

Residual  fue l  o i l  and gas from a sha le -o i  
r a d i a n t - t y p e  b o i l e r s  t o  generate steam t o  d r i v e  a condensing tu rb ine -genera to r  se t .  

The power p l a n t  c h a r a c t e r i s t i c s  would be e s s e n t i a l l y  i d e n t i c a l  t o  those o f  c u r r e n t  
o i l - a n d  g a s - f i r e d  un i t s .97  Standard p r o v i s i o n s  would probably  be made f o r  meet ing 
peak power and emergency se rv i ces  requirements,  t h a t  i s ,  pumped-storage i n s t a l l a t i o n s  , 
d i e s e l  engine-generator  u n i t s ,  and gas - tu rb ine -d r i ven  generators.  
gas-turbine-steam c y c l e  descr ibed i n  Sect ion 6A.2.1.3.1 would be a probable f u t u r e  

v a r i  a t i  on. 

r e f i n e r y  would be burned i n  s tandard 

The combined 

6A.2.3.3.2 Fuel Cycle 

The r e l a t i v e  s t a t e - o f - t h e - a r t  f o r  t h e  var ious operat ions i n v o l v e d  i n  o i l - s h a l e  

process ing i s  shown i n  F igu re  6A.2-10. 

Sec t i on  6A.2.3, was taken froin r e f .  86. 

This  f i g u r e ,  as w e l l  as t h e  o the rs  i n  

?lining, T ranspor ta t i on ,  Preparat ion,  Re to r t i ng ,  and R e f i n i n g  

M in ing  costs  are expected t o  c o n s t i t u t e  a major  f r a c t i o n  (perhaps ~ C I % ) ' ~  o f  t h e  
t o t a l  c o s t  o f  shal  e -o i  1 product ion.  For  t h i n  , shal  low seams, room-and-pi 11 a r  deep 

m in ing  has been demonstrated. 4'86 Shale f rom t h i c k ,  deep beds would probably  be 

e x t r a c t e d  by open-p i t  m in ing  o r  w i t h  t h e  "cu t  and f i l l "  technique, i n  which 
cont inuous c u t t e r s  remove the  sha le  i n  h o r i z o n t a l  l a y e r s  and a p o r t i o n  ( p o s s i b l y  

t w o - t h i r d s )  o f  t he  spent  sha le  i s  r e c y c l e d  f o r  f l o o r  m a t e r i a l  on which t o  oPerate 

as h i q h e r  sha le  l e v e l s  are reached. 

Qnly r e c e n t l y  has an apprec iab le e f f o r t  been devoted t o  t h e  i n - s i t u  approach. 

are a number of ways i n  which access t o  the shale can he achieved, hea t  can be 
s u p p l i e d  f o r  r e t o r t i n g  t h e  shale,  and the  products  can be recovered. 

f a r  o n l y  one--a combined min ing and co l l apse  technique t o  prepare t h e  sha le  f o r  

r e t o r t i n g  f o l l o w e d  by combustion w i t h  a i r  t o  supply  t h e  r e q u i r e d  heat--!)as been 
s u c c e s s f u l l y  demonstrated i n  an opera t i on  o f  s u f f i c i e n t  s i z e  t o  i n d i c a t e  t h e  

p o s s i b i l i t y  o f  near- term commercial a p p l i c a t i o n .  

There 

However, so  

I n  an underground mine system, t h e  sha le  a f t e r  t r a n s p o r t a t i o n  t o  ground l e v e l ,  

probably  by conveyor b e l t ,  would be crushed and f e d  t o  a r e t o r t .  

su r face  r e t o r t i n g  processes t h a t  have been proposed, o n l y  th ree  have been developed 

i n  t h e  1I.S. t o  a s i g n i f i c a n t  e x t e n t  and operated a t  a sca le  (maximum r a t e s  o f  360 

t o  1200 tons o f  sha le  p e r  day)"I t h a t  pe rm i t s  r e a l i s t i c  eva lua t i on .  I n  a d d i t i o n ,  

O f  t h e  many 
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7 r 
another  system, the Pe t ros ix  process,  has been operated a t  a 2500-ton/day r a t e  
i n  Braz i l .  
TOSCO 11) a re  charac te r ized  by re tor t ing-zone temperatures of about 900(+50)"F - 
and loca l  temperatures as h i g h  as  about 2200°F. 
shown schematical ly  i n  Figure 6A.2-11 .86 
of Fischer  assay of the feed,  have var ied from 90 t o  1057!.'a I n t e r i o r  Department 
es t imates  a r e  usua l ly  based on an upgraded o i l  y i e ld  of 90(+5) - vol %, based on 
in-place crude sha le-o i l  p o t e n t i a l .  

The three U.S. systems (Bureau of Mines' Gas Combustion, Union Oil ,  and 
4,88 

These three r e t o r t i n g  processes a re  
Extract ion e f f i c i p n c i e s ,  defined as percent  

86 

The keroqen d i s t i l l s  i n t o  about 66 w t  % sha le  o i l  (usua l ly  a vapor i n i t i a l l y ) ,  25?L 

coke-l ike s o l i d ,  and 9% combustible gas containing some hydrogen sulfide.88 The 
r e t o r t  off-gas ,  which has a hea t ing  value of about 100 Btu/standard cubic  f o o t ,  i s  
usual ly  recycled and burned t o  generate  addi t iona l  hea t  f o r  r e t ~ r t i n g . ' ~  To prevent 
coking o r  c l inke r ing  and t o  optimize y i e l d s ,  some degree of temperature control  i s  
required in  the  preheat ing,  combustion, r e t o r t i n g ,  and cool ing zones of the r e t o r t  
chamber. 

The  raw o i l - +  dark,  viscous liquid--would normally be upqraded, i f  destined f o r  
feedstock use,  t o  reduce the v i scos i ty  and the d u s t ,  wax, n i t roqen ,  and sulfur 
 content^.^ Refining would follow standard petroleum indus t ry  p rac t i ce  t o  y i e l d  
low-sulfur l i q u i d  fue l s  and by-products such as ammonia, s u l f u r ,  coke, p i t c h ,  
a spha l t ,  and aromatic chemicals.  Hydrogenation a t  400 t o  1500 ps i ,  which reduces 
sulfur t o  hydroqen s u l f i d e  and ni t rogen t o  amnonia, a ives  a desulfurized Droduct 
represent ing  about 98 w t  2 of the raw s h a l e  The processinq descr ibed 
increases  the heat ing value of t he  sha le  as rock (about 2600 R t u / l b  f o r  Colorado 
sha le)85  t o  about 5.8 x lo6 P , tu /bbl  (about 18,r)03 B t u / l b )  f o r  product oi1. l '  The 
sha le  can a l s o  be  hydrogasif ied,  w h i c h  converts  the kerogen t o  a methane-rich, 
>330-:tu/ft gas by reac t ion  w i t h  hydrogen a t  pressures of 1200 t o  2000 psi and 
temperatures of 1003 t o  1500°F. 

3 
C5,87 

Waste Processing and Disposal 

A 100,000-bbl/day o i l  p l an t  would requi re  the su r face  processing and disposal  of 
about 4 5 , 0 1 3 0 , 0 0 0 ~ ~  t o  63,000,00020 tons of sha le  per  year .  
duct ion,  a p l a n t  processing t a r  sands would requi re  about 70,900,000 tons of 
t a r  s a n d  per  year ,16 whereas a coal l iquefac t ion  p l a n t  would require only about 
13,000,000 tons of coal i n p u t  per  year .  Though some of the spent sha le  ash mioht 
be used t o  make cement, c e l l u l a r  b u i l d i n g  block, rock wool, and mortar,  as i n  
Estonia,85 very la rqe  t a i l i n g  volumes per u n i t  of o i l  production would have  t o  be 
disposed o f  by recycle  t o  t he  mine, su r face  l aye r  compaction, o r  disposal  i n  nearby 
canyons. 

For the same o i l  pro- 
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For the reference 1000-MWe power p l a n t  of Fiqure 6A.2-8, the approximate annual 
requirements of o i l  shale, tar sand ,  and coal and the associated solid wastes would 
be those l isted i n  Table 68.2-15. The estimates do n o t  include overburden solids. 

Table 6A.2-15 
APPROXIMATE ANNUAL TONNAGES OF SOLIDS PROCESSED AND OF 

ASSOCIATED SOLID WASTES FOR A 1000-NWe POWER PLANTa 

Solids Processed Sol id Waste 
Fuel source (tons/year) (tons/year) 

Oil Shaleb 13 x lo6 11 x lo6 

Tar SandC 15 x lo6 13 x lo6 

6 

6 x lo6 

Coa 1 
Di rec t Combus t i  on 
Sol vent Refined Coa 1 4 x 10 
Fuel Oil from H-Coal Processd 

3 x lo6 0.5 x 106 
1.5 x 10: 
0.8 x 10 

~- 

aThe reference power plant of Figure 6A.2-8. 

bYield: 0.8 bbl of oil  per ton of shale. 
'Yield: 0.7 bbl of oil  per ton of t a r  sand. 
dUsing l i g h t  gas o i l  and heavier fractions as boiler feed (boiling p o i n t  - >4OO0F). 

6A.2.3.3.3 Energy Transmission 

The comments made i n  Section 6A.2.1.3.3 are applicable, except t h a t  caloric o i l s  
and gases would, i n  this case, be derived from oil  shale rather than from coal. 

6A. 2.3.4 Research and Devel oprnent Program 

Areas worthy of research and development include new min ing  and ore-handling tech- 
niques; separation and utilization of associated saline minerals such as trona 
(sodium carbonate/sodium bicarbonate), dawsonite (sodium aluminum dihydroxy 
carbonate), and nahcoli te  (sodium bicarbonate) ; spent shale disposal and revegetation 
techniques; and fundamental heat transfer and fluid dynamics studies of gas flow 
th rough  retorts with fixed and moving beds of crushed shale. 
minimize the spent-shale solids handling problem, research and development should 
be focused primarily on in-situ retorting and on the prefracturing by hydraulic 
pressurization (or  chemical explosives) required t o  increase the shale porosity t o  
allow adequate fluid flow between hot  gas injection wells and nearby producing 
wells. The recent report on "The Nation's Energy Future"31 discusses a five-year 
research program t o  increase the projected production of synthetic petroleum from 

To eliminate o r  
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o i l  shale by developing and demonstrating methods f o r  processing o i l  shale i n - s i t u  
t o  recover l i q u i d  products. 

basins using a combination o f  several d i f f e r e n t  f r a c t u r i n g  techniques and r e t o r t i n g  
condi t ions.  
encountered would be s tud ied t o  determine optimum techn ica l  design. 

I n - s i t u  r e t o r t i n g  would be tested i n  the  Rocky Mountain 

The recovery ra tes  f o r  each combination and the  con t ro l  problems 

6A.2.3.5 Present and Pro jected App l ica t ion  

The I n t e r i o r  Department recen t l y  issued a 3200-page, six-volume F ina l  Environmental 
Statement fo r  a proposed prototype o i l  shale leas ing program; 10b86'89 the  Statement 

describes a s i x - t r a c t  stepwise program f o r  i n i t i a l  development o f  the Green River  
formation. Estimates show t h a t  about 5% o f  the  1.8 x 10 l2  bb l  o f  o i l  i n  place i s  
su i tab le  f o r  near-term development. 
250,000 bbl/day would requ i re  about 13,000 acres o f  land  over a 30-year period, w i t h  

i n i t i a l  o i l  costs  i n  the  range o f  $3 t o  $4 per ba r re l .  An extended development pro- 
ducing 1,000,000 bb l lday  would requ i re  about 80,000 acres o f  land, and the pro jected 
o i l  production costs  a re  about $2.25 t o  $3 per bar re l .  The l a r g e r  production capacity, 
u t i 1  i z i n g  both pub1 i c  and p r i v a t e  lands and assuming in t roduc t i on  o f  second-generation 
e x t r a c t i o n / r e t o r t i n g  systems and poss ib le  i n i t i a t i o n  o f  commercial-scale i n - s i t u  

r e t o r t i n g  by the e a r l y  1 9 8 0 ' ~ ~  i s  thought by the  I n t e r i o r  Department t o  be a t t a i n -  
ab le  by 1985. 
300,000,52 400,000,96 and 500,0OOz1 bbl/day. 

represent on l y  4% o f  the  pro jected na t iona l  crude-o i l  requirement f o r  1985. 

A prototype program aimed a t  product ion o f  

Other estimates p lace the probable 1985 product ion o f  shale o i l  a t  
Production o f  1,000,000 bbl/day would 

79 

Water a v a i l a b i l i t y  w i l l  probably se t  the  upper l i m i t  t o  the  s i ze  o f  i ndus t r y  t h a t  
the reg ion  can sustain, and f u r t h e r  increases i n  product ion would depend on tech- 
no log ica l  improvements t o  reduce consumptive water requirements. Long-term (year 
2000) upper l i m i t s  t o  sha le -o i l  product ion t h a t  have been suggested genera l l y  span 

6 94 the range o f  3 x l o 6  bbl/day5* t o  5 x 10 bbl/day. 

6A.2.3.6 Environmental Impacts 

The environmental impacts caused by both c o n t r o l l e d  and uncont ro l led  energy con- 
vers ion p lan ts  us ing o i l  and gas are  described i n  r e f s .  97 and 98. 

Environmental impacts caused by o f f s i t e  support a c t i v i t i e s  and f a c i l i t i e s  (mining, 
r e t o r t i n g ,  upgrading, and r e f i n i n g ,  f o r  example) a re  described i n  considerable d e t a i l  
i n  the I n t e r i o r  Department's F ina l  Environmental Statement. Because the  land area 

invo lved i n  the  prototype o i l  shale leas ing  program i s  r e l a t i v e l y  small and d i s t r i -  
buted among s i x  designated t rac ts ,  two i n  each o f  th ree  adjacent s ta tes,  the 

s i t e - s p e c i f i c  features o f  the impacts could be inc luded i n  the  Statement and are 
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treated i n  some depth. 
land, water, a i r ,  and f lora  and fauna. 
and social impacts are a lso considered. 

The effects  on the regional environment include those on 
Aesthetic, recreational , cul tural ,  economic, 

Other than the spent-shale waste disposal problem, the major physical impacts are 
runoff water pollution and water usage. 
spent-shale waste pi les  by melted snow and summer showers could enter  surface water 
and lower i t s  quali ty.  
compacting, and replanting the refuse pi les .  
a major physical impact, since they are amenable t o  standard gas-treatinq methods 

b u t  adequate definit ion and solution of such problems will require a continuinn ef for t .  

Sodium and calcium s a l t s  leached from 

T h i s  e f fec t  would presumably be mitigated by levelinq, 
Process gases are n o t  expected t o  be 

developed for  other i n d u ~ t r i e s . ~ '  Crit ical  barriers are not foreseen i n  these areas,  94 

Water-requirement estimates f o r  processing--includino m i n i n g  and crushino, retorting, 
o i l  upgrading, processed-shale disposal, power, reveaetation, and sanitation--vary 

92 from a minimum of 1.4 t o  a maximum o f  4.5 bbl o f  water per barrel of shale o 1. 
For a 1 m i l l i o n  bbl/day capacity, the most l ikely water consumption ra te  h a s  been 
estimated t o  be about 3 bbl of water per barrel of shale o i l  (3 .3  as  derived from 
ref .  90 and an average value of 2.9 from ref .  92). 
power plant ,  a processing water requirement of 3 bbl per barrel of o i l  would 
correspond t o  about 1.3 x 10 gal of water per year. 

For a lOOO-MWe, shale-oi -fired 

9 

The best  current estimates of i r revers ible  and i r re t r ievable  commitments of resources 
are i n  the Inter ior  Department's 1973 Final Environmental Statement (vols. I and 
111). These estimates include essent ia l ly  permanent dedication o f  land surface t o  
extraction, processing , and waste disposal ; surface disruption not f u l l y  reclaimable; 
and regional disturbances of ecological balances. 

6A.2.3.7 Costs and Benefits 

6A.2.3.7.1 Shale o i l  costs 

The costs and benefits of o i l  from shale i n  the e lec t r ica l  enerqy sector seem quite 
uncertain, since so l i t t l e  experience has been accumulated i n  the United States i n  
developing this resource on a large scale. 
costs of shale o i l  are g iven  i n  Section 6A.2.3.5. A 1968 Soviet estimate of $2.85 
per barrel has been cited.87 
announced an estimated cost of $1.95 per barrel a t  the plant gate,87 including "al l  
environmental protection systems, the recovery of by-products, inf la t ion t h r o u q h  
1974, and depreciation. .. ,'I for  a 66,000-ton/day plant processing shale assaying 
0.86 bbl o f  o i l  per ton  and producing 53,000 bbllday of premium (upgraded)  shale 

Recent estimates of future production 

In June 1971, The Oil Shale Corporation (TOSCO) 

n 
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crude, which i n  turn was estimated t o  have a market value of $4.15 per barrel 
(including $0.20 per barrel by-product c red i t s ) .  Prjen estimates tha t  environmental 
protection costs for  a new shale industry (one n o t  requiring more expensive 
r e t r o f i t  measures) will be about 6% of the production cost .  87 

In view of current and anticipated petroleum costs ,  shale o i l  a t  the estimated 
production costs would be "more than competitive. ,187 

6A. 2.3.7.2 Development Costs 

To a t t a i n  a s ignif icant  production level by the mid- t o  l a t e  1980's might  require 
a development cost ,  through 1980, of approximately $200 million. 
be spent primarily for  development of fracturing technology and in-situ re tor t ing 
b u t  would include amounts for  iniproving surface processing and assessing more 
accurately the rich o i l  shale resource. The five-year research and development 
program discussed i n  re f .  31 and summarized i n  Section 6A.2.3.4 would cost  $133 
m i l l i o n  for  investigation of oil-shale mining techniques, in-situ combustion, 
assessment of resources, and improved environmental control of shale processing. 

This sum would 

6A.2.3.7.3 Benefits 

The major benefit of developing a n  oil-shale industry would probably be i t s  a b i l i t y  
to supplement available supplies o f  motor fuels  and petrochemical feed stocks. 
complementing of conventional domestic fuel supplies would also reduce dependence 
on imports, thereby improving the Nation's balance of payments position. 
prospect o f  us ing  shale o i l  fractions as  fuel for  s ignif icant  e lec t r ica l  power 
generation, except for  limited use by some western u t i l i t i e s ,  seems small. 

T h i s  

T h e  

6A.2.3.8 Overall Assessment of Role i n  Energy Supply 

6A.2.3.8.1 

To the year 2000, successful development of the technology t o  extract  o i l  from shale 
would make an appreciable contribution toward al leviat ing,  though by no means 
eliminating, the Nation's shortage of domestic o i l .  I t  is  unlikely to  play a 
s ignif icant  role  i n  e lec t r ica l  power production. 

Probable Role Up to  the Year 2000 

6A.2.3.8.2 Probable Role After the Year 2000 

Beyond the year 2000, fuels  from o i l  shale probably will contribute a declining 
portion of the total  energy requirement as  other energy systems grow i n  importance. 
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6A.2.4 Other Fossil Fuels--Domestic Tar Sands 

Tar sands, also known as o i l  sands and bi tuminous  sands, are rocks whose in te rs t ices  
contain viscous t o  semisolid t o  solid hydrocarbon material which i n  i t s  natural 
s t a t e  is  not recoverable by primary ( i  .e.,  conventional) crude-oil production 
techniques. 
t o  shale,  dolomite, limestone, and c ~ n g l o m e r a t e . ~ ~  The nonfluid bitumen ( t a r )  content 
may be as h i g h  as 25 w t  %" b u t  is  usually considerably lower, and a deposit w i t h  

4,77 14% o r  more bitumen is  considered r ich,  

The rock types range from consolidated and unconsolidated sandstone 

U n t i l  1967, only four of the world's major t a r  sand deposits had been exploited-- 
LaBrea (Trinidad) ¶ Selenizza (Albania) ¶ Derna (Romania), and Cheildag (U.S.S.R.)--  

and none on a large commercial scale. loo Thk f i r s t  major venture for  producing 
synthetic crude from t a r  sands was bequn tha t  year by Great Canadian Oil Sands, 
L t d . ,  i n  the Athabasca area i n  the northeastern par t  of the Province of Alberta, 
Canada. The Athabascan deposit, which contains approximately 700 bi l l ion bbl of 
bitumen, is the world's l a rges t ,  loo,lol and the only other real ly  sizable deposits 
occur i n  eastern Venezuela i n  the Orinoco Tar Belt and i n  the Llanos area of 
Colombia.lo2 The South American deposits, each estimated t o  contain i n  excess 
o f  500 b i l l ion  bbl of in-place t a r ,  have not been defined or validated t o  the 
same degree as  those i n  Alberta. 102 

Tar sands i n  the United States are not comparable t o  those of Canada i n  extent. 
The maximum estimates o f  in-place resource are i n  the range of 27 t o  29 bi l l ion 
bbl of bitumen. 99y102'103 Of this t o t a l ,  estimates of the proved and currently 
recoverable reserve i n  surface and near-surface deposits amenable t o  known minincr 
methods vary from a minimum of -1 bi l l ion bbl 77y78y104 t o  a maximum of -5 b i l l ion  
bb1.1°5 The higher estimate i s  based on unverified reserve estimates for  seven 
s t a t e s  available in the l i t e r a t u r e  i n  1964. 

A t  l e a s t  95% of the estimated U . S .  resource is located i n  Utah i n  f i v e  major 
 deposit^;^^^,^^^ and the s t a t e  w i t h  the second largest  resource base, California, 
contains only -1% of the national t o t a l .  99 

Descriptions of the extraction and processing techniques currently used i n  Canada 
are widely available. lo' ¶lo6 
the surface sands t o  a proposed dep th  of about 150 f t  and t ransfer  them t o  a 
conveyor be l t  feeding a hot-water extraction plant. 
overburden must be moved for  each barrel of syncrude produced. lo' The separated 
crude bitumen i s  upgraded t o  a synthetic crude sui table  for  standard refininq 

In brief , track-mounted bucket-wheel excavators strip 

About 3.5 tons of sand and 
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operations by hydrogen enrichment e i t h e r  by coking and hydrogenation of the coker 
d i s t i l l a t e s  o r  by hydrovisbreaking followed by hydrogenation of the visbreaker 
d i s t i l l a t e s .  4y102 Based on the proven Athabascan-field recoverable reserve, t o  a 
depth of 150 f t ,  of 74 bi l l ion  bbl of crude bitumen, an extraction efficiency 
of %51%, and a combined efficiency for  bi tumen separation and conversion t o  syncrude 
of 70%, Great Canadian Oil Sands ant ic ipates  a potential recovery of -27 b i l l ion  bbl 
of syncrude. lo6 Total Canadian production of syncrude from a l l  operations i s  
expected t o  a t t a i n  G300,OOO bbl/day by 1985 and ultimately t o  reach a level of 

perhaps 3 million bbllday. 106 

Several factors  are 1 
t a r  sands: 

Reserves of 
o i l  yields.  
The Utah sa 

kely t o  deter  s ignif icant  production of syncrude from domestic 

domestic coal and o i l  shale are much la rger ,  as are the i r  

d s  are believed t o  be harder (more consolidated) and 
therefore more d i f f i c u l t  t o  u t i l i z e  than those of Alberta. 
Average overburdens are thicker i n  Utah than i n  Alberta, which sharply 
l imi t s  large-scale surface m i n i n g  and would require the successful 
development of in-situ recovery methods usable on a commercial scale.  
Estimated bitumen recovery eff ic iencies  by in-situ techniques such as 
steam-emulsion drive or  "fire-flooding" are s ignif icant ly  lower than 
those f o r  surface extraction. 
Most of the Utah deposits underlie Federal lands and appropriate leasing 
arrangements would be necessary. In addition , public-use proposals have 
already been made for  much of the subject surface area i n  Utah. 
Water supplies may be insuff ic ient  for  s ignif icant  exploitation. 

102 

of syncrude from domestic t a r  sands i n  the future U . S .  energy supply seems 
a t  best a minor one, 
u s i n g  the recovery factors  estimated for  the Athabasca f i e l d ,  syncrude production 
would t o t a l  1.43 b i l l ion  bbl which, over a 15-year period, would correspond t o  an 
average output of only 260,000 bbl/day. Summarized assessments of others include 
"not ~ i g n i f i c a n t , " ~ ~  " l i t t l e  incentive t o  develop the deposits i n  the near future ,  
s ignif icant  production improbable before 1985,1°3 and "unlikely tha t  such deposits 
will s ignif icant ly  affect  the to ta l  U.S. energy supply ... even t o  the year 2000. 

Assuming 4 b i l l ion  bbl as the proved in-place reserve and 

I199 

1,102 
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Canadian deposits will be the primary and probably the only North American source 
o f  tar-sand o i l  unti l  a t  l eas t  1985, 999102 and negotiations t o  provide the U.S. 
w i t h  a share of t h i s  resource have been recommended. 107 
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6A.3 HYDROELECTRIC POWER SYSTEHS 

6A.3.1 Introduction 

6A.3.1.1 General Description 

Hydroelectric generating systems are conceptually simple. 
a hydraulic turbine, where i t  impinqes on the blades o r  buckets of a waterwheel , 
as Figure 6A.3-1 illustrates. 
causes the wheel t o  rotate and i s  thus transferred through a rotatina o u t p u t  shaft 
t o  an electric generator. 

klater i s  directed into 

The eneray associated w i t h  the flow of the water 

In most hydroelectric installations, large dams are built t o  store water in 
reservoirs: the dams provide control of the hydraulic head (the difference i n  
elevation between the upstream and downstream water levels) and of the flow rate 
through the turbines. 
and water can be used as required and a t  an instanteous flow rate through the 
turbines which can differ from the normal flow of the river. 

In this way, the available head can be localized a t  the dam, 

An extension of this technique i s  the pumbed-storage concept. 
low power demand and where power from other sources i s  available, the turbine- 
generator i s  used as a mtor-pump t o  pump water up  i n t o  a reservoir for  release 
t o  the turbines d u r i n g  periods of greater electrical power demand. 
low-flow rivers o r  lakes as the original water supoly, pumped-storage plants can 
be located i n  areas unsuitable for  conventional hydroelectric plants. 

Vurinq oeriods of 

By use of 

6A.3.1.2 History 

The generation of electrical power from water power i n  the U n i t e d  States occurred 
f i r s t  on the Fox River i n  Wisconsin i n  1882. 
power generation after 1910 i s  credited as beinq one o f  the most strikinq enqineer- 
i n q  accomplishments o f  the f i r s t  half of  the twentieth century. 

The rapid  expansion o f  hydroelectric 

Most early hydroel ectri c pl ants were used to sat1 sfy base1 oad electrical needs. 
About 30 years ago, hydroelectric power constituted 30% o f  the United States 
electrical capacity and supplied 40% o f  the electrical energy.’ 
absol Ute capacity of hydro plants has continued t o  expand , hydroelectric‘s fraction 
o f  total electrical capacity i s  declining, and the trend i s  t o  use the hydro plants 
as peaking units. 

A1 though the 
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6A.3.1.3 Status 

As o f  January 1971, the  t o t a l  i n s t a l l e d  conventional hyd roe lec t r i c  power was 51,900 
MWe, which was about 152 o f  the t o t a l  Uni ted States generating capacity.2 About 

46% o f  the  conventional hyd roe lec t r i c  capaci ty  i s  i n  the P a c i f i c  Coast States o f  
Washington, Oregon, and C a l i f ~ r n i a . ~  
o f  the t o t a l  Uni ted States hyd roe lec t r i c  capacity. 

The Columbia River  Basin alone provides 33% 

Despite the cont inu ing  increase i n  t o t a l  conventional hyd roe lec t r i c  capacity, the 

number o f  a c t i v e  hydroel e c t r i  c p l  ants i s  actua l  l y  decreasi ng . 
w i t h  small capac i t ies  are being r e t i r e d .  The new p lan ts  tend t o  be o f  l a rge  

capaci ty .  The l a r g e s t  hyd roe lec t r i c  generating s t a t i o n  i n  the  Uni ted States i s  the  

John Day Dam, b u i l t  by the Corps o f  Engineers on the Columbia River. The 2272-MWe 

p l a n t  went i n t o  operation i n  1972 and has 16 hyd roe lec t r i c  generator u n i t s ,  each 
ra ted  a t  142 MWe. 

Many o l  der p l  ants 

Another s i g n i f i c a n t  t rend i n  hyd roe lec t r i c  power i s  the  inc reas ing  importance o f  
pumped-storage p lan ts  . 3  The f i r s t  pumped-storage p lan t ,  the F(ocky River  p l a n t  i n  
Connecticut, was placed i n  operat ion i n  1929. 
were operating, w i t h  a t o t a l  capaci ty  o f  about 1500 MWe. 
t o t a l  pumped-storage qenerating capaci ty  amounted t o  about 3700 We. 
o f  t h i s  capaci ty  was i n  the i jortheast. 

By the end o f  1966, on l y  n ine  p lan ts  
A t  the end o f  1970, 

About h a l f  
C a l i f o r n i a  a lso had a s i g n i f i c a n t  share 

(22%). 

6A.3.2 Extent o f  Energy Resource 

From a s t r i c t l y  t heo re t i ca l  viewpoint, the u l t ima te  hyd roe lec t r i c  p o t e n t i a l  
(convent ional )  i s  f i x e d  by the average f l ow  of a l l  streams and the chanqe i n  the 
e leva t i on  o f  the  f low as water moves t o  the  oceans. 

t r i c  p o t e n t i a l  o f  the United States (exc lud ing Alaska and Hawaii) has been est im-  
ated t o  be as much as 390,000 MWe.4 I n  the absence o f  s u i t a b l e  dam s i t e s  and 
because o f  cons t ra in ts  imposed by soc ia l ,  economic, and environmental consider- 
a t ions,  the u l t ima te  capaci ty  can never be achieved. 

On t h i s  basis, the  hydroelec- 

2 The Federal Power Commission (FPC) has estimated the  conventional hyd roe lec t r i c  
p o t e n t i a l  o f  the  conterminous Uni ted States t o  be 147,200 MWe and o f  the  50 s ta tes  
t o  be 179,900 MWe. These estimates take i n t o  considerat ion probable engineer ins 
f e a s i b i l i t y  b u t  do no t  consider economic f e a s i b i l i t y ,  environmental cons t ra in ts ,  

and l e g i s l a t i v e  p roh ib i t i ons .  These l a t t e r  considerations w i l l  s u b s t a n t i a l l y  
reduce the  number o f  developable s i t e s .  
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The d e t a i l s  o f  t he  FPC's es t ima te  a re  shown i n  Table 6A.3-1. 
p o t e n t i a l  o f  t he  U n i t e d  States,  128,000 MWe remained undeveloped as o f  December 

1970. 
States,  whereas 25% i s  l o c a t e d  i n  Alaska, f a r  f rom l o a d  centers .  

O f  t h e  179,900-MWe 

O f  t h i s  undeveloped p o t e n t i a l ,  51% i s  l o c a t e d  i n  the  P a c i f i c  and Mountain 

I n  c o n t r a s t  w i t h  convent ional  h y d r o e l e c t r i c  s i t e s ,  pumped-storaqe s i t e s  r e q u i r e  

l i t t l e  o r  no streamflow. The a v a i l a b i l i t y  o f  pumped-storage s i t e s  depends p r i -  

m a r i l y  on t h e  ex i s tence  o f  topography t h a t  pe rm i t s  development o f  a h i g h  head 
( e l e v a t i o n  d i f f e r e n c e )  between two r e s e r v o i r s  i n  t h e  same area. 
d e t a i l e d  s t u d i e s  have been made, the  FPC s t a f f  b e l i e v e s  t h a t  severa l  hundred 
p o t e n t i a l  pumped-storage s i t e s  e x i s t .  

Al thouqh no 
3 

6A. 3.3 Tech n i  c a l  Des c r i  p t  i on 

The power t h a t  can be developed by a h y d r o e l e c t r i c  generat ing u n i t  i s  a product  o f  

t h e  a v a i l a b l e  h y d r a u l i c  head and f low r a t e .  
between t h e  water  l e v e l  upstream of t h e  t u r b i n e s  and t h e  l e v e l  downstream o f  t h e i r  
d ischarge, may be p rov ided  by the  ex i s tence  o f  a n a t u r a l  w a t e r f a l l  b u t  i s  more 
f r e q u e n t l y  created by the  c o n s t r u c t i o n  o f  a dam. 
F a l l s  i s  t h e  o n l y  w a t e r f a l l  s i t e  t h a t  prov ides major  amounts o f  Dower. The dams 

used t o  c r e a t e  water-supply  r e s e r v o i r s  are cons t ruc ted  o f  e a r t h  and rock f i l l  o r  of 

r e i n f o r c e d  concrete.  Water i s  c a r r i e d  t o  the  t u r b i n e s  by i n l e t  p ipes (penstocks) 
t h a t  a re  cons t ruc ted  o f  welded s t e e l  o r  concrete o r  o f  bo th .  
a r o t a t i n g - s h a f t  o u t p u t  t o  d r i v e  qenerators.  
phase, 63-tlz a l t e r n a t i n q  c u r r e n t  t h a t  can be f e d  d i r e c t l y  t o  a power q r i d .  

The head, o r  d i f f e r e n c e  i n  e l e v a t i o n  

I n  the  U n i t e d  States,  r l iagara 

The t u r b i n e s  p rov ide  
The generators  u s u a l l y  produce th ree -  

To main ta in  a steady o u t o u t  o f  e l e c t r i c a l  power as t h e  r e s e r v o i r  empties and the  

a v a i l a b l e  head decreases, l a r a e r  f low r a t e s  must he prov ided.  Genera l ly ,  qydro- 

e l e c t r i c  s i t e s  t h a t  have a h y d r a u l i c  head o f  l e s s  than 30 f t  are n o t  economical t o  
develop, b u t  even f o r  low-head cases, p o t e n t i a l  s i t e s  f o r  economic development are 

l i m i t e d .  
m igh t  e n t a i l  f l o o d i n g  o f  l a r g e  areas of l a n d  o r  c o n s t r u c t i o n  of many m i l e s  o f  levees. 

Usual ly ,  low-head u n i t s  are j u s t i f i e d  as mul t ipurpose p r o j e c t s  where s u b s t a n t i a l  
b e n e f i t s  t o  n a v i g a t i o n  and t o  f l o o d  c o n t r o l  are ob ta ined  by t h e  i n s t a l l a t i o n  

o f  a dam. I n  some spec ia l  s i t u a t i o n s ,  s i t e s  t h a t  p rov ide  heads as low as 21 f t  

have been developed. 

P r o v i d i n g  33 f t  o f  head on a r i v e r  t h a t  f lows through a f l a t  broad t e r r a i n  

Low r o t a t i o n a l  speeds and the pressure l i m i t a t i o n  f i x e d  by t h e  a v a i l a b l e  h y d r a u l i c  

head combine t o  make p o s s i b l e  r a p i d  s t a r t u p  and shutdown o f  h y d r o e l e c t r i c  u n i t s  as 

compared w i t h  steam tu rb ine -genera to rs .  This a b i l i t y  t o  s t a r t  q u i c k l y  and t o  
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Table 6A.3-1 
PRESENT AND POTENTIAL CONVENTIONAL 

HYDROELECTRIC CAPACITY OF THE UNITED STATES 

Pot en t ial Developed 

of total 
Geographic Percent Percent Undeveloped 

power capacity developed (io3 MW) 3103 MW) (io3 MW) region 

New England 
Middle Atlantic 
East North Central 
West North Central 
South Atlantic 
East South Central 
West South Central 
Mountain 
Pacific 

Subtotal (48 states) 

Alaska 
Hawaii 

Total (50 states) 

4.8 
8.7 
2.5 
7.1 
14.8 
9.0 
5.2 
32.9 
62.2 
147.2 
32.6 
0.1 

179.9 

2.7 
4.8 
1.4 
3.9 
8.2 
5.0 
2.9 
18.3 
34.6 
81.8 
18.1 
0.1 

100.0 

E 1.5 
*? 4.2 

1 4 0.9 
' 2.7 
5.3 
5.2 
1.9 
6.2 
23.9 
51.8 
0.1 

- 

31.3 
48.3 
36.0 
38.0 
35.8 
57.8 
36.5 
18.8 
38.4 
28.5 
0.3 

- 

- 
51.9 

- 
28.8 

3.3 
4.5 
1.6 
4.4 
9.5 
3.8 
3.3 
26.7 
38.3 
95.4 
32.5 
0.1 

128.0 
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rapidly change power o u t p u t  makes hydroelectric plants particularly well adapted 
for meeting peak loads and for  frequency-control and spinninq-reserve duty. 

Hydroelectric generating stations are normally very efficient.  The efficiency of 
modern hydraulic turbines i n  converting the potential energy of the water t o  shaft 
work i s  about 90 t o  95% a t  the desian load.  The overall efficiency o f  convertina 
the water's potential energy t o  electrical power i s  usually above 80% for conven- 
ti onal hydroelectric pl ants. 

Since conventional hydroelectric plants consume no fuel and are based on the 
natural  water cycle, the resource base i s  inexhaustible. 
plants are n o t  a primary source of energy because they simply store energy produced 
by primary sources such as hydroelectric , fossi 1- , or nuclear-fueled plants. 
effect of pumped-storage installations i s  t o  reduce the total  required capacity of  
the primary sources. Nevertheless, primary fuel consumption i s  increased, because 
pumped-storage u n i t s  return only abou t  two u n i t s  of electrical  energy for each 
three units generated by the primary energy E l a n t .  

6A.3.4 Research and Development Program 

The technoloqy for the components of hydroelectric power stations i s  well estab- 
lished, and the technical feasibi l i ty  of a particular project i s  seldom i n  question. 
Even so, refinements i n  existing technoloqy would be beneficial. 9f even qreater 
importance i s  the need t o  understand long-term effects on the environment, i n  
particular on fish and on wildlife, and t o  develop methods of alleviating adverse 
effects. 

However, pumped-storage 

The 

~ 

Maximal use of the hydroelectric power potential of the United States will require 
research and development i n  the following areas : 

(1)  methods t o  reduce s i l t ing of reservoirs: 

( 2 )  improve designs t o  reduce leakage from reservoirs and, i n  particular, 
pumped-s torage sys tems ; 

(3)  improvements i n  the efficiency and cost of transportinq energy generated 
a t  remote hydroelectric s i tes ;  

( 4 )  improvements i n  pump-turbine designs for pumped-storage applications: 

n 
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( 5 )  methods f o r  improv inq t h e  q u a l i t y  o f  wa te r  re leased  from deep r e s e r v o i r s ;  

(6) improved f ish-passage systems f o r  anadromous f i s h  ( f i s h  t h a t  move up- 
stream t o  spawning grounds); and 

(7 )  improved understanding o f  e f f e c t s  o f  r e s e r v o i r - l e v e l  changes on aqua t i c  

l i f e .  

6A. 3.5 P ro jec ted  A p p l i c a t i o n  

According t o  FPC est imates ,* t h e  convent ional  h y d r o e l e c t r i c  power c a p a c i t y  o f  t h e  
conterminous Un i ted  States w i l l  i nc rease  f rom 51,800 MGle i n  January 1971 t o  82,000 
MWe i n  1990. 

western U n i t e d  States.  Even though an absolute i nc rease  i s  expected, t h e  propor-  
t i o n  o f  t o t a l  e l e c t r i c  c a p a c i t y  a t t r i b u t a b l e  t o  convent ional  h y d r o e l e c t r i c  p l a n t s  
w i l l  d e c l i n e  f rom the  p resen t  15% t o  about 7% i n  1990. 

A major  p o r t i o n  (74%) o f  t h i s  p r o j e c t e d  i nc rease  w i l l  be i n  t h e  

The l a r g e s t  i nc rease  i n  f u t u r e  hyd roe lec t . r i c  c a p a c i t y  i s  expected t o  be i n  pumped 
storage. The FPC est imates t h a t  pumped-s toraqe capaci  ty  w i  11 i nc rease  f rom t h e  
3700 MWe i n  1970 t o  about 70,000 MWe i n  1990. Most o f  t h i s  i nc rease  w i l l  be i n  t h e  

eas te rn  U n i t e d  States.  

3 

F igu re  6A.3-2 summarizes t h e  l o c a t i o n  and amount o f  e x i s t i n g  and p r o j e c t e d  hydro-  

e l e c t r i c  capac i t y .  

6A.3.6 Environmental Impacts 

The environmental  impact o f  a h y d r o e l e c t r i c  power p r o j e c t  r e s u l t s  from: 
i n t e r p o s i t i o n  o f  b a r r i e r s  t o  upstream and downstream movement o f  a q u a t i c  l i f e  forms, 
suspended m a t e r i a l s ,  and f l o a t i n g  ob jec ts ;  ( 2 )  f l o o d i n q  o f  lands by t h e  impounded 
waters and an i nc rease  i n  water  depth above t h a t  o f  t h e  former stream bed; (3)  

changes i n  t h e  downstream f l o w - - f l o w  amounts may be chanqed from t h e i r  noma1 
d a i l y ,  seasonal, and long- term p a t t e r n s ,  and wa te r  composi t ion may be a l t e r e d ;  and 
( 4 )  a l t e r a t i o n  o f  t he  appearance o f  t he  s i t e .  

(1) 

Cons t ruc t i on  o f  a h y d r o e l e c t r i c  p l a n t  i s  an i r r e t r i e v a b l e  commitment o f  t h e  
l a r g e  amount o f  l a n d  area beneath a dam and lake .  
t u r a l  land, m ine ra l s ,  w i l d l i f e  h a b i t a t ,  and r e c r e a t i o n  on a f r e e - f l o w i n g  r i v e r .  

L o s t  resources i n c l u d e  a g r i c u l -  

H y d r o e l e c t r i c  p l a n t s  niay cause impairment o f  water  q u a l i t y ,  e s p e c i a l l y  downstream 

o f  t h e  p r o j e c t .  A t  deep r e s e r v o i r s ,  wa te r  re leased from t h e  bot tom may be 2xt remely 
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c o l d  and devoid o f  oxygen. 

such as t r o u t  and salmon, warm-water f i s h e r i e s  are adve rse l y  a f f e c t e d .  Oxygen 
de f i c iency  would be d e t r i m e n t a l  t o  a l l  f i s h .  Another w a t e r - q u a l i t y  problem i s  

assoc iated w i t h  d i sso l ved  n i t r o g e n .  
causes t h e  wa te r  t o  become supersaturated w i t h  n i t r o g e n ;  h i g h  f i s h  m o r t a l i t y  r e s u l t s .  

Even though c o l d  water  may b e n e f i t  co ld-water  f i s h e r i e s ,  

A t  some dams, re lease  o f  wa te r  over  s p i l l w a y s  

By p r o p e r  design o f  a r e s e r v o i r ,  w a t e r - q u a l i t y  impairment can be r e d ~ c e d . ~  
Corps o f  Engineers i s  t e s t i n g  severa l  methods o f  reducing n i t r o g e n  supersa tu ra t i on .  
The co ld-water  problem has been a l l e v i a t e d  a t  a number o f  p r o j e c t s  by designs t h a t  
r e q u i r e  t h e  water  t o  be taken f rom t h e  upper l e v e l s  o f  t h e  r e s e r v o i r  t o  t h e  
h y d r a u l i c  t u r b i n e s .  
some p r o j e c t s  through var ious a e r a t i o n  techniques. 

The 

Oxygen concen t ra t i on  o f  t h e  wa te r  has a l s o  been increased a t  

I n  a d d i t i o n  t o  water-qual  i ty e f f e c t s ,  h y d r o e l e c t r i c  p l a n t s  may have o t h e r  detr imen- 

t a l  e f f e c t s  on c e r t a i n  species o f  f i s h .  
cons t ruc ted  f o r  t h e  p r o t e c t i o n  o f  anadromous f i s h  d u r i n g  t h e i r  runs,  t h e  cumulat ive 
e f f e c t  o f  a s e r i e s  o f  dams might  be t o  s u b s t a n t i a l l y  reduce such runs. Apparent ly ,  
t h i s  i s  t h e  case on the Columbia River.3 Research i s  needed t o  improve f i s h -  

passage systems f o r  h i g h  dams. 

a re  e s p e c i a l l y  c h a r a c t e r i s t i c  of pumped-storage sys terns, c o u l d  adverse ly  a f f e c t  t h e  
spawning o f  some f i s h .  
acc idents .  
f a i l u r e s ,  w h i l e  r a r e ,  can have c a t a s t r o p h i c  consequences i n  those areas where 
p o p u l a t i o n  centers  are grouped a long t h e  r i v e r  banks immediately downstream from 

t h e  dam. 

Al though f ish-passage f a c i l i t i e s  may be 

Also,  wide f l u c t u a t i o n s  i n  r e s e r v o i r  l e v e l s ,  which 

H y d r o e l e c t r i c  dams a l s o  have t h e  p o t e n t i a l  f o r  hazardous 
Many r i v e r  systems have qeo log ic  f a u l t s  assoc ia ted  w i t h  them. Dam 

5 

I n  c o n t r a s t  w i t h  water  q u a l i t y ,  3;' q u a l i t y  i s  l i t t l e  a f f e c t e d  by t h e  opera t i on  o f  

h y d r o e l e c t r i c  p l a n t s .  

Not a l l  environmental  e f f e c t s  o f  wa te r  impoundment are considered t o  be de t r imen ta l .  
Lakes behind dams c rea ted  f o r  h y d r o e l e c t r i c  purposes p rov ide  r e c r e a t i o n a l  oppor tun i  - 
t i e s  such as swimning, camping, and boa t ing .  Al though running-water f i s h i n g  may be 
reduced, t h e  o v e r a l l  f i s h i n g  o p p o r t u n i t y  may be g r e a t l y  expanded. 
i r r i g a t i o n  wa te r  supply,  and wa te r  t r a n s p o r t a t i o n  are a l s o  p o s i t i v e  aspects o f  some 

impoundment p r o j e c t s .  

F lood c o n t r o l ,  

The o v e r a l l  r e s u l t s  o f  environmental  changes, as they d i r e c t l y  o r  i n d i r e c t l y  a f f e c t  

people, depend s t r o n g l y  on the s i t e .  

de t r imen ta l  o f t e n  depends on i n d i v i d u a l  viewpo n t s .  Even f o r  those consequences 

Whether the  n e t  consequences are b e n e f i c i a l  o r  
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c l e a r l y  assigned t o  one category o r  the other ,  views w i l l  d i f f e r  as t o  t h e i r  
importance o r  s i g n i f i c a n c e .  

6k.3.7 Costs and Benef i t s  

6A.3.7.1 I n t e r n a l  Costs 

On the average, the investment c o s t  per  k i l o w a t t  f o r  conventional h y d r o e l e c t r i c  
p l a n t s  can e x h i b i t  wide swings t h a t  r e f l e c t  the v a r i a t i o n s  i n  type, s ize ,  and loca-  
t i o n  o f  p r o j e c t ,  cos t  o f  land, and r e l o c a t i o n  o f  e x i s t i n g  roads and s t ruc tu res .  
Investment costs a l s o  are a f fec ted ,  t o  a l e s s e r  ex ten t ,  by changes i n  labor ,  
mater ia ls ,  engineering, and o t h e r  f a c t o r s  i n  cons t ruc t ion  costs. 

The most up-to-date c o s t  in fo rmat ion  repor ted  by the FPC f o r  conventional hydro- 
e l e c t r i c  p l a n t s  inc ludes two r e c e n t l y  const ructed uni  ts6--one non-Federal , t h e  
o t h e r  Federal. 
p e r  kWe; f o r  t h e  Federal (405 MWe) , $346 per  klJe. 
p o r t i o n  o f  t h e  c o s t  o f  f a c i l i t i e s ,  such as the dams and the reservo i rs ,  t h a t  are 

used j o i n t l y  f o r  power and o ther  purposes. The .joint-use costs a l l o c a t e d  t o  
power, as w e l l  as the  c o s t  o f  a l l  f a c i l i t i e s  prov ided s p e c i f i c a l l y  f o r  power 

development, are recovered from power revenues. 

For the non-Federal p l a n t  (118 MWe), the  investment c o s t  was $391 
The l a t t e r  c o s t  inc ludes  a 

Operating expenses p e r  k i l o w a t t - h o u r  are s u b s t a n t i a l l y  less  i n  h y d r o e l e c t r i c  than 
i n  steam-cycle p lan ts ,  p r i n c i p a l l y  because no f u e l  costs  are associated w i t h  

h y d r o e l e c t r i c  p lan ts .  

The wei ghted-average uni  t cos t -o f -opera t i  ng expenses f o r  20 non-Federal u t i  1 i t y  

h y d r o e l e c t r i c  systems, as repor ted  by the  FPC f o r  1970 operations, was 0.56 

m i l l / ( n e t  kWhr). This c o s t  was made up o f  9.35 m i l l  f o r  operat ions and 0.21 m i l l  
f o r  maintenance. For the  Tennessee Va l ley  A u t h o r i t y ' s  system o f  29 p l a n t s ,  t h e  
weighted average u n i t  cos t  was 0.72 mil l /kWhr, o f  which operat ion cost  was 0.48 
m i l l  and maintenance c o s t  was 0.24 m i l  1. 

Pumped-storage h y d r o e l e c t r i c  p lants ,  as opposed t o  conventional h y d r o e l e c t r i c  u n i t s ,  
are se lec ted  on the bas is  o f  low f i r s t  cos t  and the a b i l i t y  t o  use low-cost off-peak 

pumping energy t o  generate high-Val ue peaking energy. Costs o f  development depend 

l a r g e l y  on s i t e  topography and geologica l  cond i t ions .  Reservoirs, dams, waterways, 
pump-turbines, and motor-generators account f o r  about 70 t o  75% o f  the  t o t a l  f i x e d  

costs . 
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A t  t h e  end o f  1973, seven puniped-storage i n s t a l l a t i o n s  combined w i t h  convent ional  
h y d r o e l e c t r i c  developments and n i n e  r o c i  r c u l a t i n q - t y p e  o r  "nure"  pumned-storaqe 

p r o j e c t s  were i n  ope ra t i on ,  b u t  ope ra t i ng -cos t  data were n o t  a v a i l a b l e  f o r  these 
u n i t s .  L i m i t e d  i n f o r m a t i o n  i n d i c a t e s  t h a t  economical ly  a t t r a c t i v e  oumped-storaae 
p r o j e c t s  w i l l  have a c o s t  ranye o f  475 t o  $125 pe r  klsle. 

6A.3.7.2 External  Costs 

A number o f  e x t e r n a l  cos ts  are i n v o l v e d  i n  t h e  development o f  h y d r o e l e c t r i c  power 

p l a n t s .  
upstream and downstream. 

q u a l i t y  and temperature.  An environmental  argument aqa ins t  t h e  f u r t h e r  development 
o f  h y d r o e l e c t r i c  p o t e n t i a l  i s  made by those who are concerned about t h e  s h r i n k i n a  
w i l de rness  area i n  the  Un i ted  States.  The enormous l a n d  area r e q u i r e d  f o r  t h e  
r e s e r v o i r  makes a major  dam economical ly  p o s s i b l e  o n l y  i n  u n s e t t l e d  reg ions.  The 

ques t i on  becomes one o f  whether o r  n o t  a s i g n i f i c a n t  f r a c t i o n  o f  ou r  remain ing 
wi lderness,  which i s  i r r e p l a c e a b l e ,  should be q i ven  up f o r  an i nc rease  i n  c a p a c i t y  
t o  generate e l e c t r i c a l  energy. . 8 - j -  

The presence o f  l a r g e  dams has a major  impact on s i t e  ecoloqy, bo th  
I n t e r f e r e n c e  w i t h  normal r i v e r  f l o w  o f t e n  a1 t e r s  wa te r  

6A. 3.7.3 B e n e f i t s  

The major  b e n e f i t  f rom h y d r o e l e c t r i c  p l a n t s  i s  e l e c t r i c i t y ,  b u t  r e s e r v o i r s  are a l so  
va luab le  f o r  r e c r e a t i o n  and f l o o d  c o n t r o l .  
be s t a r t e d  and stopped q u i c k l y ;  thus, t hey  have t h e  capac i t y  t o  a d j u s t  r a p i d l y  t o  
power-demand f l u c t u a t i o n s .  
p o l l u t i o n - f r e e  r e l a t i v e  t o  t h e i r  e f f e c t s  on a i r  q u a l i t y ,  and they  have no f u e l -  

c y c l e  wastes. 

H y d r o e l e c t r i c  genera t i na  p l a n t s  can 

I n  a d d i t i o n ,  h y d r o e l e c t r i c  p l a n t s  are e s s e n t i a l l y  

6A.3.8 O v e r a l l  Assessment o f  Role i n  Energy Supply 

H y d r o e l e c t r i c  power i s  an impor tan t  component o f  t h e  electric-energy-generatins 

system. Nevertheless,  t h e  percentage o f  t o t a l  c a p a c i t y  i s  d e c l i n i n g ,  and t h i s  

t r e n d  w i l l  cont inue.  Pr imary use i n  t h e  f u t u r e  w i l l  be t o  meet peaking r e q u i r e -  
ments. By 1990, convent ional  h y d r o e l e c t i c  c a p a c i t y  w i l l  be no more than 7% o f  
t o t a l  need. Thus, t h e  a v a i l a b l e  h y d r o e l e c t r i c  power w i l l  n o t  a l t e r  t h e  need t o  

develop a l t e r n a t i v e  energy systems. 
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f-\ 6A.4 GEOTHERMAL ENERGY 

6A. 4.1 I ntroducti on 

6A.4.1.1 General Description 

The temperature of the earth increases w i t h  i ncreasinq depth , and except for a very 
t h i n  crust the earth i s  extremely hot.  
vast energy reservoir t h a t  could be taDped for human uses such as space heatinq, 
industrial processing, and electricity generation. Figure 6A.4-1 i s  a schematic 
of a typical geothermal power plant. 
t o  drive a turbo-generator. 

Consequently, the interior of the earth is a 

I n  this example, seothermal steam is used 

The three classes o f  geothermal are: hydrothermal -convection 
systems , geopressured reservoi rs , and dry hot-rock sys tems. 
convection systems, w h i c h  form the basis for all current qeothermal power 
generation , are normally associated w i t h  regions of youthful volcanism, crustal 
deformation , and recent mountain building. Hydrothermal reservoirs are concentrated 
i n  the western t h i r d  of the United States. 
when (1) a significant q u a n t i t y  of hot  rock exists a t  depth, ( 2 )  the hot  rock i s  
overlain by a permeable formation by which qroundwater can reach the hot  rock, 
and (3) the aquifer i s  capped by an impermeable layer t h a t  prevents the loss of 
water and enerqy. 
down t o  depths of several miles, i s  heated directly o r  indirectly by the underlying 
magmas and circulates by convection within the  permeable formation. 
systems may be further classified as "vapor-dominated" reservoirs o r  "liquid- 
dominated" reservoirs. 
portion of the aquifer i s  either dry or superheated steam, the reservoir is  said 
t o  be vapor-dominated. 
the circulating fluid i s  water or brine, the reservoir i s  liquid-dominated. 
Surface manifestations o f  a geothermal reservoir are ueysers, hot springs, and 
fumaroles. However, geothermal reservoirs exist t h a t  do  n o t  have surface manifesta- 
tions; t o  find such resources i s  one of the challenges i n  qeothenal exploration. 

The hydrothermal - 

Such reservoirs are created naturally 

Ps Fiqure 6A.4-2 i l lustrates,  aroundwater, which can percolate 

Hydrothermal 

When the fluid t h a t  circulates i n  a t  least the upper 

When temperatures are lwer o r  pressures h i g h e r  so t h a t  

4 -  

Geopressured reservoirs form another class o f  "wet" qeothenal deposit. They 
contain highly porous sands and clay saturated w i t h  high-temperature, hioh-pressure 
brine w i t h  salinities ranging from a few hundred t o  100,090 m/ l i te r .  
located i n  sedimentary basins t h a t  have undergone geologic deformation b u t ,  unlike 
hydrothermal sys tems , are bel i even n o t  t o  be associated w i t h  mqmati c intrusions 
or volcanism. 

They are 

6A.4-1 



I! condenser 

SCHEMATIC OF A GEOTHERMAL POWER PLANT 
F igu re  6A.4-1 
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SCHEMATIC OF A GEOTHERMAL RESERVOIR CAPPED 
BY IMPERMEABLE ROCKS W I T H I N  A FAULTED STRUCTURE 

Figure 6A.4-2 



Apparently, geopressured zones a r i se  from the trapping of normal heat flow by 
overlying clays that  form an insulating layer. 
large geopressured zones have been f o u n d  along the Texas and Louisiana Gulf coasts. 
In a d d i t i o n  t o  the energy contained i n  the brines because of temperature and 
pressure, natural gas dissolved in the liquid may also be a potential energy source. 

5 Whether geopressured brines can be used t o  produce e l e c t r i c  power i s  not ye t  known.  

Durinq the course of o i l  exploration, 

As implied, the existence of a wet qeothermal system requires some re lat ively 
specif ic  combinations of geologic structure. 
geothermal resources. In principle,  dry ho t  rocks of temperatures sui table  for  
useful purposes can be reached from anywhere on the ear th ' s  surface by dr i l l inq  
t o  suff ic ient  depths. Geothermal temperature qradients i n  what m i q h t  be termed 
"normal" areas range from 4 to  28OF per thousand feet;6 a typical value is  about 
16°F per thousand feet.' For power qeneratfon, temperatures of 300 t o  4 O C ) O F  above 
surface temperatures are desirable,  althouoh lower temeratures are useful f o r  non- 
e l e c t r i c  applications. Thus, power generation from geothermal enerqy i n  most areas 
would require wells of 20,000-ft depth  or greater.  
extracting energy from such depths  suggests that" most pitnormal ' I  areas w i  11 be 
unsuitable f o r  geothermal power development i n  the foreseeable future.6 However, 
many areas have temperature gradients many times normal and are potentially 
promising f o r  d e r i v i n g  useful energy from dry hot rocks. In  the absence of  a 
naturally occurring heat-transfer medium, such as ex is t s  i n  the wet qeothermal 
systems, the exploitation of dry hot-rock reservoirs requires a man-made energy- 
extraction system. 
suf f ic ien t ly  h i g h  temperature, fracturing the rock by some means t o  produce a 
large amount of heat-transfer surface, d r i l l i n a  a second shallower hole in to  the 
fractured zone, and circulating water through the fractured rock by injectinq the 
water in to  the deep well and removing i t  from the shallow well. 

Vuch more comnon are the "dry" 

The d i f f icu l ty  of economically 

Such a system involves d r i l l i n g  a deep hole to  rock of 

1 

6A.4.1.2 History 

The f i rs t  production of power from geothermal energy occurred i n  1904 a t  Larderello, 
I ta ly .  By the 19301s, the plants a t  this si te totaled about 100 MW of capacity, b u t  
they were destroyed d u r i n g  World War 11. The plants were rebui l t  and expanded a f t e r  
the war and now have a capacity of over 300 Wl. 
geothermal power production were made i n  1922 i n  Japan and i n  California and i n  
1925 i n  New Zealand and Scotland. 
using geothermal water for  space heating. 
production f r o m  the Wairakei power project between 1950 and 1960, a f t e r  which a 
to ta l  of 160 MW of capacity was installed.  These successes were followed by 

Marginally successful attempts a t  

By 1930, Reykjavik, Iceland, was successfully 
New Zealand achieved successful power 
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development programs i n  the l a t e r  1950's and ea r ly  1960's i n  Mexico, Japan, Russia, 
and the United States .  
geothermal exploration and development. 

Worldwide, about 20 countries are now involved i n  

Among the e a r l i e s t  developments of geothermal resources i n  the United States were 
the hot-spring spas i n  Arkansas and Georgia d u r i n g  the 19th century. Yellowstone 
National Park and several other recreational developments a lso were amonq the ea r ly  
users of geothermal energy. The Geysers area i n  Sonoma County, California,  which 
i s  the only major source of geothermal power production i n  the United S ta t e s ,  
s t a r t e d  as a spa i n  the l a t e  1800's. Power-prcducing wells were d r i l l e d  there 
i n  the 1920's, primarily t o  supply power t o  the spa. 
Company began t o  explore The Geysers area,  and Pacific Gas and Electr ic  Company 
constructed an e l ec t r i ca l  generating plant there i n  1360. 

In the 1950's, Magma Power 

The Imperial Valley region of California southwest of the Salton Sea was the second 
area i n  which exploration was s t a r t ed .  A well d r i l l e d  there  i n  1927 indicated tha t  
the qua l i ty  of the steam was inadequate t o  produce energv. 
exploration d r i l l i n g  operations', -hot briine (22 t o  26% so l id s  a t  600 t o  680OF) was 
h i t  a t  a depth of about 5000 f t .  T h i s  discovery resulted i n  renewed interest i n  
mineral production from this area,  b u t  the highly corrosive l iquid i n h i b i t e d  the 
development of power production. 

In 1957 d u r i n q  o i l -  

In the l a t e  1960's, the success of a 3.5-NJe power plant a t  Cerro Prieto,  Mexico, 
stimulated interest i n  the potential  f o r  large-scale power production and f o r  
desalt ing i n  the Imperial Valley. 
plays a s ign i f i can t  role  i n  the his tory of geothermal development i n  the Imperial 
Valley because i t  i s  located i n  a c m o n  geologic feature ,  the Salton Trough. 
f i rs t  well was d r i l l e d  there i n  1956 and led  t o  the construction o f  the 3.5-Mde 
experimental plant. 

Cerro Prieto,  although not i n  the United S ta t e s ,  

The 

6A.4.1.3 Status 

Geothermal energy is currently being used t o  produce pwer i n  several countries and 
i t s  use is st i l l  expanding. A 75-?We power plant  is being erected a t  Cerro Prieto,  
and a portion of this plant went i n t o  operation i n  l a t e  1973.8 Experience qained 
a t  Cerro P r i e to  wil l  probably be applied l a t e r  i n  the Imperial Valley, although many 
areas are  known t o  have much more s a l i n e  brines than found a t  Cerro Prieto.  The 
hope i s  t h a t  resources of the Imperial Valley can be used t o  produce desalted water, 
as well as e l e c t r i c  power, and thus t o  augment the water supply based on the 
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Colorado River. The Bureau of Reclamation i s  currently conducting tests on 
geothermal desalting i n  the Imperial Valley. "'O Also, as noted above, The Geysers 
area in California is  being used t o  produce electricity. 
capacity a t  The Geysers was increased t o  about  400 We in December 1973. 

The installed electrical 

9 

Because many of the areas of the United States t h a t  may be valuable for geothermal 
energy are on Federal l a n d ,  the Geothermal Steam Act of December 24, 1970 (30 USC 
1001-1025) provides for  exploiting this resource. 
Act, the U.S. Department of the Interior has issued proposed leasinq and operating 
regulations along with a final environmental statement for the leasing program. 
An announcement was made in December 1973 regardino the decision t o  DrOCeed w i t h  
the leasing program. 

Pursuant t o  the Geothermal Steam 

11 

Initial lease sales were held i n  January 1974. 

6A.4.2 Extent o f  Energy Resource 

6A.4.2.1 Geoqraphical Distribution 

The U.S. Geological Survey has the responsibility t o  classify areas accordina t o  
their potential qeothermal-resource value. Areas a?i! classified as known qeothermal 
resource areas ( K G R A s )  when the "prospects for extraction of geothermal steam o r  
associated qeothermal resources from an area are nood enough t o  warran t  expenditures 
of money f o r  t h a t  purpose. Several factors are involved in identifying geothermal 
areas; two important ones are ( 1 )  the existence of qeysers, mud volcanoes, fumaroles, 
or thermal springs t h a t  have temperatures a t  least 40F0 above average ambient 
temperature; and ( 2 )  subsurface geothermal temperature aradients qeneral ly in excess 
o f  two times normal.12 About 1.8 million acres of land have been desiqnated as beinq 
within KGRAs.13 All this land, except for two areas i n  Alaska, i s  in the western third 
of the United States, and 56% of the KGRAs involve Federal land. Table 6A.4-1 
identifies the KGRAs in the conterminous United States; Fiqure 6A.4-3 shows their 
locations. 

In a d d i t i o n  t o  the 1.8 million acres classified as being w i t h i n  KGRAs, another 96 
million acres i n  the western United States have been listed as h a v i n q  prospective 
value for geothermal resources.13 Some areas outside the western United States 
have some geothermal resource potential ; these are the qeopressured brines 
along the Texas and Louisiana Gulf coasts and possibly the hot springs of Arkansas, 
Georgia, and the Appalachian Range. 
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Table 6A.4-1 

KNOWN GEOTHERMAL RESOURCE AREAS WITHIN THE 
WESTERN CONTERMINOUS UNITED STATES AS OF AUGUST 1972 

Name 
Location on 
Figure 6A.4-3 Name 

Locat ion on 
Figure 6A.4-3 

C a l i f o r n i a  Oregon 

The Geysers 
Sal ton Sea 
Mono-Long Val l e y  
Cal i s  toga 
Lake City 
Wendel -Amedee 
Cosco Hot Springs 
Lassen 
G1 ass Mountain 
Sespe Hot Springs 
Heber 
Brawley 
Dunes 
G1 ami s 
€as t Mesa 

Nevada 

Beow awe 
F l y  Ranch 
Leach Hot Springs 
Steamboat Springs 
Brady Hot Springs 
S t i l  lwater-Soda Lake 
Darrough Hot Springs 
Gerl ach 
k a n a  Springs 
Double Hot Springs 
Wabus ka 
Monte Neva 
Elk0 Hot Springs 

1 
2 
3 
4 
5 

7 

9 
10 
11 
12 

' 1 3  
14 
15 

a 

1 
2 
3 
4 
5 
6 
7 
8 

10 
11 
12 
13 

B r e i  tenbush Hot Springs 
Crump Geyser 
Val e Hot Spr i  ngs 
Mount Hood 
Lakeview 

Klamath Fa l l s  
6 Carey Hot Springs 

Washi ng ton 

Mount S t .  Helens 

Idaho 

Ye1 lowstone 
Fraz ie r  

Montana 

Ye1 lows tone 1 

New Mexi co 

Baca Location No. 1 1 

Utah 
9 

Crater  Springs 1 
Roosevel t 2 
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MAP OF GEOTHERMAL RESOURCE AREAS IN THE WESTERN UNITED STATES 

F igu re  6A.423 
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6A.4.2.2 Estimated Avai 1 abi  1 i t y  

Theoretically, the geothermal resource base of  the United States is  vast. For 
6 example, White estimates t h a t  the stored heat above surface temperatures to  a 

depth of 10 km (33,000 f t )  i n  the United States is  about 6 x 
of that energy could be converted t o  electricity, the total qenerated would be 
about 8 x 10 MbJe-years, or enough for abou t  8000 years a t  the rate of consumption 
predicted for the year 2000 (annual consumption of 1 million F1We-years).14 However, 
this estimated resource base does not constitute a recoverable resource because 
the estimate considers neither the cost nor technical feasibility of extractinq 
energy from the earth's crust. 
for electricity qeneration i s  a matter of widely differing opinions among knowledge- 
able peopl e. 

cal. If 1% 

9 

The extent of the  qeothermal resource suitable 

White's estimates of the proved, bossible, and probable qeothemal-eneray reserves 
are (1) 60,000 We-years recoverable a t  present costs and w i t h  present technoloqy 
and ( 2 )  200,000 t o  400,000 Mde-years recoverable a t  a one-third increase i n  cost 
and wi t h  present techno1 ogy. 6 

These estimates, which encompass the hydrothermal sys terns o f  sufficient tempera- 
tures t o  operate energy-conversion plants according to present technology, would 
indicate a fairly minor resource, equivalent to  no more t h a n  one-half year of 
electricity supply a t  the consumption rate predicted for the year 2000. White 
notes, however, t h a t  w i t h  technological breakthrouqhs, including improvements i n  
extracting and using low-temperature heat and new low-cost methods o f  drilling 
holes to qreat depths, the geothermal resources could be expanded substantially. 
In addition to low-temperature hydrothermal systems, White's estimates also exclude 
reservoirs of molten rock, abnormally hot  rock of low permeability, and deep 
sedimentary basins of near "normal" conductive heat flow such as the Gulf Coast 
of the United States. The potential geothermal resources in these envi ronments 
are a t  least ten times qreater t h a n  the resources of the hydrothermal systems. 
White does not  consider these resources i n  the category of reserves. 

15 

Rex and Howell16 appraise the United States geothermal resources as follows: 
(1)  known reserves, about  3 million MWe-years; ( 2 )  probable reserves, 100 million 
Mde-years ; and (3) undiscovered reserves , 7.4 b i  11 ion MWe-years . 
reserves are the hydrothermal reservoirs i n  The Geysers area and i n  the Imperial 
Valley region. 
t h i r d  of the conterminous United States and Hawaii. 

The known 

Probable reserves include al l  hydrothermal systems i n  the western 
In a d d i t i o n  t o  includinq 
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hydrothermal systems in the western United States (including Alaska and Haw; li), 
the estimate of undiscovered reserves assumes the development of dry hot-rrck 
resources to a depth of 35,000 ft over 5% of the area of the western third of the 
United States. Rex and Howell also indicate that geothermal resources in the 
eastern and midwestern areas could substantially increase their estimates. 
essence, then, their assessment is that known reserves could provide a three-year 
supply of electrical energy at the year-2000 consumption rate, but, if probable 
and undiscovered reserves are included, geothermal energy could satisfy our needs 
for a millenium, 
will be available to economically extract and convert the energy from the more 
difficult geothermal reservoirs, in particular the dry hot-rock systems. 

In 

Implicit in this assessment is the assumption that new technology 

A i  though enormous amounts o f  geothermal energy are generally acknowledged to 
exist, some people with interests in qeothermal energy fail to make the distinction 
between a resource base and a recoverable resource noted above. 
to statements such as "if only 1% . . . . or even 5% of the total energy resource were 
utilized" without regard to whether or not these amounts are actually economically 
or technologically recoverable. 
states: 

Instead they resort 

For example, one commenter" on the Draft EIS 

Scientists at the United Nations, skilled in geothermal exploration and 
development projects, have calculated that the area of geopressured sedi- 
ments along the Gulf Coast is of the order of 50,000--100,000 square 
miles, and state that 'we can show that even 5% o f  the geopressured energy 
in the U.S.  part o f  the Gulf of Mexico, at a depth of 3 to 5 km., contains 
enerqy which is eauivalent in calorific content to that contained in 100 
billion tons of oil.' 
Estimates: United Nations, New York.) 

(Dr. H. T.  Meidav, 1973, Global Geothermal Enerqy 

Until the technology is available to economically extract this eneray in an 
environmentally acceptable manner, the amount theoretically available is somewhat 
beside the point. 

Factual information about the extent of geothermal resources and the economic and 
technological extractability of the energy in most cases is severely lackincr. The 
interpretation and extrapolation of existing data inevitably lead to' disparate 
estimates. Thus, part of the apparent disagreement on the size of the geothermal 
resource is related to a lack of knowledge about the nature of geothermal enerqy, 

*Donald F. X .  Finn, Nearing Letter 3, p. 2. 
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b u t  perhaps a greater pa r t  concerns the definition of an energy resource. Any 
potential resource must be subjected t o  technical , economic, and social tests: 
technically feasible ways exist t o  extract the energy a t  reasonable costs--costs 
competitive with known a1 ternatives--in a manner t h a t  society will accept? As 

would be expected, judgments on these questions, in the absence o f  hard  d a t a ,  vary 
considerably. However, a reasonable conclusion i s  t h a t  (1)  vapor-dominated 
geothermal systems, which are easiest t o  t a p  and which represent about 75% of 
present world geothermal electricity capacity, are relatively rare; ( 2 )  liquid- 
dominated reservoirs are much more plentiful t h a n  vapor-dominated; ( 3 )  dry 
hot-rock systems are the most comnon of a l l ;  and ( 4 )  m s t  of the geothermal "hot  
spots" are located in the western third of the United States. 

Do 

6 

In terms of contribution t o  the Yation's future electrical enerqy needs, a 
reasonable interpretation of present information--althouqh not necessarily a 
consensus--is t h a t  (1)  i f  geothermal eneray i s  limited t o  present technolosy 
and costs, the resource potential i s  limited t o  vaoor-dominated reservoirs and, 
although important locally, is small in terns of national needs; ( 2 )  w i t h  some 
improvements i n  technology and some increases in cost the higher-temperature 
liquid-dominated reservoirs could be tapped and could have considerable resional 
significance in the !Jest and would have some limited impact on a national basis 
when savings in imports of fossil fuels are considered; and ( 3 )  aeothemal 
resources would be significant on a national bas is  only when the feasibility of 
t a p p i n g  lower-temperature liquid-dominated reservoirs and dry h o t  rock systems 
has been demonstrated. 

6A.4.3 Technical Description 

6A.4.3.1 Systems Based on Vapor-Dominated Reservoirs 

The technical characteristics I7,l8 of The Geysers power station may reasonably 
represent geothermal electric plants based on vapor-dominated reservoirs. 
Production wells vary i n  depth from 600 t o  9000 f t  and have diameters t h a t  decrease 
from 20 i n .  a t  the surface t o  8-3/4 i n .  a t  the bottom. Several wells (usually 14) 
are required t o  feed one centrally located power station of 110-MWe capacity which 
consists of two 55-tWe turbine-qenerators. 
small, because the distance t h a t  steam can be transported from outlyinq wells is 
limited. 
of the field associated w i t h  each power station, determined th rough  exploratory 
drilling prior t o  the construction of the power plant, is fixed so t h a t  new wells 
can be drilled as old ones become nonproductive, and thus the desiqn power o u t p u t  
can be maintained for the l i f e  of the plant (30 t o  59 years). 

Power plants tend t o  be relatively 

Typically, five acres may be associated with each well. The areal extent 
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The reservoir pressure of 450 t o  500 psig reduces to  about  126 psig a t  the wellhead. 
Restrictions t o  flow i n  the formation and in the well bore account for the,pressure 
reduction. Steam f l w s  th rough  a centrifugal separator near each wellhead t o  remove 
particulate matter. Feeder steam lines, as small as 10 i n .  in diam, from each 
well feed i n t o  main t r u n k  lines (36-in.-diam) t o  the power s t a t ion .  Relief valves 
are used i n  the steam lines t o  prevent overpressurizing the lines should the power 
p l  a n t  s h u t  down. 

Steam i s  delivered t o  the turbines a t  100 psis and 355°F and i s  exhausted a t  4 i n .  
Hg abs (125OF). 
last-stage blades. A direct-contact condenser is  used, and heat i s  rejected by a 
mechanical-draft wet coolinq tower. About 80% o f  the steam t h a t  flows t o  the 
turb ine  is  evaporated i n  the cooling tower; the remaining 20% i s  reinjected i n t o  
the 1 ess productive we; 1s. 

The turbine i s  a single-shell, double-flow design w i t h  23-in.-long 

Lioncondensable gases, w h i c h  consist of carbon dioxide, hydroqen sulfide, methane, 
ammonia, nitrogen, hydrogen, and ethane, are removed from the condenser by a 
steam-jet ejector. The noncondensables constitute as much as 2 w t  X of the steam 
flow. 

6A.4.3.2 Systems Based on Liquid-Dominated Reservoirs 

6A.4.3.2.1 High-Temperature Sys terns 

In broad outline, the characteristics of a power system based on high-temperature 
geothermal brine would be similar t o  those for dry steam systems. 
important differences exist which add technical complexity and increase cost. 
Experience i n  the use of geothermal brines for power generation has been obtained 
in New Zealand and a t  Cerro Prieto, Mexico. 

However, some 

A t  Cerro Prieto, well depths average abou t  5000 f t ,  and reservoir temperatures 
generally are greater t h a n  550°F. ’’ When we1 1 -bore pressures are lowered , some of 
the brine flashes t o  steam, and a mixture of brine and steam rises t o  the surface. 
About 20% (13 t o  25%) of the mixture i s  steam,’’ which i s  separated from the brine 
by a cyclone separator.’ Brine i s  discarded, and steam is  piped t o  the turbine a t  
an inlet  pressure of about 75 pig.*’  The remainder of the steam cycle i s  similar 
t o  t h a t  described previously for The Geysers plant. 
lower b u t  generally is i n  the ranqe 10 t o  15%. 

Overall efficiency is  somewhat 
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Several problem areas have been identified which make the qeothermal-brine 
reservoirs more difficult t o  t a p  t h a n  are the dry-steam reservoirs. 
mineralized water, which may contain s i l i ca ,  calcium carbonate, chlorides of sodium 
and of calcium, boron, ammonia, arsenic, and noncondensable gases, i s  a source of 
several potential problems.6 
dissolved carbon dioxide may cause precipitation and deposition of si l ica o r  
calcium carbonate in wells and surface pipes. Down-hole pumps have been proposed 
as one method of extracting fluids from wells under sufficient pressure to  prevent 
flashing and thus preventing deposition in wells and surface eq~ipment .~ 
similar deposition should occur in the reservoir t h a t  immediately surrounds the 
well, the production rate of the well would be adversely affected, although i t  
i s  not known whether this effect does occur. 
environmentally acceptable manner i s  another problem. Disposal through surface 
drains i s  used i n  New Zealand and a t  Cerro Prieto, Mexico, b u t  reinjection of the 
brine i s  probably the most desirable method. 

extensively, and some concern exists t h a t  minerals contained i n  the concentrated 
effluent may precipitate out  and reduce the peneabiJity of the reservoir. 
many fields, removal of a large volume of brine will cause ground subsidence, as 
has been observed a t  Cerro Prieto;’l reinjection will be required to alleviate t h i s  
problem. 

The highly 

Cooling of the brine on flashing and loss of 

If 

Disposal of the brine i n  an 

Reinjection has n o t  been tested 

In 

6A.4.3.2.2 Low-Temperature Systems , 

A higher percentage of geothermal reservoirs are believed t o  contain low-temperature 
brine (below 36OOF). These resources might  be expJoited with greater efficiency 
t h a n  steam cycles offer by using b i n a r y  cycles in which heat i s  transferred from 
t h e  b r i n e  t o  a secondary f l u i d  (such as  Freon or isobutane) t h a t  operates the 
turbines. 
further development and demonstration t h a t  they are suitab e for commercial power 
generation. Several such processes, have been designed. 
chart of one such sys tem--the Magmamax process. 

The cooled brine would be reinjected. In gener 1 ,  binary systems require 

F g u r e  6A.4-4 is a flow 
22 

6A.4.3.3 Systems Based on D r y  Hot Rock 

Systems t o  exploit the energy contained in dry hot rock have been proposed by the 
Los Alamos Scientific Laboratory of the Atomic Energy Commission’ and by the 
Battelle-Northwest Laboratories .23 Figure 6A.4-5 illustrates the general concept. 
T h i s  system would consist of two o r  more wells, a heat exchanger, a turbine, and 

cooling towers f o r  heat rejection. Water-injection wells would be drilled t o  depths 
of 6000 t o  15,000 f t  t o  reach rock having temperatures near 6 O O O F  i f  possible. Rock 
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i n  the vicinity of the well bottom would be fractured hydraulically or w i t h  
conventional o r  nuclear explosives. 
fracture zone several thousand feet above the injection well. 
circulated by injection through the deep well, and h o t  water would flow out  of 
the shallow well i n t o  a heat exchanger where i t  would vaporize the working  fluid 
(steam, Freon, o r  isobutane). 

An additional well would be drilled i n t o  the 
Water would be 

6A.4.4 Research and Development Program 

The Hickel Panel on Geothermal Energy Resources24 identified the following areas 
in which the technoloqy i s  no t  well enough developed t o  allow r a p i d  exploitation 
of geothermal resources : 

Resources appraisal. Better estimates are needed of the extent and 
character of the geothermal resources in order t o  manage their develop- 
ment and use. 

Exploration methods. Better, faster, and cheaper methods are needed for 
geophysical prospecting, f o r  drilling tes t  holes, for logqins  wells, and 

for sampling fluids. 

Reservoir development and production. This technoloqy includes mathematical 
modeling of reservoirs, investiqation of recharqe methods, seochemistry of 
fluids, control of scale, art if icial  stimulation by fracturinq of rocks, and 
exploitation of hot  rocks. 

Utilization technoloqy and economics. Economical techniques, such as binary- 
fluid power cycles, are needed for use of moderately hot  qeothermal waters. 
Techniques are desired for direct utilization of geothermal energy for space 
heating and other uses such as recovery of minerals and desaltinq of water, 
i n  addition t o  power. 

1 

Environmental. Techniques are required for control of pollutants such as 
hydrogen sulfide and for noise reduction. 

The Hickel panel has proposed a ten-year development program of $500 million t o  
$600 mi 11 ion  t o  resol ve these techni cal questions . 24 

In addition, geothermal energy has been examined as p a r t  o f  a comprehensive study 
on "The Plation's Energy Future. In this review, a qeothermal research and 
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development program totalinq $185 mil lion has been proposed over the next five 
years. The objectives of this  program would be: 

( 1 )  t o  increase present knowledge of the location, nature, and ext 
Nation's geothermal energy resources; 

( 2 )  t o  identify and resolve the environmental, legal ,  and ins t i tu t  
t o  geothermal resource uti 1 i zation ; 

t o  advance, th rough  development of techno1 ogy , the operational ( 3 )  

n t  of the 

onal barriers 

efficacy 
a n d  the efficiency of relevant components, devices, and techniques as 
requi red t o  achieve practical oeothemal resowce uti l ization ; and 

( 4 )  t o  accelerate, t h r o u g h  denons tration pi 1 o t  plants, the commerci a1 produc- 
t i o n  of e lec t r ic i ty  from qeothermal sources. 

Under this  proqram, important emhasis would be qiven t o  qeothermal resource 
uti l ization ($79 million out  of the 9185 million total qeothermal proqram). Several 
different types of qeothermal resources would be examined, four different demonstra- 
t i o n  plants would be completed, and a f i f t h  plant would be started.  
results of the complete qeothemal research and development prooram, i f  successful, 
in supplyinq useful electrical  power are discussed in the following section. 

The potential 

Although there seems t o  be general agreement amon; oeothenal experts t h a t  
s ignificant research i s  needed and jus t i f ied ,  there i s  not universal agreement on 
t h i s  p o i n t  among a l l  persons w i t h  interests i n  qeothermal enerqy. For examle ,  

Mr. Donald F. X .  Finn* takes issue with the need for  a research and development 
program, s t a t i n g :  

We urge the Panel n o t  t o  be misled by the Commission's plan for  a 
significant R&D program. 
avai 1 able for  comerci a1 ly  harnessing the v a s t  geothermal resources 
of the Nest and the Gulf Coast. 

There i s  a proven techno1og.y readily 
. 

24 Mr. Finn's viewpoint i s  n o t  shared by experts making up the Hickel Panel 
or the Subpanel V I 1 1  5 group t h a t  prepared i n p u t  t o  the report "The Nation 's  

*Hearings Letter - 3 ,  p.8. 
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Energy F ~ t u r e , " ~ ~  although industrial opinions differ ,  particularly w i t h  resDect t o  
high-temperature liquid systems. 
Mr. Finn's assessment, especially w i t h  reference to the technoloy for usina the 
potential ly more abundant  moderate-temperature reservoirs , geopressured reservoirs , 
and dry hot-rock reservoirs. 

However, the AEC does n o t  find suppor t  for 

6A.4.5 Present and Projected Application 

Although several u t i l i  t i es  and energy companies are working toward develooment of 
geothermal eneray, the most definit ive plan i n  the United States is  t h a t  of Pacific 
Gas and Electric a t  The Geysers. 
will be expanded by about 100 MWe each yearz6 u n t i l  the ultimate capacity of the 
f ie ld  (estimated t o  be about 5000 fWe) is  developed.27 Beyond this development, 
firm plans for  future geothermal capacity have not as yet  been defined. 
several estimates have been wade, and the ranqe of variation reflects the disacrree- 
ment discussed previously on the extent o f  qeothermal resources. 

The wesent (early 1974) capacity of abou t  400 Wde 

Nevertheless, 

In a study by the National Petroleum Council, Kilkenny*' estimated t h a t  qenerating 
capacity based on geothermal fluids m i g h t  amount t o  1500 M!de by 1975, 10,500 !$!e by 
1980, and 19,000 MWe by 1985. 
appears achievable. 

Only about one-half of the estimate for 1975 now 

The Hickel made the following projections of installed qeothermal power: 

The lower 
Interior,  

Year - 
1980 
1985 
1990 
2000 

Capacity with Capacity w i t h  

Proqram (MIJe) Prowam (Mile) 
Moderate Research Accelerated Fesearch 

10,50O 
19,000 
35 ,on0 

75,000 

36,000 
132 ,OOr) 

242,000 
395,000 

estimates, which are identical w i t h  those of the U.S.  Department of the 
a r e  based on the assumptions t h a t  a moderate research and development 

program will result  i n  the discovery of more aeothermal reservoirs and t h a t  the 
technology will be developed t o  t a p  the deeDer and lower-temperature hot-brine 
systems. The hiqher estimates are based on the assumption t h a t  an intensive 
program will resul t  in the technology needed to t a p  more d i f f icu l t  reservoirs, 
including dry hot rocks. 
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Rex and Howell16 *judge t h a t  400,000 file of geothermal capacit.y "could be discovered 
and developed i n  the Western United States i n  20 years by the resource industry." 
Their projection is based on the assumption that  the dry hot-rock systems a re  
technically and economically exploitable.  

J .  0. H ~ r t o n , ~ ~  Assistant Secretary of the In t e r io r  fo r  Land and Water Resources, 
indicated i n  a statement t o  the Senate In t e r io r  and Insular Affairs Subcomnittee on 
Water and Power Resources tha t  "althouqh we estimate t h a t  geothermal enerqy would 
constitute only 1 t o  2 percent of the total  United States eneray suoply forecast  
f o r  the year 2000, i t  could mean un t o  10 oercent or  more of the to t a l  enerqy 
supplies forecast  i n  the western s t a t e s  by tha t  time." 

The results of analyses by the Bureau of Mines" forecast  a aeothermal e l ec t r i ca l  
capacity o f  4000 MWe i n  1985 w i t h  an increase t o  40,000 f4Ie i n  2000. 
2000 increase assumes t h a t  about 15% of new power-generation capacity i n  the western 
s t a t e s  would be from geothermal sources. 

The 1985-to- 

The research and development program proposed i n  ref .  23 i s  desioned t o  st imulate 
the commercial production of a t  l e a s t  20,000 We by 1985 from various types of 
geothermal resources, plus important additional fuel savings through use of 
geothermal energy f o r  such nonelectric purposes as space heatina and a i r  con- 
dit ioning. The corresponding goals f o r  the years 2000 and 2r)20 are  80,000 We and 
200,000 We, respectively. The e l ec t r i ca l  capacity projections f o r  1985 and 2000 
a re  seen t o  be approximately the same as those projected by the Hickel Panel f o r  a 
moderate research program. 

The Subpanel VIII group,5 which provided i n p u t  t o  the report on "The Nation's 
Energy Future 
geothermal energy would be 30,000 MlJe by 1985, 100,000 M:!e by 2000, and 200,000 
P%fe by 2020. 

suqgested tha t  reasonable qoals f o r  the implementation of 

Figure 6A.4-6 summarizes the range of some of these projections. Speculations on 
the projected application of geothermal energy by the year 2000 vary from an 
insignif icant  2% t o  an important 20% of the predicted e l e c t r i c a l  capacity a t  t ha t  
time. 
currently devel oped and demonstrated techno1 ogy. 
fronts will  be required f o r  geothewnal energy t o  have national sicmificance. 
Technology i s  only one of several important l imitat ions on the growth o f  qeothermal- 
energy u t i l i z a t i o n .  Other factors  include leoal and po l i t i ca l  constraints ,  
environmental r e s t r i c t ions  , and ins t i  tutional and financial  considerations. 

In r e a l i t y ,  the amount of e l ec t r i ca l  capacity would be qui te  limited w i t h  
Therefore, advances on several 
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Many of the country's geothermal resources probably will not be developed until 
political and legal frameworks are provided t o  define ownership and t o  establish 
procedures for management and regulation of geothermal res~urces .~ '  The lack of a 
sound legal framework may, i n  some cases, dampen enthusiasm for  investment. B u t  a 
factor of equal importance i s  t h a t ,  w i t h  present technoloqy i n  exploration, the 
magnitude o f  a given reservoir i s  difficult t o  define w i t h  conffdence. 
electric ut i l i ty  must have assurance of sufficient steam reserves t o  sustain 
operation over the amortization period (30 t o  4r) years) of the power plant. 

Yet an 

Large-scale qeothermal development implies the establishment of a aeothenal 
industry t h a t ,  i f  the upper ranges o f  the above projections are accepted, must 
develop thousands o f  meqawatts of power each year requirina a larqe number of 
trained geologists , enqi neers , exolorati on ri os , d r i  11 i ng equipment, and other 
resources. O'Conner31 points out  t h a t ,  t o  meet the optimistic projections of 
implementation, qeothermal drilling i n  the next decade will be comparable w i t h  
t h a t  of the oil industry. The associated human and capital resources cannot be 
built up quickly enough w i t h o u t  either qovernment investment o r  the promise of 
large quick profits or both.  

6A.4.6 Environmental Impacts 

6A.4.6.1 General Nature o f  Environmental Impacts 

Environmental studies" indicate t h a t  the major potential impacts of the use o f  
geothermal energy are i n  %he general areas of ( 1 )  surface and qroundwater quality 
impairment as a result of fluid disposal, (2 )  air  emissions, particularly hydroqen 
sulfide, (3)  noise from drillinq and s tem venting d u r i n q  operation, ( 4 )  uncon- 
trolled blowouts, (5) aesthetic impact, (6)  l and  subsidence from f l u i d  wi thdrawal  , 
( 7 )  seismic activity from fluid withdrawal or reinjection, (8)  lan4 use, and 
(9)  damage t o  vegetation and wildlife. 
generation is largely restricted t o  the generatinq s i t e  and i t s  immediate 
surroundings--a contrast w i t h  fossil-fueled or nuclear qeneration, for which impacts 
occur a t  several locations (mines, processing plants, disposal s i tes)  . 

The environmental impact of oeothermal 

The different types o f  geothermal systems have very different environmental impacts. 
Because of the relatively pure fluid i n  the vapor-dominated reservoirs, the fluid- 
disposal problem i s  relatively small compared w i t h  t h a t  of the hot-brine systems, 
whose h i g h  salinity i s  a potential ly serious environmental impact. The environ- 
mental impacts of advanced geothermal power systems, such as binary cycles and 
proposed systems for  dry hot-rock use, have n o t  been thorouqhly evaluated and 
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will not  be discussed. However, indications are t h a t  these advanced systems, which 
would extract geothermal energy w i t h  closed loops, may have much less environmental 
impact than  do current systems, especially with regard t o  liquid and qaseous 
effluents from the geothermal fluid. 

6A.4.6.2 Mechanism for Regulation of the Environmental Impacts 

The proposed leasing and operatinq requlations issued pursuant t o  the Geothermal 
Steam Act of 197032 provide a framework for the requlation of exploration, 
development, and use of qeothermal resources on Federal lands. The Secretary of 
the Interior and his official representatives are required t o  review the environ- 
mental impact of each proposed lease and t o  develop special stipulations when 
necessary t o  protect the environment and all other resources. 

The Sierra Club, i n  commenting on the Department of the Interior's draft environ- 
mental statement on the qeothermal leasinn p r ~ n r a r n , ~ ~  stated t h a t  the proposed 
regulations lack specifics and migh t  not be s t r i c t ly  enforced. They s u g g e s t e d  

t h a t  full-scale implementation of the Geothermal Steam Act be deferred pendinq 
successful completion of a carefully monitored pilot project. The requlations were 
subsequently revised, are now more specific i n  certain areas, and have since been 
pub1 i s  hed. 

California provides for requlation o f  geothermal activities on non-Federal land 
comparable w i t h  t h a t  proposed by the Department of the Interior on Federal land. 
California also requires geothermal developers to comply w i t h  all applicable 
local ordinances, because county zoninq commissions have considerable control 
over the use of  private lands. 

Other states have developed or undoubtedlv will develop similar reoulations when 
further geothermal development i s  proposed. 

6A.4.6.3 Surface Cffects 

As noted previously, all  the environmental impacts of aeothermal power olants arise 
from the production s i t e  i t se l f ;  the area of the s i t e  depends on the spacinq o f  the 
wells. 
reservoir. The spacing of the wells should be such as t o  minimize the total number 
of wells required d u r i n q  the plant lifetime while exploitina the full enerqy 
potential of the field. 
wells b u t  would result i n  a larger area associated w i t h  each power plant. 

Well spacing is an important f ac to r  i n  the efficient use of a oeothemal 

Generally, wider spacfng would require fewer replacement 
The 
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extent of the area involved for a 1000-MWe plant t h a t  would operate for ,  say,  30 
years can be inferred from d a t a  obtained a t  The Geysers.l7 Production d a t a  on wells 
w i t h  a density of one well per five acres indicate t h a t  production declines almost 
exponentially w i t h  a half-life (time required for  well production t o  decrease by 
one-half) of five years. 
(5-year) d a t a  can be extrapolated, the implication i s  t h a t  new wells, w h i c h  would 
number about  14% of the original number of wells, must be added each year. 
an init ial  production rate of 7 !+le Der well , the init ial  number of wells f o r  
1000 mble would be 140 i n  an area of 700 acres. 
total number of wells needed would be 740 i n  an area of 3700 acres. Similar 
estimates for a density of one well per 45 acres indicate t h a t ,  in i t ia l ly ,  140 wells 
over an area of 6300 acres would be required. 
total number of wells would be 280 over 12,600 acres. These fiqures are not  
necessarily valid for other reservofrs. 
will be necessary t o  evaluate impacts from those areas. 

I f  this interpretation is correct and i f  short-term 

Rased on 

For 30 years of production, the 

For 30 years of production, the 

Similar d a t a  from other creothermal fields 

Surface environmental effects would be related t o  the construction and maintenance 
of roads,  wells, steam lines, transmission lines, and power plants. 
roads would be required t o  g a i n  access t o  each well s i te .  
built in accordance with an approved plan t o  control erosion and t o  minimize dust. 
Although these problems are fairly easy t o  solve in f la t  lands, they would require 
much more attention for steep terrain. 
would have t o  be made for the disposal of drilling muds and fluids, prevention of 
blowouts, and containment of reservoir fluids. Backfilling of mud pits and  fluid 
ponds, use of blowout preventers, and casina and cewnting of wells are required 
by the proposed Federal r e q u l a t i o n s .  Steam lines as larae as 30 i n .  i n  diam 
would lace an area of 1/2- t o  l-mile radius surrounding each power plant. These 
lines would be reaularly inspected to detect leakaqe, and wellheads would be 
inspected by the operators and by regulatory insnectors for exterior corrosion damaqe 
o r  structural weakness t o  avoid blowouts or  leakage. 
portions of a aeothermal development, the Dower plant, includinq switchaear and 
cooling towers, would be small; i t  would occupy only a few acres. 

A network of 
Roads would have t o  be 

During drillinq of a well, provisions 

B y  comparison w i t h  the other 

The facil i t ies t o  transmit geothermal power would be similar t o  those for other 
central-station power plants, b u t  the environmental impact m i q h t  be greater t h a n  
for other alternatives because of the long distances between geothermal fields and 
load centers and because of the need t o  transmlt power from many small aeneratina 
plants t o  the power grid. 
the two largest proven geothermal resources i n  the United States--The Geysers and 

This problem would not occur, however, i n  the case of 
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Imperial Valloy, California. Both of these si tes a re  very close to large load 
centers i n  northern and southern California, respectively. 

Evidently, the development of a large geothermal field would restrict  surface uses 
o f  the land over an area of several thousand acres. Where grazing i s  the predominant 
alternative use of the land, as a t  The Geysers, cattle m i q h t  be allowed on the 
developed land among the wells and steam lines. Glhere other uses are prevalent, such 
as agriculture or  recreation, those uses would be disrupted t o  some extent. 
geothermal-energy extraction were properly regulated, i t  would n o t  permanently damage 
land for future uses. 

If 

The Geysers a rea  i s  a good example of a difficult s i t e  for road building and tes t  
drilling. The steep terrain and relatively loose soil create sediment t h a t  must 
be controlled by reseeding and by other means of protection until ground cover is 
established. The f l a t  Imperial Valley would suffer minimal impact from road 
b u i l d i n g  and s i t e  excavation b u t  i s  potentially more susceptible t o  unacceptable 
impacts such as land subsidence because of the highly developed agriculture of t h a t  
area. 

6A.4.6.4 Impact on Water 

The proposed Federal regulations would minimize the impact of drilling and 
production-testing on water resources. The major potential impacts t h a t  would 
have t o  be avoided would be siltation of surface water from road construction and 
from drilling-site excavation; contamination of surface or  groundwater from spil ls  
o r  uncontrolled blowouts; contamination of groundwater from improperly executed 
recharge; accidental interception of artesian aquifers t h a t  were not properly cased 
off; degradation of hot springs, fumaroles, and geysers; and contamination of 
freshwater aquifers by casing fai 1 ures . 
The Imperial Valley is subject t o  water-resource pollution i n  the event of accidents 
because of the agricultural nature of the valley, because of its use of groundwater 
for irrigation, and because of the presence of the Salton Sea. 
discharged into the Salton Sea i n  1962; they resulted i n  a 4.5% increase i n  dissolved 
minerals in just 90 days. Existing regulations prohibit such discharges and prohibit 
the raising of river temperatures more t h a n  2°F. The potential for such impacts s t i l l  
exists, especially following blowouts, and must be guarded aga ins t  very carefully. 

Some brines were 

In current or  planned development programs, test-production fluids are to  be 
channeled temporarily t o  settling o r  storage ponds for containment. A t  the end of 
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t es t  periods, the ponds can be fi l led in and replanted. 
reinjection of geothermal fluids i s  intended t o  be the most comnon method of 
eliminating water pollution. Reinjection will be made by properly planned and 
regulated methods. 

For longer-term testing, 

Consumptive use of water for  drilling muds would have a minor impact on local water 
resources b u t  migh t  prove troublesome in desert areas. 

6A.4.6.5 Impact on Air 

Venting of steam t o  the atmosphere can create environmental damage i f  the steam 
contains large quantities of  undesirable gases such as hydrogen sulfide o r  ammonia. 
For example, the steam phase i n  New Zealand i s  reported t o  contain C02 (5400 ppm), 
H2S (140 ppm), and NH3 (15 p p ~ n ) ; ~ ~  and The Geysers steam contains C02 (12,400 ppm), 
H2S (330 ppm), N H 3  (250 ppm), and H3B03 (18 ppm);33 steam from Larderello i s  
similar. Such gases could produce undesirable effects, and their removal might  be 
r e q u i  red d u r i n g  the tes t-production stage. 
include fogs i n  cold climates. 

Other potential atmospheric effects 

Mercury vapor and traces of radioactive elements have been found i n  some geothermal 
fluids. 
for removal of these materials i s  n o t  available; however, methods are available 
and should be used to prevent overexposu.re;: t o  employees. 

Fluids from each well should be analyzed for these elements. Technology 

68.4.6.6 Ecological Impacts 

Most of the impacts on f i s h  and wildlife d u r i n g  field development would occur on or  
adjacent t o  well s i tes ,  although water-quali t y  impairment m i g h t  cause much more 
widespread damage. Habftat would be destroyed a t  well si tes and i n  the vicinity of 
roads. 
be accurately predicted. 

Noise would displace wildlife, although the extent of disturbance cannot 

The greatest potential impact on fish and wildlife would result from improper 
control of the geothermal fluid. If toxic geothermal effluents were t o  be discharged 
t o  surface streams o r  lakes, there i s  the danger t h a t  fishery habitats and waterfowl 
feeding and nesting areas would be adversely affected. Similarly, heated effluents 
could result i n  damage t o  the aquatic h a b i t a t .  
are discharged into streams or lakes, they may be picked up by fish o r  wildlife and 
find their  way i n t o  the human food chain. 
minimize such occurrences. 

Finally, i f  toxic geothermal effluents 

Adequate control measures are required t o  
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6A.4.6.7 Aesthetic and Recreational Impacts 

rvkiny of the geothermal resources of the western United States are i n  remote areas 
valued for wilderness and other natural aesthetic qualities such as volcanos, hot  
springs, fumaroles, and geysers. The national parks and some other desianated 
wilderness areas are not subject t o  aeothermal exploration. Decisions on whether 
t o  develop other scenic areas might be very difficult. 

One of the principal aesthetic impacts of geothermal field development i s  the noise 
of the drilling operation and of the testing. 
distance from The Geysers are 55 decibels (dB) f o r  a i r  drillfna and 65 dS f o r  a 
muffled testinq well (Table 6A.4-2). 

on surrounding terrain, weather, and proximity t o  people, b u t  the overall effect 
could be s i  q n i  f i  cant .  

Typical noise levels a t  1500-ft 

The actual aesthetic impact of noise deoends 

In the areas of natural scenic beauty, the oreatest visual impacts would result 
from the construction of new roads w i t h  attendant hillside scarrina, of a network 
of steam lines, of the power plant w i t h  associated cooling towers, and of trans- 
mission lines. 
towers would also result i n  aesthetic impact. 
throughout  the l i f e  of a geothermal reservoir. 

The presence of steam Dlumes from steam wells and from coolinq 
Drilling rigs would be conspicuous 

Recreation m i g h t  be influenced t o  the extent t h a t  access t o  a qeothermal field would 
have t o  be limited for safety reasons. 
and any noise m i q h t  affect recreation by disturbinq wildlife and reducino the 
aesthetic enjoyment by sportsmen. 
attractions m i g h t  be adversely affected by construction activities nearby. 

Also, destruction of veqetation and fisheries 

The use o f  oeothermal areas as sDas o r  tourist 

6A .4.6.8 B1 owouts 

Uncontrolled blowouts represent an imoortant notential hazard d u r i n q  qeothermal 
development. The adverse effects associated w i t h  blowouts are noise, a i r  contamina- 
t i o n  from aaseous emissions, possible pollution of surface water o r  aroundwater, and 
waste of the resource. 
blowouts. 

Proper casinq design and drillina execution should prevent 

Nevertheless, a blowout t h a t  occurred a t  The Geysers i n  1957 i s  s t i l l  active. 
cause has been attributed t o  minpr shiftinq of the land, which resulted i n  a casinq 
failure t h a t  allows steam t o  escape from around the well. The casina extended t o  
only 500-ft depth: present California and proposed Federal requlations require better 
casings, thus making such a blowout unlikely. They also require quickly operable 

Its  

CY 
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Table 6A.4-2 

COMPARISONS OF NOISE LEVELS BETWEEN THE GEYSERS AREA 
AND OTHER SOURCESa 

Source Level [dB(A)] Distance ( f t )  
~ ~~~ - ~ 

The Geysers Area 

D r i l l i n g  Operation ( a i r )  126 25 

D r i l l i n g  Operation ( a i r )  55 1500 

Muff 1 ed Test ing We 1 1 100 25 

Muf f led Testing Well 65 1500 

Steam-Line Vent 100 50 

Steam-Line Vent 90 250 

Comparative Levels 

J e t  A i r c r a f t  Takeoff 125 

Threshold o f  Pain JJI’ +120 

200 

(Averaqe) 

Unmufflea Diesel Truck 100 50 

S t ree t  Corner i n  a Large City 75 (Average) 

Resident ia l  Area a t  Night 40 (Average) 

aSource: U.S. Department o f  the I n t e r i o r ,  F ina l  Environmental Statement f o r  the 
Geothermal Leasing Program, vo l .  11, 1973, p. V-56. 
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shu to f f  equipment a t  the wellhead t o  r e s t r a i n  any uncontrol led f l o w  tha t  might occur 
About $1 m i l l i o n  has been spent unsuccessfully t o  control  The Geysers blowout. 

More recent experiences a t  The Geysers, i n  the Imperial Valley, and i n  New Zealand 
ind i ca te  no serious blowouts i n  about 200 wel ls completed since 1960. Two blowouts 
have occurred a t  the Cerro P r ie to  f i e l d  i n  Mexico. I n  1961, one resu l ted  f r o m  a 

mechanical f a i l u re  due t o  v ib ra t ions  i n  the wellhead equipment. 
brought under control  by d i rec t i ona l  d r i l l i n g  and by cement i n jec t i on .  
blowout, which was uncontrol led f o r  four  months i n  1972, s ta r ted  w i t h  water and 
steam being ejected from a large c ra te r  about 300 ft from the we l l .  
l a t e r ,  a v i o l e n t  blowout occurred a t  the crater.  
continued during the 4-month per iod  wh i le  cor rec t ive  measures were t r i ed .  Another 
mishap, a t  Beowawe, Nevada, occurred i n  August 1972 when three capped we l ls  appeared 
t o  have been dynamited by vandals. Strong eject ions of steam and water came f r o m  the 
damaged we1 1s. 

This blowout was 
The o ther  

Several days 
This subsided, but emissions 

6A.4.6.9 Earthquakes 

I n  some oi l -product ion regions, the pressure changes r e s u l t i n g  from d r i l l i n g  i n t o  a 
reservo i r  have been accompanied by increased seismic a c t i v i  ty. 

due t o  production have occurred i n  the Wilmington o i l  f i e l d ,  Ca l i fo rn ia ;  others due 
t o  water i n j e c t i o n  have occurred a t  the Baldwin H i l l s  o i l  f i e l d ,  Ca l i fo rn ia ,  and a t  
the Rangely o i l  f i e l d ,  Colorado.33 Also, the seismic a c t i v i t y  associated w i t h  
i n j e c t i o n  o f  waste waters a t  the Rocky Mountain Arsenal i n  Colorado gave r i s e  t o  
considerable p u b l i c i t y .  S imi la r  increases i n  seismic a c t i v i t y  have also been noted 
i n  associat ion w i t h  the f i l l i n g  of la rge  surface reservoirs and w i t h  the attendant 
changes i n  hydros ta t i c  head; the a f fec ted  areas have included Lake Mead on the 
Colorado River and Lake Kariba i n  Afr ica.  
proven disastrous, bu t  the po ten t i a l  f o r  a major quake cannot be ru led  out. 
event , earthquakes must be counted as a po ten t i a l  environmental impact associated 
w i t h  geothermal development, and provis ions must be made f o r  seismic monitoring 
before and dur ing major production. On the o ther  hand, the argument i s  presented 
tha t  the geothermal areas are n a t u r a l l y  ac t i ve  seismic regions, and therefore i t  

would be d i f f i c u l t  t o  say tha t  d r i l l i n g  a t  depths less than 10,000 ft can t r i g g e r  
earthquakes whose epicenters are several miles deep. The br ines are re in jec ted  
a t  pressures much lower than those t h a t  caused seismic a c t i v i t y  a t  other places, and 
the low-pressure f l u ids  may lub r i ca te  sl ippage planes and gradually r e l i e v e  stresses. 

Such i n s t a b i l i t i e s  

I n  general, such earthquakes have not 
I n  any 
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The problem i s  a major concern f o r  large-scale development, and i t s  s o l u t i o n  
probably l i e s  i n  extensive base- l ine data c o l l e c t i o n  p r i o r  t o  f i e l d  development and 

i n  c lose  moni tor ing o f  seismic a c t i v i t y  dur ing production. 

6A.4.6.10 Subsidence 

The many instances o f  land  subsidence from freshwater product ion and from o i l  
product ion are  we1 1 documented. 

production w i l l  a lso  con t r i bu te  t o  land subsidence, which has been noted a t  Cerro 
Pr ie to,  blexico. 

the on ly  safe way f o r  development t o  proceed appears t o  be w i t h  base- l ine data and 
a good ,monitoring o f  e leva t ion  changes. The U.S. Geological Survey has i n i t i a t e d  a 

program t o  moni tor  poss ib le  ground movecient i n  The Geysers area and i n  the Imper ia l  
Val 1 ey . 

Therefore, concern i s  expressed t h a t  geothermal 

A1 though subsidence can be predic ted roughl j l  by geologica l  theory, 

29 

Re in jec t ion  o f  geothermal o r  o ther  water i n t o  the geothermal area i s  c i t e d  as a 
poss ib le  method o f  a l l e v i a t i n g  subsidence. 
r e l a t e d  t o  the l o c a l  geology and geocheoiistry. 
s t i l l  be requ i red  t o  in form the  operator and the regu la to ry  agencies o f  the  
consequences o f  production operations. 

The f e a s i b i l i t y  o f  t h i s  approach may be 
Moni tor ing o f  ground movement would 

Land subsidence i n  some undeveloped areas may 
would be o f  g rea t  concern i n  f l a t  a g r i c u l t u r a l  

6A.4.6.11 Power-Plant Thermal E f fec ts  

Because o f  the r e l a t i v e l y  small temperature d r  
cycles, the o v e r a l l  thermal e f f i c i e n c y  is low. 

. 5 . 

o t  be o f  s i g n i f i c a n t  concern; i t  

regions such as the  Imper ia l  Val ley.  

v ing forces i n  geothermal power 
For example, a t  The Geysers the 

heat r a t e  i s  about 22,000 Btu/kWhr compared w i t h  8000 t o  9000 Btu/kWhr f o r  a modern 

f o s s i l - f u e l e d  p l a n t  o r  f o r  an e f f i c i e n t  nuclear p l a n t  such as the  HTGR o r  the  
proposed LMFBR. 
capaci ty  o f  1000 MWe, the  comparison i s :  
advanced nuclear, 1500 MWt .  

l a rge  cen t ra l - s ta t i on  p lan ts  by a fac to r  g rea ter  than 4, the  increase i n  environ- 
mental impact may no t  be propor t iona l  t o  the  increase i n  heat re jec ted  because 
geothermal p lants ,  and consequently heat re jec t i ons ,  would be dispersed over a 
la rge  area. 
be associated w i t h  large-scale geothermal development have no t  been thoroughly 

eval ua ted. 

I n  terms o f  the  heat re jec ted  t o  the  atmosphere f o r  a generating 
geothermal, 6140 Mbl t ;  f o s s i l - f u e l e d  o r  

Although geothermal p lan ts  r e j e c t  more energy than do 

Nevertheless, the  imp l i ca t i ons  o f  the l a rge  amount o f  heat t h a t  would 
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6A.4.6.12 Economic and Social E f fec ts  

Geothermal development requires substant ia l  investment i n  the d r i l l i n g  o f  we l ls  and 
the  construct ion o f  roads, pipel ines,  power and by-product plants,  and transmission 
l ines .  
ment. 
only a moderate number o f  people would l a t e r  be required t o  operate and maintain a 
la rge  geothermal f i e l d .  

, 

Such investments r e s u l t  i n  an increased tax base fo r  the  area o f  develop- 
The labor- intensive phase i s  short-term (dur ing f i e l d  development), and 

6A.4.6.13 I r r e v e r s i b l e  and I r r e t r i e v a b l e  Commitments o f  Resources 

The p r inc ipa l  comitment o f  resources would be the deplet ion o f  thermal energy and 
water from the loca l  geothermal reservoir .  Both are eventual ly renewable b u t  n o t  
w i t h i n  the l i f e  o f  a s p e c i f i c  p ro jec t .  No a l te rna t i ve  use o f  the stored energy i s  
foreseen, and the geothermal water might be developed fo r  o ther  uses a f t e r  i t  had 
been used f o r  power production. 

Compaction and r e s u l t i n g  land subsidence t h a t  might occur are po ten t i a l  i r reparab le  
consequences. 
aesthetics would be i r r e v e r s i b l y  al tered. The extent o f  such a l te ra t i ons  would 
depend on the  p a r t i  cut a r  s i  t e  and character1 s ti cs i nvol ved. 

Some ons i te  o r  re la ted  ecologfcal features such as p lan t  l i f e  and 

F ina l l y ,  dedication o f  the land surface t o  use fo r  wel ls,  associated surface f a c i l i -  
t i e s ,  power plants,  and transmission l ines ,  wh i le  nott.permanent except f o r  minor 
port ions o f  the area, would represent an i r r e v e r s i b l e  commitment i n  the context o f  
human l i f e t i m e s .  
i n  power f a c i l i t i e s  a t  a given f i e l d .  

Normally, 30 t o  50 years i s  required t o  amortize the investment 

6A.4.7 Costs and Benef i ts 

6A.4.7.1 

6A.4.7.1.1 D i rec t  Costs 

Energy Production and Del ivery Costs 

The d i r e c t  costs, o r  those costs t h a t  are accounted fo r  i n  the p r i c e  o f  geotherma 
energy, include the fo l l ow ing  major components: 
conversion, and (3)  power transmission. L i t t l e  i s  known about the cost o f  trans- 
mission should geothermal energy become a major e l e c t r i c a l  -energy source except 
tha t ,  should the geothermal f i e l d  be i n  a remote area, the cost would probably be 

(1) steam supply, (2 )  power 
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somewhat higher t h a n  t h a t  for  central-station fossil -fueled o r  nuclear plants. 
However, the amount of this cost differential is  not likely t o  be a major element 
i n  the overall cost of geothermal power. 

Various estimates have been given of the cost t o  extract and convert geothermal 
energy. 
fossil-fuel energy, appear t o  be somewhat dated and, i n  particular, fa i l  t o  take 
i n t o  consideration the rapid increases i n  al l  energy costs, including construc- 
t i o n  costs, experienced i n  the p a s t  year o r  two. 
estimate is t h a t  by Pacific Gas and Electric Company for their Geysers u n i t  14, 
scheduled t o  go on line i n  1976.26 The estimated production cost i n  terms of  1973 
dollars i s  9.11 mills/kWhr for  a 70% plant factor and 8.55 mills/kWhr f o r  a 90% 
plant factor. These costs would seem t o  represent a lower limit on geothermal- 
energy costs since dry-steam reservoirs, such as The Geysers, are generally 
conceded t o  be the least expensive t o  t a p .  

B u t  these estimates, like many published estimates for nuclear and 

Probably the best current 

6A.4.7.1.2 Indirect Costs 

Certain costs of geothermal energy will not  appear i n  the market price of the 
products. These may include: 
gaseous and liquid effluents, (3)  withdrawal of land from other potential uses, 
and ( 4 )  increased seismic activity. Of course, not all of these will be present i n  
every geothermal development, and!some, such as environmental effects of effluents, 
may be controlled by added power-plant equipment and would thus be transferred t o  
direct costs recoverable from power revenue. 

(1) ground subsidence, ( 2 )  environmental effects of 

6A.4.7.2 Development Costs 

As noted in Section 6A.4.4, the Hickel has suggested a ten-year research 
and development program t h a t  would amount t o  $500 million t o  $600 million, and a 
five-year $185 million program has also been suggested as p a r t  o f  a national 
energy research program in the report "The Nation's Energy Future. 

- 

1125 

6A .4.7.3 Benefits 

The major benefit from geothermal energy i n  the context of the present study would 
be electric power w i t h  no dependence on externally acquired fuels. Other benefits 
migh t  include: 
process or space heat. The multiple-use aspects would appear t o  warrant increased 
attention because of the depletable nature of the resource and because of the small 
fraction of  the stored energy t h a t  i s  available for  power generation. 

(1)  desalted water, ( 2 )  comnercial minerals and  gases, and (3) 
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6A.4.8 Overa l l  Assessment o f  Role i n  Energy Supply 

A major  advantage of geothermal enerqy i s  t h a t  e l e c t r i c  power can be oroduced 
w i t h o u t  t h e  consumption of  fue ls .  
impacts might ,  by research and development, be made acceptable.  
people have made w i d e l y  d i f f e r e n t  judqments about t h e  amount o f  t h e  recove rab le  

resource and t h e  r a t e  a t  which t h i s  resource can be e x p l o i t e d  i n  t h e  f u t u r e .  
Present i n f o r m a t i o n  i n d i c a t e s  t h a t  qeothermal energy m iqh t  become an imoor tan t  
source o f  energy i n  some reg ions  of t h e  western U n i t e d  States,  e s p e c i a l l y  a t  The 

Geysers and i n  t h e  I m p e r i a l  Va l l ey ,  before t h e  end o f  t h e  century .  
f o r  r e g i o n a l  s i g n i f i c a n c e  c o u l d  j u s t i f y  a s i q n i f i c a n t  research program. 

development of qeothermal power i n  one p a r t  o f  t h e  U n i t e d  S ta tes  would r e l e a s e  
comparable amounts o f  f u e l  f o r  consumption elsewhere. 

The p o t e n t i a l l y  s i q n i f i c a n t  environmental  

Knowledgeable 

Th is  p o t e n t i a l  
A lso,  t h e  

Whether geothermal energy w i l l  become o f  n a t i o n a l  s i n n i f i c a n c e  i n  t h e  foreseeable 

f u t u r e  i s  unce r ta in .  The successful  use of  enerqy i n  d r v  h o t  rocks  would qo f a r  
towards making i t  so, b u t  t h i s  aoaroach i s  now o n l y  i n  t h e  conceptual  staqe. A t  
any r a t e ,  t h e  p lann ing  t o  meet a s i g n i f i c a n t  p a r t  o f  f u t u r e  energy needs cannot 

be based s o l e l y  on geothermal energy. 

a l t e r i n g  t h e  course o f  development o f  o t h e r  enerqy sources, i nc lud inc l  coa l  and 
nuc lea r  energy. 

Therefore,  no b a s i s  seems y e t  t o  e x i s t  f o r  

% 

The above conc lus ion  i s  chal lenged by some. 
Defense Counci l  (NRDC) s t a t e s :  

For exatrole, t h e  Na tu ra l  Resources 

Together w i t h  energy conservat ion,  geothermal resources cou ld  account 
f o r  some 2,250 t o  2,550 GWe by 2020, i n  o t h e r  words, a t  l e a s t  t h e  
e q u i v a l e n t  o f  t h e  LKFBR c a p a c i t y  p r o j e c t e d  i n  t h e  D r a f t  EIS.* 

NRDC then goes on t o  quote e x t e n s i v e l y  f rom t h e  Cornel1 Norkshop on Enerqy and t h e  
E n ~ i r o n m e n t ~ ~  on t h e  s u b j e c t  o f  "Hot D r y  Rock Geotherwal Systems," which d e p i c t s  t h e  
l a r g e  amounts o f  energy p o t e n t i a l l y  a v a i l a b l e  f rom h o t  d ry - rock  systems and 

recommends: 

The economic and environmental  impact has t h e  p o t e n t i a l  o f  be inq  so 
l a r g e  t h a t  h o t  d r y  r o c k  geothermal enerqy research should be assiqned 
a h i g h  p r i o r i t y  and be supported a t  a l e v e l  s u f f i c i e n t  t o  eva lua te  t h e  
concept and demonstrate f e a s i b i l i t y  and costs.** 

*Comment L e t t e r  38b, p. 18. 
**Comment L e t t e r  38b,p. 20. 
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The NRDC further proceeds to quote from the study "Energy Research and Develop- 
~nent,''~~ to the effect: 

Basic and applied research in the field o f  aeothermal enerqy should be 
increased many times over the present level. Because little attention 
has been given to this area in the past, it is potentially highly 
leveraged. The investment of a few tens of millions of dollars now has 
the possibility of opening for development a vast new source of enerqy. 

There are two specific questions about geothermal energy that need 
answers: how large is the geothermal energy resource? Can we 
economically obtain energy from dry geothermal reservoirs? The 
first question can be resolved by a combination o f  terrestrial 
exploration and satellite studies of earth resources. 
question can only be answered by direct experimentation on a 
fractured, hot, dry, geothermal heat reservoir. This work on 
geothermal enerqy should receive highest priority.* 

The second 

After citing these sources, the NRDC reaches the conclusion: 

The validation o f  this potential energy resource over the next few 
years could totally eliminate the need for the LMFBR. 
sideration alone strongly suggests the prudent option of delaying 
any significant expenditure on the LMFBR proyarn, particularly the 
commercial phase, over the next few years while the geothermal 
option is investigated. 

This con- 

The AEC agrees with the positions of the Cornel1 Workshop and the Task Force on 
Energy of the Committee on Science and Astronautics. 
conclusion drawn by the NRDC that, because a potential energy source %become 
available in sufficient magnitude to assist, along with eneray conservation 
measures, in closing the energy gap, this is a sufficient reason for abandoning 
other promising energy options that are in advanced staaes o f  development. 

course would not be a prudent one to pursue i n  developinq the Nation's energy 
options. 
the technology be successfully developed, and should the system prove economically 
competitive, then the time would come to decide whether other energy options should 
be pursued further; this decision should be made in the marketplace where all 
environmentally acceptable and technically and economically viable energy options 
should be made available. 

It cannot aaree with the 

This 

Should geothermal energy prove to be as abundant as some hope, should 

*Comnent Letter 38b,p. 20. 
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6A. 5 ' SOLAR ENERGY 

6A. 5.1 Introduction 

6A.5.1.1 General Description 

In  response t o  the impending shortage of some fossil fuels,  various proposals have 
been made t o  use solar energy as a substitute for  other energy sources. 
proposed applications include the production of e lectr ic i ty ,  thermal energy, and 
fuels. 
based on a r t i f ic ia l  collection. The indirect manifestations of solar energy, such 
as wind, fall ing water, ocean thermal gradients, and organic'wastes, are covered 
under separate headings i n  the Environmental Statement. 

The 

This section evaluates the methods of direct solar energy ut i l izat ion" 

Energy from the sun f a l l s  on the earth 's  atmosphere a t  a rate of about  130 watts 
per square foot (W/ft').' 
and variations i n  latitude reduce this rate t o  an average of 17 W/ft for the 
surface of the United States.' Even so, the energy received from the sun exceeds 
the energy of a l l  kinds t h a t  we produce from conventional fuels by a factor of 
nearly 700. 
reviewers to  claim* t h a t  "Solar energy actually offers the only continuous, 
unlimited source of energy, renewable daily. I t  offers us the only oppor tuni ty  t o  
l ive w i t h i n  our energy income, instead o f  on our f i n i t e  energy capital." 
claim can be made, and has been made, for indirect as well as direct  solar-related 
energy phenomena including wind-power and ocean thermal gradients. 
is, of course, basically true, although i t  deprecates the very large energy resources 
available i n  uranium and deuterium. An energy resource becomes recoverable when the 
s t a t e  of i t s  technology, t h e  economics o f  i t s  u t i l i z a t i o n ,  and  its social accept- 
abi l i ty  a l l  combine t o  make i t s  exploitation feasible and desirable. 
words, the total amount of energy inherently available i n  a particular energy 
resource i s  n o t  as important  as the amount of energy extractable a t  costs--economic, 
environmental, and social--that are competitive w i t h  other available energy 
resources. 
dilute and interruptible solar energy resource i n  i t s  proper perspective i n  these 
regards. 

Nights, weather, seasons, attenuation by the atmosphere, 
2 

T h i s  extremely large, daily renewable energy source has led some 

This 

The statement 

In  other 

The following discussion attempts t o  place the vast b u t  extremely 

The methods that have been proposed t o  produce electr ic i ty  from solar energy are: 
(1) thermal conversion, ( 2 )  photovoltaic conversion (solar ce l l s ) ,  and (3) burning 

*Testimony o f  the Scientists Insti tute for Public Information i n  regard to  the 
Atomic Energy Comnission's Draft Environmental Statement i n  the LMFBR Program, 
April 25, 1974, Section V ,  p. V-3. 
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of photosynthetic materials. In the thermal-conversion process, shown schematically 
i n  Figure 6A.5-1, so la r  energy i s  collected i n  a heat-transfer f luid that  is  used i n  
a thermodynamic cycle t o  generate e l e c t r i c i t y  as i n  other steam-electric plants.  In 
the photovol ta i  c process, sol a r  energy i s  converted direct ly  t o  e lec t r i  ci ty i n  so la r  
ce l l s .  Electr ic i ty  production based on photosynthetic materials would be accom- 
plished primarily by combustion of vegetable carbohydrates i n  a conventional steam- 
e l e c t r i c  plant. All of these methods may be applicable t o  central-station power 
generation, and the thermal conversion and photovoltaic processes have also been 
proposed for  small units sui table  for  residential  or comnercial buildings. Solar 
ce l l s ,  i n  par t icular ,  may be sui table  for  th i s  application. 

Thermal energy derived from solar  radiation can also be used for  space conditioning 
( i . e . ,  heating and cooling of buildings) and residential  water heating. 

The production of high-energy fuels from solar  energy involves two basic steps.  The 
f i r s t  step is the managed conversion o f  so lar  energy i n t o  p l a n t  tissue ( e . g . ,  t rees ,  
grasses, water plants,  and algae) by photosynthesis. 
low-energy content per u n i t  volume, conversion t o  a high-energy gaseous, l iquid,  or 
sol id  fuel is  desirable. Conversion methods include fermentation, pyrolysis, and 
chemical reduction. 

Because plant t issue has a 

6A.5.1.2 History 

The collection and use of so la r  energy f o r  thermal applications has been practiced 
for  centuries. " B u r n i n g  lenses" 
were, and s t i l l  are ,  used i n  chemical and metallurgical researches involving h igh  
temperatures. 

Early uses were primarily s c i e n t i f i c  i n  nature. 

Although e lec t r ica l  generation from solar  energy by thermal conversion has n o t  been 
attempted, the technical f e a s i b i l i t y  of doing so i s  n o t  questioned. Thermal conver- 
sion t o  mechanical energy was demonstrated i n  the l a t t e r  par t  of the 19th century. 
A workable solar-powered water pump was displayed by Mouchot a t  the Paris World Fair  
i n  1878.3 Frank Shuman, an American engineer, b u i l t  a 100-hp solar-powered steam 
engine i n  Egypt i n  1912.3 B u t  a l l  attempts a t  a practicable system have been less  
than sat isfactory,  primarily because collectors have no t  been developed tha t  w i  11 
col lect  solar  energy ef f ic ien t ly  and, a t  the same time, provide h i g h  temperatures 
necessary f o r  good efficiency of a heat engine. 
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6A.5.1.3 S ta tus  

Most contemporary uses of s o l a r  energy are t o  p rov ide  thermal energy f o r  b u i l d i n g s .  
S o l a r  water  heaters  are manufactured and used i n  severa l  coun t r i es  i n c l u d i n g  t h e  

Un i ted  States;  they were once common i n  F l o r i d a ,  b u t  t h e i r  use has d imin ished 
because o f  t h e  a v a i l a b i l i t y  of  n a t u r a l  gas. Space h e a t i n g  by use o f  s o l a r  energy 
has been demonstrated i n  about 20 exper imental  b ~ i l d i n g s . ~  Under Na t iona l  Science 
Foundat ion (NSF) sponsorship,  f o u r  schools i n  d i f f e r e n t  p a r t s  o f  t h e  coun t ry  have 
r e c e n t l y  been equipped w i t h  s o l a r  c o l l e c t o r s  t o  p rov ide  p o r t i o n s  o f  t h e  h e a t i n g  

1 0 a d s . ~  
abso rp t i on  r e f r i g e r a t i o n  has been conducted, and an exper imenta l  house t h a t  uses 
s o l a r  energy f o r  bo th  hea t ing  and c o o l i n g  has been cons t ruc ted  a t  Colorado S t a t e  

U n i ~ e r s i t y . ~  T h i s  house i s  t o  be used as a s o l a r  energy l a b o r a t o r y  f o r  NSF- 
sponsored research. S o l a r  energy systems f o r  r e s i d e n t i a l  and commercial b u i l d i n g s  
t h a t  combine water  heat ing,  space heat ing,  and a i r  c o n d i t i o n i n g  are considered t o  

have t h e  most ,promise because s o l a r  c o l l e c t o r s  and energy s torage u n i t s ,  t h e  major  
c o s t  centers,  a re  common t o  a l l  t h r e e  f u n c t i o n s .  

Some exper imenta l  work on solar-powered a i r  c o n d i t i o n i n g  by use o f  

The r e c e n t  resurgence of  i n t e r e s t  i n  thermal conversion i s  due p r i m a r i l y  t o  t h e  

e f f o r t s  o f  Drs. Aden and Margor ie  Meinel  o f  t h e  U n i v e r s i t y  o f  Ar izona. They propose 
a s o l a r  c o l l e c t i o n  system t h a t  would use s e l e c t i v e  sur faces and o p t i c a l  i n t e n s i f i c a -  
t i o n ;  t h e  hope i s  t h a t  t h e  system would p rov ide  temperatures comparable w i t h  those 
achieved i n  modern f o s s i  1 - fue led  s team-e lec t r i c  p l a n t s .  

E l e c t r i c  genera t i on  by use of s o l a r  c e l l s  i s  a w e l l  e s t a b l i s h e d  technology f o r  a 

number o f  s p e c i a l i z e d  a p p l i c a t i o n s .  Arrays of s i l i c o n  c e l l s  a re  used i n  spacecraf t  

t o  supply  e l e c t r i c a l  needs. 
o f f s h o r e  p la t fo rms ,  microwave repea te r  s t a t i o n s ,  a i  r - n a v i  g a t i  on beacons, highway 

emergency c a l l  systems, and r a i l r o a d  s i g n a l i n g  S o l a r - c e l l  power u n i t s  
va ry  i n  s i z e  f rom a few wa t t s  t o  over  20 kW f o r  Skylab. The annual U n i t e d  S ta tes  
p roduc t i on  o f  s i l i c o n  s o l a r  c e l l s  i s  50 t o  70 kW, most o f  which a re  f o r  space 
 application^.^ Large p h o t o v o l t a i c  systems f o r  t e r r e s t r i a l  a p p l i c a t i o n s  a re  s t i l l  

i n  t h e  research stage. 

T e r r e s t r i a l  uses i n c l u d e  power f o r  n a v i g a t i o n  l i g h t s  on 

The p roduc t i on  o f  h igh-energy f u e l s  f rom s o l a r  energy has been demonstrated t o  be 
t e c h n i c a l l y  f e a s i b l e  b u t  has n o t  been a p p l i e d  ~ o m m e r c i a l l y . ~  The managed produc- 

t i o n  o f  raw pho tosyn the t i c  m a t e r i a l s  f o r  f u e l s  would be analogous t o  t r e e  farming 
f o r  lumber and paper, t h e  c u l t i v a t i o n  of grasses f o r  hay, and a lgae c u l t u r e  f o r  

removing n u t r i e n t s  i n  sewage ponds. Conversion o f  t h e  raw m a t e r i a l  t o  high-energy 
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gaseous l i q u i d  and s o l i d  f u e l s  by b i o l o g i c a l  and chemical processes has been 
demonstrated on a p i l o t  sca le .  4 

Because o f  t h e  renewed i n t e r e s t  i n  s o l a r  energy, two separate panels o f  n a t i o n a l  
s t a t u r e  have r e c e n t l y  r e p o r t e d  t h e  r e s u l t s  o f  t h e i r  s t u d i e s  on (1 )  t h e  s t a t e  o f  
technology, (2)  t h e  p r o j e c t e d  n a t i o n a l  impact, and (3) t h e  research and development 
r e q u i r e d  t o  r e a l i z e  t h e  f u l l  p o t e n t i a l  o f  s o l a r  energy. The f i r s t  panel4 was orga- 

n i z e d  j o i n t l y  by t h e  Na t iona l  Science Foundation and t h e  Na t iona l  Aeronaut ics  and 
Space A d m i n i s t r a t i o n  (NASA) , and i t s  r e p o r t  was i ssued  i n  December 1972. 
and more recent ,  panel7 was organized t o  p rov ide  i n p u t  t o  "The N a t i o n ' s  Energy 

Future,Il8 a r e p o r t  t o  t h e  P res iden t  t h a t  de f i nes  and recommends a na t i o r l a l  f i v e -  
y e a r  research program on energy. The second p a n e l ' s  r e p o r t ,  e n t i t l e d  "Subpanel I X ,  
S o l a r  Energy Program," was completed i n  November 1973. 

The second, 

Most areas o f  research and development recommended by t h e  above panels are now under 
study, and t h i s  work i n v o l v e s  a t  l e a s t  t h ree  Federal agencies--NSF, NASA, and AEC-- 

a s  w e l l  as many i n d u s t r y  and u n i v e r s i t y  groups.' The NSF S o l a r  Energy Program 
covers a l l  a p p l i c a t i o n s .  NASA i s  i n v o l v e d  i n  t h e  h e a t i n g  and c o o l i n g  o f  b u i l d i n g s ,  
wind energy, and s o l a r  c e l l s .  
improved s o l a r  concentrators .  

The AEC work i n v o l v e s  energy f o r  b u i l d i n g s  and 
10-12 

6A.5.2 Ex ten t  o f  Energy Resource 

6A. 5.2.1 Geographi c a l  D i s t r i b u t i o n  

The resource base, t h a t  i s ,  t h e  r a t e  a t  which s o l a r  energy i s  i n c i d e n t  on t h e  su r face  
o f  t h e  U n i t e d  States,  i s  reasonably w e l l  e s t a b l i s h e d  and amounts t o  about 1.43 x 10 
MWt-years/year f o r  the conterminous Un i ted  S t a t e s .  I f  conver ted a t  10% e f f i c i e n c y ,  
solar energy cou ld  p rov ide  e l e c t r i c i t y  a t  a r a t e  g r e a t e r  than a hundred t imes t h e  
r a t e  o f  consumption expected f o r  t h e  y e a r  2000. The resource base i s  n o t  u n i f o r m l y  

d i s t r i b u t e d  over t h e  Un i ted  S ta tes  and ranges from an average o f  about 12 W/ft 

f o r  p o r t i o n s  o f  Michigan and Wisconsin t o  about 24 W / f t  f o r  southern Ar izona 
and New Mexico. F igu re  6A.5-2 shows t h e  d i s t r i b u t i o n  o f  s o l a r  energy ove r  t h e  
Un i ted  States f o r  an average day. 

9 

2 
2 

13 

6A.5.2.2 

The resource base does not ,  o f  course, c o n s t i t u t e  a recoverable resource unless and 

u n t i l  t h e  c o s t  o f  recovery i s  c o m p e t i t i v e  w i t h  t h e  cos ts  o f  a l t e r n a t i v e  energy 

sources. A t  t h e  present ,  t h e  recoverable resource i s  very  smal l  s i nce  t h e  economic 

f e s s i b i l i t y  o f  s o l a r  energy has been demonstrated f o r  o n l y  a few s p e c i a l i z e d  

a p p l i c a t i o n s .  

Est imated Avai 1 ab i  1 i ty 

. 
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For c e n t r a l - s t a t i o n  e l e c t r i c  power based on s o l a r  energy, t h e  a v a i l a b i l i t y  o f  l a r g e  
t r a c t s  of l a n d  w i t h  h i g h  s o l a r  i n p u t s  i s  e s s e n t i a l .  

s t a t i o n  p l a n t s  are based on t h e  assumption t h a t  t h e  p l a n t s  w i l l  be l o c a t e d  i n  t h e  
d e s e r t  Southwest. More than 100,000 square m i les  i n  t h e  western Un i ted  S ta tes  are 
deser t . ’  Some est imates l4,l5 i n d i c a t e  t h a t  as l i t t l e  as 10% o f  t h i s  l a n d  would be 

needed t o  p rov ide  t h e  e l e c t r i c a l  capac i t y  r e q u i r e d  i n  t h e  y e a r  2000 ( 2  m i l l i o n  MWe). 

Most proposals  f o r  c e n t r a l -  

6A. 5.3 Technica l  D e s c r i p t i o n  

6A.5.3.1 Thermal Conversion 

Several  v a r i a t i o n s  of  thermal-convers ion systems a re  possib1e; l5 t h e  one proposed 

by t h e  Drs. Meinel l ‘  has a t t r a c t e d  considerable a t t e n t i o n ,  and t h e  elements o f  t h e i r  
system a r e  reasonably r e p r e s e n t a t i v e  o f  o the rs .  

conversion s o l a r  e l e c t r i c  p l a n t  are: 
s torage sys tem, and (3 )  an energy-conversion sys tern. 
system. 

The b a s i c  components o f  a thermal-  

F igu re  FA. 5-3 i 11 u s t r a t e s  t h e  
( 1 )  an e n e r g y - c o l l e c t i o n  system, (2 )  an energy- 

The Meinel  concept f o r  a c o l l e c t o r  system stems from r e c e n t  developments i n  producing 
s e l e c t i v e  f i l m s  t h a t  have h i g h  a b s o r p t i v i t y  f o r  short-wavelength s o l a r  r a d i a t i o n  and 
low e m i s s i v i t y  f o r  t he  long-wavelength i n f r a r e d  r a d i a t i o n .  1 7 ~ 1 8  I n f r a r e d  r a d i a t i o n  
accounts f o r  much o f  t h e  energy l o s s  o f  a heated sur face.  
i n  con junc t i on  w i t h  some o p t i c a l  concen t ra t i on  o f  t h e  i n c i d e n t  r a d i a t i o n  by s u i t a b l e  
lenses o r  m i r r o r s  may make p o s s i b l e  t h e  at ta inment  o f  temperatures o f  t h e  o r d e r  o f  

1000°F i n  t h e  c o l l e c t i n g  f l u i d .  The c o l l e c t o r  p ipes,  con ta in ing  a hea t  t r a n s f e r  
f l u i d  such as sodium, are o r i e n t e d  i n  an east-west d i r e c t i o n ,  as a reasonable a l t e r n -  
a t i v e  t o  t r a c k i n g  t h e  sun ( w i t h  t h e  a t tendan t  c o s t  o f  t h e  t r a c k i n g  mechanism). 
p i p e  i s  coated w i t h  a s e l e c t i v e  f i l m  and i s  l o c a t e d  w i t h i n  an evacuated g lass 
envelope. 
o r ,  i n  an a l t e r n a t i v e  arrangement, a Fresnel  l ens  focuses t h e  sun’s  rays  on t h e  
c o l l e c t o r  tube. 

The-use o f  s e l e c t i v e  f i l m s  

Each 

E i t h e r  t h i s  enclosed p i p e  i s  l o c a t e d  a t  t h e  focus o f  a p a r a b o l i c  m i r r o r ,  

Heat i s  t r a n s p o r t e d  f rom t h e  c o l l e c t o r  f i e l d  by c i r c u l a t i o n  o f  molten sodium i n s i d e  

t h e  c o l l e c t o r  tubes. 

tank,  where i t  i s  s t o r e d  as t h e  hea t  o f  f u s i o n  o f  a e u t e c t i c  s a l t .  
r e q u i r e d  i f  t h e  p l a n t  i s  t o  be capable o f  o p e r a t i n g  con t inuous ly .  
u n i t  serves as t h e  source o f  energy t o  generate steam, which d r i v e s  a convent ional  
t u rb ine -genera to r .  

f o s s i l - f u e l e d  p l a n t s ,  b u t  because most s tud ies  o f  s o l a r  thermal-convers ion p l a n t s  

assume a d e s e r t  l o c a t i o n ,  d r y  c o o l i n g  towers would seem t o  be r e q u i r e d .  

From t h e  sodium, t h e  energy i s  t r a n s f e r r e d  t o  a thermal s torage 
Energy s torage i s  

The heat-s torage 

Heat cou ld  be r e j e c t e d  from t h e  c y c l e  by any means s u i t a b l e  f o r  
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Proponents o f  thermal convers ion o f  s o l a r  energy b e l i e v e  t h a t  e f f i c i e n c i e s  
t o  30% (percent  o f  i n c i d e n t  r a d i a t i o n  converted t o  e l e c t r i c i t y )  can be ach 

Others es t ima te  t h e  range t o  be 10 t o  20%. 

o f  20 

eved. 4 

I n  t h e  southwestern Un i ted  States,  a minimum o f  6400 acres (10 square m i l e s )  would 
be needed f o r  a thermal s o l a r  power p l a n t  o f  s u f f i c i e n t  s i z e  t o  p r o v i d e  t h e  e l e c -  
t r i c a l  energy e q u i v a l e n t  t o  t h a t  o f  a nuc lea r  o r  f o s s i l - f u e l e d  power p l a n t  o f  1000 

MWe operat ing,  on t h e  average, a t  70% o f  capac i t y .  4 

6A.5.3.2 P h o t o v o l t a i c  Conversion 

P h o t o v o l t a i c  convers ion systems are based on t h e  p r i n c i p l e  t h a t  i n  some s o l i d - s t a t e  

m a t e r i a l s  (e.g.  , s i l i c o n )  t h e  abso rp t i on  o f  photons ( l i g h t )  generates f r e e  e l e c t r i -  
c a l  charges. 
t h e  semiconductor. The s o l a r - c e l l  m a t e r i a l s  most f r e q u e n t l y  mentioned a r e  s i l i c o n ,  

cadmium s u l f i d e ,  and g a l l i u m  arsenide.  19’20 The maximal t h e o r e t i c a l  convers ion 

e f f i c i e n c y  i s  about 25% f o r  a s i n g l e  semiconductor dev ice o p e r a t i n g  a t  room 
t e m p e r a t ~ r e . ~  E f f i c i e n c i e s  of  13 t o  14% f o r  s i l i c o n  c e l l s  and 4 t o  6% f o r  cadmium 
s u l f i d e  c e l l s  are achieved i n  t e r r e s t r i a l  a p p l i c a t i o n s .  

These charges a re  c o l l e c t e d  on con tac ts  a p p l i e d  t o  t h e  sur faces o f  

4 

I n d i v i d u a l  c e l l s  are connected i n  s e r i e s - p a r a l l e l  a r rays  t o  o b t a i n  t h e  d e s i r e d  
d i r e c t  c u r r e n t  (dc)  vo l tage  and c u r r e n t .  Several so l  a r  panels, t h e  number depending 
on t h e  a p p l i c a t i o n ,  would be assembled t o  form an e l e c t r i c  power source. 

t h ree  types o f  e l e c t r i c  p l a n t s  t h a t  would use s o l a r  c e l l s  have been proposed: 
(1) t e r r e s t r i a l  c e n t r a l  power s t a t i o n s ,  ( 2 )  e a r t h - s a t e l l  i t e  c e n t r a l  power s t a t i o n s ,  
and (3 )  power u n i t s  f o r  b u i l d i n g s .  

E s s e n t i a l l y  

T e r r e s t r i a l  c e n t r a l  power s t a t i o n s  would c o n s i s t  o f  a l a r g e  number o f  s o l a r  panels 
d i spe rsed  over  a l a r g e  area. 
t o  p r o t e c t  t h e  panels f rom damage d u r i n g  storms, t o  min imize dus t  f o rma t ion  on t h e  

c e l l s ,  and t o  p rov ide  access f o r  maintenance. 
source o f  power, energy s torage i n  a mechanical o r  chemical form would be necessary. 
The energy c o u l d  be s t o r e d  by use o f  b a t t e r i e s ,  pumped water ,  r o t a t i n g  masses, o r  

e l e c t r o l y t i c  hydrogen.21 O f  these, b a t t e r i e s  m igh t  be t h e  most promising, a l though 
b a t t e r i e s  f o r  c e n t r a l - s t a t i o n  energy s torage a re  i n  t h e  developmental stage. 

so lar -energy p l a n t  were t o  be connected t o  an a l t e r n a t i n g  c u r r e n t  (ac)  g r i d ,  dc- to-  
ac conver ters  would be requ i red .  

collection-storage-converter system, a 1000-MWe power s t a t i o n  l o c a t e d  i n  t h e  south-  

western Un i ted  S ta tes  would r e q u i r e  about 9500 acres (15 square m i l e s )  o f  c e l l  

sur face,  which would cover  a t o t a l  area o f  about 19,000 acres (30 square m i l e s ) .  

The c o l l e c t o r  f i e l d  would need t o  be prepared so as 

I f  t h e  p l a n t  were t o  be a cont inuous 

I f  t h e  

A t  an e f f i c i e n c y  o f  10% f o r  t h e  combined 
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The needed plant area i s  larger than the cell  area because space i s  required between 
panels t o  eliminate shading and t o  provide access for  maintenance. 

S a t e l l i t e  central power s ta t ions ,  i l lus t ra ted  i n  Figure 6A.5-4, are the most imagi- 
native of a l l  solar-energy proposals.22 S a t e l l i t e s  containing f ie lds  o f  solar  ce l l s  
could be placed i n  synchronous o r b i t  around the ear th ' s  equator. The 10,000-MWe 
s ta t ion  shown i n  Figure 6A.5-4 would require a 5- by 5-mile f i e l d  o f  solar  c e l l s .  
Electr ic i ty  generated i n  the solar-cell  f ie lds  would be fed t o  micrwave generators 
arranged i n  the form of an antenna. The antenna would beam the microwave energy t o  
a receiving antenna on earth,  which would then convert the microwave energy back t o  
e l e c t r i c i t y .  The advantages of producing e l e c t r i c i t y  t h i s  way are tha t  a s a t e l l i t e  
receives solar  energy unattenuated by the ear th ' s  atmosphere for  the en t i re  24-hr 
day, except for  short  times a t  the equinoxes, and tha t  microwaves can be transmitted 
t o  ear th ,  even th rough  cloud cover, w i t h  l i t t l e  
plants would require technical achievements far beyond those needed for  t e r r e s t r i a l  
sol ar-energy plants (including many f l igh ts  by second-generation space shut t les ,  
the development of space "tugs" t o  move the massive amounts of material required 
f o r  the many square miles of solar  panels, and orders o f  magnitude reductions i n  
the cost  of solar  c e l l s ) ,  s a t e l l i t e  power plants are n o t  l ike ly  t o  play a role i n  
supplying energy i n  the foreseeable future.  

Since s a t e l l i t e  power 

The  use of solar  ce l l s  on buildings locates the generator a t  the place of the load, 
and the system matches the nature of distribution of so la r  energy t o  the pattern of 
distribution of the energy being consumed. Photovoltaic arrays would be mounted on 
buildings or incorporated within the i r  structures;  thus, no additional land would 
be required. Since most buildings require b o t h  thermal and e lec t r ica l  energy, the 
combination of solar-cell  arrays w i t h  f la t -plate  thermal collectors has been pro- 
posed.4 The estimate is made tha t  the combined system would use as much as 60% of 
the avai 1 able sol a r  energy. 
storage would be needed. 
average day's requirement is ,  i n  general, considered t o  be uneconomical . 4  Storage 
could be provided by bat ter ies ,  flywheels, or a combination of e lectrolysis  ce l l s  
and fuel c e l l s .  
plants for buildings would also require an  e lec t r ica l  power conditioning system t o  
convert dc to  60-cycle ac of the appropriate voltage. 

As i n  a1 1 t e r r e s t r i  a1 sol ar-energy systems, energy 
To provide local storage capacity for  more than an 

In addition t o  collectors and energy storage, solar  e l e c t r i c  

A consideration n o t  discussed by solar  energy proponents is tha t ,  unless suff ic ient  
energy storage can be provided, proposed sol ar e l e c t r i c  systems for b u i  1 dings would 
require an external source of e l e c t r i c i t y  d u r i n g  a se r ies  o f  cloudy days. T h u s ,  the 
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required external capacity (generating plant, transmission system, and distribution 
system) would not  be reduced s ignif icant ly .  
buildings would save fuel b u t  would not  materially affect  the local u t i l i t y ' s  
i nve s tme n t i n power f a  ci 1 i t i  es . 

Therefore, so la r  e l e c t r i c  systems for  

6A.5.3.3 Combustion of Photosynthetic Materials 

A power plant that  burned wood, grasses, water plants, o r  algae would be similar t o  
a conventional fossil-fueled steam-electric power plant. Because photosynthetic 
materials contain much less energy per u n i t  volume t h a n  do fossi l  fuels ,  the trans- 
portation of such materials over long distances would probably be uneconomical, and 
power plants would therefore need t o  be located close t o  the growing s i t e .  

I n  ordinary agriculture,  solar  energy conversion t o  dry plant material i s  achieved 
a t  conversion eff ic iencies  of about 0.1%. W i t h  intensive agriculture,  some believe 
tha t  conversion eff ic iencies  m i g h t  be improved t o  3 t o  5%.4 If a power plant could 
convert th i s  energy t o  e l e c t r i c i t y  a t  33 t o  40% efficiency, the overall solar-energy 
t o  electrical-energy conversion efficiency would be 1 t o  2%. Enormous amounts of 
land sui table  for  agriculture o r  t ree  farming would be required. 
1000-MWe power plant has been estimated t o  require a "forest  plantation" of 250,000 
t o  320,000 acres (400 t o  500 square miles). 
recreation along w i t h  production of photosynthetic material) may be attempted i f  
s i t e  conditions warrant .  

For example, a 

Dual-purpose use of this land [e .g . ,  

In addition t o  the power plant and fuel "farm," f a c i l i t i e s  and equipment would be 
required to  harvest, transport ,  and chip the wood. 

6A.5.3.4 Thermal Collection 

Hot water for  household use as well as energy f o r  space heating and cooling could 
be supplied by solar  energy. 

4 estimate is made that  i n  a temperate, sunny location i n  the central United States ,  
a 1500-ft house could be provided w i t h  about 75% of i t s  heating and cooling needs 
by a 600- t o  800-ft collector and 2000 gal of hot-water-storage capacity. The 
additional 25% of heating and cooling energy needed under adverse weather conditions 
woul d be supplied by some auxi 1 i ary source. 

Figure 6A.5-5 shows one such home energy system. The 

2 
2 

In a d d i t i o n  t o  a f la t -plate  collector,  a system such as t h a t  i n  Figure 6A.5-5 would 
include an insulated storage tank, an auxiliary heat-supply system, an absorption 
a i r  conditioner, and  various pumps, controls, and ducts t o  circulate air  from the 
conditioned space t o  e i t h e r  the heating or cooling u n i t .  No additional land would 

6A. 5-1 2 

.. 



i 
COOL 
WATEF 

HOT 
WATE I 

3 

WINTER 
OPERATION 

1 

I 

;AS OR OIL FUEL 
USED ONLY WHEN 
OLAR I S  DEPLETED) 

AUXILIARY U HEATER 

t, 
I TO HOUSE 

HOT WATER 

HOT WATER 
STORAGE T A N  

FROM COLD 
WATER SUPPLY 

r! 
0 
C z 'L -4 

PVMP 

J AUTOMATIC 
VALVE 

O T  
'ATER 

WARM AIR COOL AIR 
(WINTER) ISUMMER) 
- \  / -  \ 

\ AIRRETURNS 

a 
\ \ 

' b/ \ 

\ Z O L  
NATER 
RETURN BLOWER 

\ 

I 
/ 

SUMMER 
OPERATION 

I 

HOT 
WATER 

1 

WARM 
WATER 
RETURN 

SCHEMATIC OF R E S I D E N T I A L  H E A T I N G  AND COOLING WITH SOLAR ENERGY- 
ONE A L T E R N A T I V E  
Figure 6A.5-5 



be required for  most buildings since the surface of the s t ructure  would be of 
suf f ic ien t  area for  the collectors.  

6A.5.3.5 Production of High-Energy Fuels 

As noted previously, one drawback t o  the use of raw photosynthetic material for  fuel 
i s  tha t  i t  must be used near i t s  source because of i t s  low energy content per u n i t  
volume. Conversion t o  high-energy transportable fuels i n  the form of gases , l iquids,  
or solids could be achieved by various processes. However, such processes convert 
the raw fuel a t  less than 100% efficiency; therefore, the land area required t o  yield 
a given amount of energy would be more than that  required i f  the raw fuel were burned 
direct ly .  
the United States by photosynthesis would require about the total  area currently 
farmed. 

7 One estimate concludes that  the production of 10% of the energy needs of 

Anaerobic fermentation of organic materials produces a gas mixture t h a t  contains 50 
t o  70% methane, 30 t o  50% carbon dioxide, and trace amounts o f  hydrogen sulf ide and 
nitrogen. 
be burned i n  a power plant o r  be refined t o  remove carbon dioxide and other impur i -  
t i e s .  The pure methane, w i t h  a heating value of abou t  1000 Btu/ft3, could be 
introduced i n t o  existing pipelines as a replacement for  natural gas. 

This crude product, with an energy content of 500 t o  700 Btu/ft3, could 

Pyrolysis i s  a process of destructive d i s t i l l a t i o n  carried o u t  i n  a closed vessel i n  
an atmosphere devoid of oxygen and a t  h i g h  temperature (900 t o  1700°F). 
materials treated by pyrolysis yield gases, o i l - l ike  l iquids,  and solids similar t o  
charcoal. Typically, the gases are mixtures of hydrogen, methane, carbon dioxide, 
carbon monoxide, and lower hydrocarbons. Conversion eff ic iencies  have been rather 
low i n  the pas ty4  and the process i s  probably of greatest  in te res t  for  reducing 
sol i d  wastes. 

Organic 

6A. 5.4 Research and Development Program 

The NSF-NASA Solar Energy Panel4 recommended a research and development program tha t  
would cover a l l  aspects of so la r  energy applications. The Federal government would 
take a lead role i n  the program. Table 6A.5-1 l i s t s  major technical problems t o  be 
resolved, and Table 6A.5-2 gives the estimated funding for  a 15-year program. This 
program would, according t o  the panel , develop solar  energy suff ic ient ly  t o  provide 
the market penetrations discussed i n  Section 5.5.  

... . . . 
~. 
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Table 6A.5-1 

SUMMARY OF MAJOR TECHNICAL PROBLEMS 

A p p l i c a t i o n  Major Technica l  Problems t o  be Solved 

Thermal energy f o r  b u i l d i n g s  

Renewable c l e a n  f u e l  sources 
Combustion o f  o rgan ic  m a t e r i a l s  

B ioconvers ion o f  o rgan ic  m a t e r i a l s  
t o  methane 

P y r o l y s i s  o f  o rgan ic  m a t e r i a l s  t o  
gas, l i q u i d ,  and s o l i d  f u e l s  

Chemical r e d u c t i o n  o f  o rgan ic  
m a t e r i a l s  t o  o i l  

E lec t r i c -power  genera t i on  
Thermal convers ion 

P h o t o v o l t a i c  convers ion 

Systems on b u i  1 d ings 
Ground s t a t i o n  
Space s t a t i o n  

Development o f  s o l a r  a i r  c o n d i t i o n i n g  and 
i n t e g r a t i o n  o f  hea t ing  and c o o l i n g  

Development o f  e f f i c i e n t  growth, 

Development o f  e f f i c i e n t  convers ion 

Op t im iza t i on  o f  f u e l  p r o d u c t i o n  f o r  

O p t i m i z a t i o n  o f  o rgan ic  feed  system and 

harvest ing,  ch ipp ing ,  d ry ing ,  and t r a n s -  
p o r t a t i o n  systems 

processes and economical sources o f  
o rgan ic  m a t e r i a l s  

d i f f e r e n t  f eed  m a t e r i a l s  

o i i  separa t i on  process 

Development o f  c o l l e c t o r ,  hea t  t r a n s f e r ,  
and s toraqe subsystems 

Development o f  low-cost  long-1 i f e  s o l a r  
a r r a y s  

High- temperature o p e r a t i o n  and energy 
s torage 

Energy s torage 
Development o f  l i g h t - w e i g h t ,  l o n g - l i f e ,  

low-cost  s o l a r  a r ray ;  t r a n s p o r t a t i o n ,  
c o n s t r u c t i o n ,  ope ra t i on ,  and maintenance; 
devel  oprnent and deployment o f  extrev:ely 
l a r g e  and 1 i g h t - w e i g h t  s t r u c t u r e s  

T a b l e  6A.5-2 

SUFII.1ARY OF OVERALL PROGRAi4 FUF!DING 

Long-Range (1 5-year) 
Research Proqram 

A p p l i c a t i o n s  ($  m i l l i o n )  

Thermal energy f o r  b u i l d i n g s  100 

Renewable c l e a n  f u e l  sources 
Pho tosyn the t i c  p roduc t i on  o f  o rgan ic  

Conversion o f  o rgan ic  m a t e r i a l s  t o  
m a t e r i a l s  and hydrogen 

f u e l s  o r  energy 

E lec t r i c -power  generat ion 
So la r  thermal convers ion 
P h o t o v o l t a i c  convers ion 

60 

31 0 

1130 
780 
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The more r e c e n t  r e p o r t  on "The N a t i o n ' s  Energy Future1I8 o u t l i n e s  a $140-m i l l i on  
program over t h e  n e x t  f i v e  years t h a t  would determine, through p i l o t  a p p l i c a t i o n s ,  

t h e  e f f e c t i v e  use o f  s o l a r  thermal energy f o r  h e a t i n g  and c o o l i n g  o f  b u i l d i n g s ;  
examine t h e  use o f  s o l a r  thermal energy f o r  e l e c t r i c  power generat ion through 
opera t i on  o f  a 10-MWe p i l o t  p l a n t ;  determine t h e  c a p a b i l i t y  t o  produce economical ly  
competi t i v e  p h o t o v o l t a i c  c e l  Is by l a b o r a t o r y  exper imentat ion and development of mass 

p roduc t i on  concepts; and c o n s t r u c t  and operate a p l a n t  i n v o l v i n g  t h e  conversion o f  
wastes i n t o  methane. A d d i t i o n a l  f und ing  on t h e  o r d e r  o f  $79 m i l l i o n  f o r  " i n d i r e c t "  
a p p l i c a t i o n s  of s o l a r  energy (e.g., wind power and ocean thermal g r a d i e n t s )  i s  a l s o  
proposed as d iscussed i n  Sec t i on  6A.6. 

The Subpanel I X  r e p o r t ,  which p rov ided  i n p u t  m a t e r i a l  f o r  t h e  r e p o r t  on "The Na t ion ' s  
Energy Future ,I' con ta ins  d e t a i l e d  recommendations on research and development needs 
f o r  bo th  d i r e c t  and i n d i r e c t  (wind and ocean thermal g rad ien ts )  s o l a r  energy systems. 

The summary p o r t i o n  o f  t h e  Subpanel I X  r e p o r t  o u t l i n e s  a program c o n s i s t e n t  w i t h  t h a t  
r e p o r t e d  i n  "The N a t i o n ' s  Energy Future"  as descr ibed above. 
sec t i ons  o f  t h e  Subpanel I X  r e p o r t  recommend a much more ambi t ious f i v e - y e a r  program 
f o r  d i r e c t  s o l a r  convers ion amounting t o  $851 m i l l i o n  f o r  an acce le ra ted  program and 
$341.7 m i l l i o n  f o r  a minimum program. 

However, i n d i v i d u a l  

6A.5.5 Present and P r o j e c t e d  A p p l i c a t i o n  

As noted above, s o l a r  energy c u r r e n t l y  prov ides some thermal energy f o r  b u i l d i n g s  

b u t  i s  n o t  y e t  used f o r  t h e  p roduc t i on  o f  e l e c t r i c a l  power. P r o j e c t i o n s  o f  f u t u r e  
a p p l i c a t i o n s  o f  s o l a r  energy f o r  producing e l e c t r i c i t y ,  thermal energy, and h i g h  
va lue f u e l s  have been made by t h e  NSF-NASA S o l a r  Energy Panel, by t h e  Subpanel I X  

group, and by t h e  MITRE C ~ r p o r a t i o n . ~  The var ious p r o j e c t i o n s  a re  summarized i n  

Table 6A.5-3. 

research program w i l l  be undertaken f o r  each o f  t h e  s o l a r  energy systems and t h a t  

these programs w i l l  r e s u l t  i n  economical ly  v i a b l e  a l t e r n a t i v e s  t o  convent ional  

energy sources. 
Sect ion 6A.5.4. 

A l l  p r o j e c t i o n s  a re  based on t h e  assumption t h a t  a s u b s t a n t i a l  

The research and development requirements are discussed i n  

A l l  t h ree  groups mentioned above agree t h a t  t h e  most s i g n i f i c a n t  near- term impact 
o f  s o l a r  energy w i l l  be i n  t h e  h e a t i n g  and c o o l i n g  o f  new b u i l d i n g s .  The p r o j e c -  
t i o n s ' o f  t h e  p o r t i o n  o f  b u i l d i n g  thermal energy supp l i ed  by s o l a r  range f rom 10% 

(NSF-NASA) t o  30% (Subpanel I X )  by t h e  y e a r  2000. The corresponding range f o r  t h e  
y e a r  2020 i s  31% (MITRE) t o  50% (Subpanel I X ) .  
cou ld  p o t e n t i a l l y  be d i sp laced  by us ing  s o l a r  thermal energy f o r  b u i l d i n g s  was n o t  

est imated by any o f  t h e  groups. 

The e l e c t r i c i t y  generat ion t h a t  

I f  s o l a r  i s  assumed t o  d i s p l a c e  a l l  b u i l d i n g  therma 
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Table 6A.5-3 

PROJECTIONS O F  POTENTIAL SOLAR 
ENERGY APPLICATIONS 

Market Penetration by Year Givena 
2000 2020 

NSF- Subpanel NSF- Subpanel 
Application NASA IX  MITRE^ NASA IX  MITRE^ 

Thermal Energy f o r  
Bui  1 d i  ngs 10% 30% 18% 35% 50% 31 % 

Electric Energy 
Solar Thermal Conversion 1% 40,000 MW 12%-29% 5% 30Xe 29% 

Photovoltaic 1% 100,000 12%-29% 10% 10% 29% 
(peak) MWC 

Combustion of Organic 

(peak) 

Material 1% 10% 
Tota? Electr ic  2mf 

High Energy Fuels 
Gaseous 10Xg 50%d 
Liquids 1 %S 

Other 
Organic Fuel sg;h 
Process Energy 

30%' 
1 O%S 

aFigures show the percent of each energy market captured by solar  unless otherwise 
specified . 

'MITRE Corporation projections given i n  Report MTR-6513 are  i n  terms of national 
energy consumption. 
energy from Report AET-8,  year 2000 e lec t r ica l  production from Dupree and West, 
and year 2020 e lec t r ica l  production from Report AET-8. 

including 1%, 2%, 5%, and 7% of e lec t r ica l  capacity by t h e  year 2000. 
100,000-MWe (peak) f igure was obtained from their year-by-year tabulation of 
instal led photovoltaic capacity. 
2% of projected e lec t r ica l  generating capacity i n  the year 2000. Similarly, 

S i x  percent from organic wastes and 44% from managed production of photosynthetic 
materials. 
Subpanel I X  report. 

eSubpanel I X  indicates tha t  30% i s  the ultimate potential o f  solar  thermal conver- 
fsion. Time period unspecified. 

Includes energy generated by wind and ocean thermal gradients. 
gIncludes high-energy fue ls  from organic wastes as  well as  managed production 
of photosynthetic materials. 

hParenthesized figures a re  percentages o f  national energy consumption. 

Table values were computed u s i n g  data on building thermal 

'Subpanel IX report  gives various values f o r  photovoltaic market projections 
The 

T h i s  peak capacity would correspond t o  about 

dsolar  thermal conversion peak capacity corresponds t o  less than 1%. 

Time period for  achievement of given percentages unspecified i n  
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energy sources ( o i l ,  gas, e l e c t r i c i t y )  equa l l y ,  then t h e  above p r o j e c t i o n s  a re  
e q u i v a l e n t  t o  reducing e l e c t r i c a l  energy p roduc t i on  by 2% t o  6% i n  the  yea r  2000 

and by 4% t o  7% i n  t h e  y e a r  2020. These est imates are based on p r o j e c t i o n s  of 
e l e c t r i c a l  energy needs i n  t h e  y e a r  2000 by Dupree and West24 and i n  t h e  y e a r  2020 
by Associated U n i v e r ~ i t i e s . ~ ~  B u i l d i n g  thermal energy requirements used a re  those 
es t ima ted  i n  r e f .  25. 

P r o j e c t i o n s  f o r  t h e  f r a c t i o n  o f  e l e c t r i c a l  energy needs supp l i ed  by s o l a r  i n  t h e  
y e a r  2000 range from l e s s  than 5% by t h e  NSF-NASA S o l a r  Energy Panel t o  12% t o  29% 
each f o r  thermal convers ion and p h o t o v o l t a i c  systems by MITRE. 

y e a r  2020 are (1)  20% by NSF-NASA ( i n c l u d i n g  wind and ocean thermal g r a d i e n t  
systems) , ( 2 )  10% p h o t o v o l t a i c  and 30% ( u l t i m a t e  p o t e n t i a l )  s o l a r  thermal convers ion 
by Subpanel I X ,  and (3)  29% p h o t o v o l t a i c  and 29% thermal convers ion by MITRE. 

number o f  comnents* rece ived  on t h e  d r a f t  LMFBR Program Statement noted t h a t  i t  d i d  

n o t  cons ider  t h e  p r o j e c t i o n s  made by Subpanel I X ;  a major  p o i n t  o f  these comments 
was t h a t  Subpanel I X  p r e d i c t e d  t h a t  7% of t h e  e l e c t r i c a l  capac i t y  i n  t h e  y e a r  2000 
w i l l  be p h o t o v o l t a i c  systems. I n  r e a l i t y ,  t h e  Subpanel I X  r e p o r t  i n c l u d e s  a number 

o f  statements on p o t e n t i a l  market pene t ra t i ons ,  i n c l u d i n g  1%, 2%, 5%,  and 7%, by t h e  

y e a r  2000. The value shown i n  Table 6A.5-3 o f  100,000 MWe (peak) i s  based on a yea r -  
t o -yea r  t a b u l a t i o n  o f  t h e  p r o j e c t e d  r a t e  o f  a p p l i c a t i o n  g i ven  i n  t h e  Subpanel I X  
r e p o r t .  
assuming t h a t  such p l a n t s  operate 100% o f  t h e  t ime s u n l i g h t  i s  a v a i l a b l e ,  t h e  above 
peak c a p a c i t y  would generate 20,000 MW-years o f  energy i n  t h e  y e a r  2000; t h i s  amount 

i s  l e s s  than 2% o f  t o t a l  e l e c t r i c i t y  p roduc t i on  p r o j e c t e d  f o r  t h a t  year .  

P r o j e c t i o n s  f o r  t h e  

A 

Assuming a peak-to-average power o f  5 f o r  p h o t o v o l t a i c  p l a n t s  and f u r t h e r  

Concerning t h e  p roduc t i on  of h igh-energy f u e l s ,  t h e  NSF-NASA S o l a r  Energy Panel 

b e l i e v e s  t h a t  10% o f  t h e  gaseous f u e l s  and 1% o f  t h e  l i q u i d  f u e l s  needed i n  t h e  

y e a r  2000 cou ld  be s u p p l i e d  from o rgan ic  wastes and t h e  managed p roduc t i on  o f  photo- 
s y n t h e t i c  m a t e r i a l s .  

l i q u i d s ,  r e s p e c t i v e l y .  The Subpanel I X  group p r o j e c t e d  t h a t  50% o f  t he  gaseous fue l  

needs cou ld  be met by o rgan ic  m a t e r i a l s  (44% f rom managed photosynthes is  and 6% f rom 
o rgan ic  wastes) , b u t  no t ime  p e r i o d  was s p e c i f i e d  f o r  t h i s  achievement. 

Corresponding f i g u r e s  f o r  2020 are 30% and 10% f o r  gas and 

Al though t h e r e  may be disagreement on some d e t a i l s  o f  t h e  expected market p e n e t r a t i o n  

f o r  s o l a r  energy systems, a l l  t h r e e  assessments reviewed above express t h e  view t h a t  

almost a l l  proposed schemes f o r  u t i l i z i n g  s o l a r  energy cou ld  become impor tan t ,  i f  n o t  

* S c i e n t i s t s  I n s t i t u t e  f o r  P u b l i c  I n f o r m a t i o n  i n  test imony a t  t h e  P u b l i c  Hear ing on 
t h e  LMFBR Program, A p r i l  25-26, 1974, pp. V-5 t o  V-7; Fr iends o f  t h e  Ear th  i n  
test imony a t  t h e  P u b l i c  Hear ing on t h e  LMFBR Program, A p r i l  26, 1974, pp. 281-282; 
Comment L e t t e r  26, pp. 10-13; Comment L e t t e r  42, p. 39. 
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i n  t h i s  century ,  then a t  l e a s t  by 2020. But  t h e r e  a re  o t h e r  v iewpoints .  For  
example, H. C. H o t t e l  o f  t h e  Massachusetts I n s t i t u t e  o f  Technology, a w e l l  known 

s c i e n t i s t  i n  t h e  f i e l d  o f  s o l a r  energy, summed up h i s  assessment as f o l l o w s : 2 6  

The sun can p o s s i b l y  supply  l o w - p o t e n t i a l  energy f o r  domestic h o t  water,  
house-heating, and a i r  c o n d i t i o n i n g ,  b u t  t h e  e f f e c t  on t h e  n a t i o n a l  
energy balance cannot b u t  be i n s i g n i f i c a n t  f o r  decades. S o l a r  energy as 
a source o f  power has poor prospects  o f  economic s i g n i f i c a n c e  u n t i l  t h e  
d i s t a n t  f u t u r e  when f o s s i l  f u e l  supp l i es  are severa l  t imes and n u c l e a r  
f u e l  supp l i es  many t imes more expensive than a t  present .  

George L o f  o f  Colorado S t a t e  U n i v e r s i t y ,  another recognized e x p e r t  on s o l a r  energy, 
expwssed  a s i m i l a r  v iewpo in t  i n  h i s  June 7, 1973, test imony27 b e f o r e  t h e  House 

Comnittee on Science and As t ronau t i cs .  
r e s i d e n t i a l  h e a t i n g  and c o o l i n g  b u t  i s  l e s s  so  on so lar -generated e l e c t r i c i t y ,  as 
i n d i c a t e d  by t h e  f o l l o w i n g  statement:  

He i s  o p t i m i s t i c  about the  p o t e n t i a l  f o r  

This  Comnittee has heard test imony r e l a t e d  t o  t h e  s t a t u s  and prospects  
o f  s o l a r  power-plants and can t h e r e f o r e  apprec ia te  t h e  fo rm idab le  
t e c h n i c a l  and economic b a r r i e r s  t o  t h a t  a p p l i c a t i o n  i n  t h e  near f u t u r e .  
I n  s p i t e  o f  some o p t i m i s t i c  c la ims by e n t h u s i a s t i c  proponents o f  va r ious  
schemes f o r  s o l a r  power generat ion,  o b j e c t i v e  a n a l y s i s  shows t h a t  
e l e c t r i c i t y  f rom s o l a r  energy w i l l  c o s t  a t  l e a s t  severa l  t imes t h e  
c u r r e n t  c o s t  o f  convent ional  power. 

The Meinels,  o f  t h e  U n i v e r s i t y  o f  Ar izona, who are among t h e  leaders i n  s o l a r  energy 
technology, express a somewhat d i f f e r e n t  view on t h e  most promis ing a p p l i c a t i o n s  f o r  

s o l a r  energy as f o l l o w s :  15 

I n  ou r  o p i n i o n  s o l a r  h e a t i n g  and c o o l i n g  f o r  t h e  i n d i v i d u a l  home i s  
not going t o  be w i d e l y  successfu l .  People who l i k e  gadgets may f i n d  
them i n t e r e s t i n g  and s a t i s f a c t o r y .  Most people w i l l  s imp ly  n o t  want 
t o  be bothered w i t h  them. 
unhappy, f e e l i n g  t h a t  t hey  were t h e  v i c t i m s  o f  o v e r s e l l .  

We t h i n k  t h a t  s o l a r  i n s t a l l a t i o n s  w i l l  be f a r  more successfu l  f o r  
apartments, condominiums and commercial b u i l d i n g s .  

Some who g e t  them may be d i s t i n c t l y  

The Meinels be l i eve15  'I., . t h a t  s o l a r  energy w i l l  u l t i m a t e l y  have i t s  g r e a t e s t  
and b e n e f i t  f o r  t h i s  coun t ry  i n  e l e c t r i c a l  power p roduc t i on . "  T h e i r  v iewpo in t  
t h e  d i f f i c u l t y  w i t h  managed photosynthes is  i s  t h a t  " t h e  p r i n c i p a l  problem t h a t  

use o f  a crop e n t a i l s  i s  caused by t h e  low quantum e f f i c i e n c y  o f  b i o l o g i c a l  

mechanisms and t h e  l a r g e  l a n d  areas needed t o  produce a s i g n i f i c a n t  p o r t i o n  o f  

energy needs. Crops r e q u i r e  a rab le  land, f e r t i l i z e r s  and water.  A l l  t h r e e  w i  
i n  i n c r e a s i n g l y  s h o r t  supply  j u s t  t o  meet needs f o r  food, f i b e r  and pu lp . "  

mpact 

on 
t h e  

our  

1 be 
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In contrast  w j t h  the above judgments? which indicate a t  l eas t  some relatively near- 
term uses for solar  energy, other groups 2 4 y 2 5  concerned w i t h  projecting energy 
requirements and energy resources estimate no s ignif icant  contribution from any k i n d  
of so la r  energy system a t  l e a s t  through the year 2000. 
appears t o  ex is t  for  the viewpoint that  solar  energy for the heating and cooling of 
buiidings could make some contribution before the end of the century. L i t t l e  basis 
exis ts  for  projecting a measurable contribution of so la r  energy t o  e i t h e r  e l e c t r i c i t y  
generation or high-energy fuels i n  this century since even optimistic projections of 
cost place solar  conversion i n  a poor competitive position relat ive t o  e i ther  coal o r  
nuclear energy. The s ignif icant  market penetrations projected by some groups (see 
Table 6A.5-3) do n o t  seem t o  be consistent w i t h  the i r  projections of economic 
viabi l i ty .  

Nevertheless, some basis 

The economic projections are reviewed i n  Section 6A.5.7. 

6A.5.6 Environmental Impacts 

6A. 5.6.1 Central-Station Power P1 ants 

6A.5.6.1.1 Surface Effects 

Since energy from the sun is  very diffuse,  large land areas form one outstanding 
character is t ic  of sol ar-energy conversion systems. 
a 1000-MIde plant are 6400 acres (10 square miles),  19,000 acres (30 square miles),  
and 320,000 acres (500 square miles) for  power produced by thermal conversion, 
photovoltaic conversion, and combustion of photosynthetic materials, respectively. 
In rea l i ty ,  actual f igures m i g h t  be somewhat higher because these estimates are 
based on rather optimistic assumptions concerning achievable eff ic iencies .  Never- 
theless,  the proposed use of land for  thermal and photovoltaic conversion is  not  
unreasonable. 
surface-mined coal and for  so la r  e l e c t r i c  plants based on thermal and photovoltaic 
conversions. I n  terms of total  land disturbed, the so la r  plants would be more 
economical than coal over the long term. Although the comparison is  n o t  s t r i c t l y  
valid,  i f  proper reclamation of surface-mined land i s  assumed, the figure does give 
some perspective t o  the proposed use of land f o r  solar  e l e c t r i c  plants based on 
thermal and photoelectric conversion. In contrast ,  the proposed use of land for  
power plants based on combustion of photosynthetic materials does seem unreasonable, 
because these plants require extremely large areas of productive land. W i t h  the 
world facing shortages o f  pulpwood, lumber, and food, the use o f  land solely f o r  
therrnal-energy production when i t  i s  potentially capable of alleviating these 
shortages is highly questionable, especially i f  a l ternat ive sources of energy ex is t .  
Thus, the environmental aspects of photosynthetically produced energy will n o t  be 
discussed further.  

Estimated area requirements for  

Figure 6A.5-6 shows a comparison of total  land disturbed for  
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The l a n d  now most l i k e l y  t o  be used f o r  c e n t r a l - s t a t i o n  thermal conversion o r  photo- 
v o l t a i c  s o l a r  p l a n t s  i s  i n  t h e  d e s e r t  and semi-desert  Southwest. Some open-range 
g raz ing  i s  done on p a r t s  t h a t  r e c e i v e  a l i t t l e  r a i n f a l l .  
sparse ( c h i e f l y  creosote bush and w h i t e  b u r  sage, w i t h  l e s s e r  amounts o f  sa l tbush ,  
paloverde, catc law, and cactus)  t h a t  t h e  l a n d  i s  n o t  ve ry  va luable as graze 1and.l 
Dur ing t h e  w i n t e r  and summer r a i n s ,  t h e  d e s e r t  u s u a l l y  has a l u s h  cover  o f  annual 

grasses and f o r b s  and i s  va luab le  f o r  g r a z i n g  f o r  a s h o r t  pe r iod .  This  l a n d  i s  
used f o r  very  l i t t l e  human h a b i t a t i o n  o r  i n d u s t r i a l  a c t i v i t y  except  i n  t h e  c i t i e s .  
I f  s o l a r  power p l a n t s  were developed, t h e  economic va lue o f  ad jacen t  l a n d  would 
undoubtedly increase b u t  a e s t h e t i c  values m igh t  be reduced. 

The vege ta t i on  i s  so 

To develop l a n d  f o r  l a r g e  s o l a r  power p l a n t s  w i l l  n e c e s s i t a t e  t h e  c o n s t r u c t i o n  of 
roads and s i t e s  f o r  t h e  s o l a r  c o l l e c t o r s .  

much o f  t h e  l o c a l  ecosystems. 

t h e  l a n d  were shaded, i t  cou ld  be g r e a t l y  improved as graze land. 
would r e q u i r e  new p l a n t i n g s  and management. 
f e a s i b i l i t y  o f  t h i s  a g r i c u l t u r a l  use o f  t h e  land, a g r i c u l t u r a l  research would be 
necessary. 

This  process may i n v o l v e  d e s t r u c t i o n  o f  
On t h e  o t h e r  hand, some persons b e l i e v e  t h a t  if h a l f  

Before a judgment cou ld  be made on t h e  
Th is  m o d i f i c a t i o n  

The presence o f  t h e  l a r g e  so lar -energy c o l l e c t o r s  t h a t  would cover  h a l f  t h e  surface 

i n  any g i ven  area would app rec iab l y  a l t e r  t h e  su r face  wind c o n d i t i o n s .  
impedance t o  winds, t h e  c o l l e c t o r s  would lessen t h e  amount o f  eros ion.  
t h e  water  r u n o f f  f rom t h e  c o l l e c t o r s  cou ld  be d i r e c t e d  back under t h e  shaded area, 
water  t h a t  would f a l l  as r a i n  o r  dew cou ld  be r e t a i n e d  l o n g e r  and would i nc rease  
t h e  q u a n t i t y  o f  vegetat ion.  

p a t t e r n s  avoided e ros ion .  

A c t i n g  as an 
Also,  s i n c e  

Care would have t o  be taken t h a t  t h e  water-runoff  

The shade i t s e l f  would have a s i g n i f i c a n t  e f f e c t  on t h e  vegetat ion.  
nous t o  t h e  d e s e r t  r e q u i r e  h i g h - i n t e n s i t y  s u n l i g h t .  
these p l a n t s  would d i e  o u t  i n  shaded areas.28! ~ ' - L I i t ~ ' c  Y. 

P lan ts  i n d i g e -  
Some e c o l o g i s t s  b e l i e v e  t h a t  

Many species o f  mammals, r e p t i l e s ,  amphibians, b i r d s ,  and i n v e r t e b r a t e s  a re  i n  these 

d e s e r t  reg ions .  The c o n s t r u c t i o n  o f  l a r g e  c e n t r a l  
s t a t i o n  s o l a r  p l a n t s  m igh t  upset  t h e  e c o l o g i c a l  e q u i l i b r i u m ,  b u t  t o  p r e d i c t  t h e  
changes t h a t  would occur i n  animal popu la t i ons  i s  d i f f i c u l t .  

would obv ious l y  depend on t h e  number and s i z e  o f  p l a n t s  const ructed.  

Some are threatened species.  

The e x t e n t  o f  change 
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6A.5.6.1.2 E f f e c t s  on A i r  

No gases o r  p a r t i c u l a t e s  would be e m i t t e d  f rom a s o l a r  p l a n t ,  and no p o l l u t a n t  

would be added t o  t h e  a i r .  
probably  decrease t h e  d u s t  i n  t h e  a i r  over t h e  dese r t .  
p l a n t ,  about t w o - t h i r d s  o f  t h e  hea t  c o l l e c t e d  would be d ischarged through the  power- 
p l a n t  condenser, probably  t o  d r y  c o o l i n g  towers.  
p o i n t  source o f  h o t  a i r  would cause, no atmospheric e f f e c t s  would r e s u l t .  

I n  f a c t ,  by break ing up t h e  wind, t h e  c o l l e c t o r s  would 
I n  a thermal-convers ion 

Except f o r  t h e  u p d r a f t  t h a t  t h i s  

6A.5.6.1.3 E f f e c t s  on Water 

A t  t h e  s i t e s  most l i k e l y  t o  be chosen f o r  s o l a r  p l a n t s ,  use o f  d r y  c o o l i n g  towers 
w i t h  thermal-convers ion p l a n t s  m igh t  be necessary because water  supply  would be 

inadequate. 
thermodynamic f l u i d ,  i t  would be evaporated i n  wet c o o l i n g  towers, j u s t  as would be 

done i n  any o t h e r  steam e l e c t r i c  p l a n t .  
sumption would be n e g l i g i b l e .  

However, i f  water  were a v a i l a b l e  and were used t o  condense t h e  

For  a p h o t o v o l t a i c  p l a n t ,  t h e  water  con- 

6A.5.6.1.4 Aes the t i cs  

The appearance o f  a s o l a r  p l a n t  m igh t  n o t  arouse se r ious  ob jec t i ons ,  b u t  a p l a n t  

would v i r t u a l l y  cover t h e  v i s i b l e  landscape from any p o i n t  near t h e  p l a n t .  
appearance o f  t h e  dese r t  would be g r e a t l y  a l t e r e d ;  some observers m igh t  f i n d  t h e  
new appearance a t t r a c t i v e ,  o the rs  m igh t  no t .  The op in ions  m igh t  depend on t h e  

number o f  l a r g e  power s t a t i o n s  b u i l t  and t h e i r  p r o x i m i t y  t o  populated areas. I n  
any case, t h e  p l a n t  would be c lose  t o  t h e  ground and would n o t  o b s t r u c t  v i s i o n  
f rom a d i s tance ,  except  f o r  c o o l i n g  towers. Some s u n l i g h t  probably  would be 
r e f l e c t e d  f rom t h e  c o l l e c t o r  u n i t s .  
power l i n e s ,  these cou ld  produce an undes i rab le  a e s t h e t i c  e f f e c t ,  b u t  t h i s  impact 
would a l s o  be c h a r a c t e r i s t i c  o f  o t h e r  energy sources. 

The 

I f  e l e c t r i c i t y  were t r a n s m i t t e d  by overhead 

A r c h a e o l o g i c a l l y  and h i s t o r i c a l l y  va luab lk ' s i t es  cou ld  probably  be avoided i n  s i t i n g  
the s o l a r  p l a n t s .  I n  case o f  unavoidable a rchaeo log ica l  s i t e  c o n f l i c t ,  t h e  con t inu -  
a t i o n  o f  a t  l e a s t  some a rchaec log i ca l  work on t h e  p l a n t  s i t e  i t s e l f  should be 
p o s s i b l e  w i t h o u t  adverse e f f e c t .  

6A.5.6.1.5 Soc ia l  Ef fects 

So la r  energy p l a n t s  would be l o c a t e d  i n  areas o f  such 
they  would have no s i g n i f i c a n t  e f f e c t  on e x i s t i n g  popu 

would occur  i n  t h e  general  v i c i n i t y  o f  t h e  s o l a r  p l a n t  
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social use. People would be at t racted t o  jobs  a t  the plant and i n  secondary 
occupations. 

To the degree tha t  transportation, raw materials,  and water can be provided, 
industries tha t  need large quantit ies of e l e c t r i c  power m i g h t  move i n t o  the region. 

6A.5.6.1.6 Accidents 

To imagine an accident t o  a solar  plant which would d i rec t ly  a f fec t  the populace i s  
d i f f i c u l t .  
phic. 
a plant tha t  would cover such a large area would be f a i r l y  vulnerable t o  the forces 
of nature. 
by the designer, a s p i l l  of heat-transfer f lu id  migh t  have serious local environ- 
mental effects .  

Ruptures of heat-transfer l ines  could be troublesome h u t  n o t  catastro- 
Of course, Engineered safeguards should reduce these t o  a tolerable level.  

Accidents of this k i n d  could be costly,  and, depending on the f lu id  used 

6A.5.6.2 Systems for  Residential and Commercial B u i l d i n g s  

The  use of solar  energy systems t o  supply space heating, water heating, a i r  
conditioning, and e l e c t r i c  power f o r  individual buildings would have very l i t t l e  
impact on the environment. No land i n  addition t o  tha t  required f o r  the building 
itself would be needed f o r  most buildings--at l e a s t  for  single-story structures.  
The appearance of buildings would be affected somewhat, b u t  w i t h  proper a t tent ion 
to architecture the appearance could besmade pleasing. Local building codes would 
need to  be changed, and sunlight r ights  would become an important factor.  

6A.5.7 Costs and Benefits 

6A.5.7.1 Internal Costs 

6A.5.7.1.1 Thermal Conversion 

Of the three main parts of a solar-conversionr,pl$n$ +kol lec tor  f i e l d ,  storage 
system, and steam-electric generating system), the collecting f i e l d  i s  the most 
costly. 
estimate of capital  cost  i s  extremely d i f f i c u l t  t o  make. The NSF-NASA Solar Energy 
Panel estimated i n  1972 tha t  the cost  of the solar-collection and -storage part  of 
a thermal-conversion plant would be about $600 per kilowatt of e lectr ical  capacity, 
Turbine-generator and other peripheral costs of the power plant would add an addi- 
tional $150 per kW. 
based on 15.5% capital  charges, a 70% plant capacity factor ,  and 1 mill/kWhr for  
operation and maintenance. 
Solar Energy Panel are tha t  the costs a re  for  mass-produced components and tha t  the 

1 

The design of large plants i s  s t i l l  i n  the conceptual stage,  and a good 

This expense would r e s u l t  i n  a power cost  of 20 mills/kWhr 

Oualifications placed on the above estimates by the 
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solution t o  several unresolved problems is  presupposed. In addition , the placement 
of a t  l e a s t  the f i r s t  demonstration solar  power plants i n  the desert  Southwest, f a r  
from population centers where the energy would be required, will s ignif icant ly  
increase the cost of long-distance transmission of the e l e c t r i c i t y  tha t  will be 
produced . 

The Oak Ridge National Laboratory2' estimated that  a first-of-a-kind so lar  thermal- 
conversion plant would cost over $3300 per kilowatt, b u t  this cost m i g h t  be reduced 
by a factor  of 3 for  advanced plants produced in quantity. 
coal and uranium ore would have t o  reach before solar  energy would be competitive 
were $40 per ton of coal and $250 per pound of U308, respectively. 
concluded tha t  (1)  enough uranium ore would be available a t  prices below $250 per 
pound* t o  l a s t  over a century i f  burned in l igh t  water reactors and ( 2 )  suff ic ient  
coal is available i n  the United States a t  costs well below $40 per ton t o  l a s t  
longer than the uranium even i f  an allowance i s  made for  the cost of measures 
required t o  overcome the effects  of coal mining and processing on the environment. 

Estimates of prices tha t  

The study 

In a study by the MITRE Corporation9 for  the NSF, costs of so la r  thermal-conversion 
systems are estimated t o  be reduced t o  about $2000 per kilowatt (average) by the 
year 2020, and the cost of energy generated from such plants may exceed the cost of 
conventional power by over a factor  of 2 .  

The above estimates are for  solar  thermal-conversion plants w i t h  some energy 
9,15 storage--generally overnight storage capacity. Researchers have po in ted  o u t  

tha t  for  solar  energy plants t o  provide firm power, several days of storage will 
be r e q u i r e d .  A MITRE s t u d y  indicated tha t  even for  the southwestern United S ta tes ,  
four  days of storage may be insuff" ient and up t o  30 days may be required for  some 
regions.  
be stand-alone systems; that  i s ,  they must be backed up w i t h  conventional power 
plants. 
a different  approach is  proposed by the Subpanel IX group.  
thermal-conversion plants could become economically viable by the l a t e  1980's 
without s ignif icant  energy storage (3-hr storage capacity proposed). 
e l e c t r i c i t y  costs of 25 t o  45 mills/kWhr based on an estimated capital investment of 
$450 t o  $800 per kilowatt peak ($1300 t o  $2500 average). 
argues that  this cost will be competitive w i t h  conventional plants producing peaking 
power, which  they estimate t o  cost 30 mills/kWhr by 1985. If there were no cloudy 

*As discussed i n  Section 6A.1.1.9, the ava i lab i l i ty  of uranium from very low-grade 
sources (e .g . ,  m i n i n g  Chattanooga shale--$lo0 per pound and u p )  can be seriously 
questioned from the point of view of environmental impact. 

9 

T h u s ,  most proposed so lar  thermal-conversion plants would not appear t o  

In apparent recognition'*of 3h"e'"di'fficulty of p rov id ing  suf f ic ien t  storage, 
\ r r ,  I 

Their view i s  tha t  so la r  

They project 

The Subpanel IX group 
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days and i f  t h e  peak power demand corresponded t o  pe r iods  o f  maximum s o l a r  i n s o l a -  
t i o n ,  t h e  Subpanel I X  comparison o f  s o l a r  power and convent ional  peaking power cos ts  

would have some v a l i d i t y . *  N e i t h e r  case seems t o  be t r u e .  
occurs i n  a l l  reg ions of t h e  coun t ry  i n c l u d i n g  t h e  d e s e r t  Southwest. The peak power 
demand f o r  many reg ions occurs i n  t h e  w i n t e r  a t  6 t o  8 p.m.30 
those served by TVA, where t h e r e  i s  s u b s t a n t i a l  space h e a t i n g  by e l e c t r i c i t y ,  t h e  
peaks occur  i n  w i n t e r  d u r i n g  e a r l y  morning hours. S o l a r  e l e c t r i c  systems w i t h  
l i m i t e d  energy s torage would appear t o  need f u l l  capac i t y  backup f rom convent ional  
p l a n t s .  
supplemental power. The va lue of t h e  energy generated would be equal t o  t h e  c o s t  
o f  t h e  f u e l  saved by n o t  o p e r a t i n g  t h e  convent ional  p l a n t s .  Assuming s o l a r  thermal-  
convers ion p l a n t s  cou ld  produce supplemental power f o r  25 t o  45 m i l l s / kWhr  (as 
est imated by Subpanel 1x1, t h e  p r i c e s  o f  f u e l  resources a t  which t h e  supplemental 
power f rom s o l a r  p l a n t s  would be compe t i t i ve  are:  

Widespread c loudiness 

For areas such as 

Thus, power f rom such p l a n t s  would n o t  be peaking power but ,  r a t h e r ,  

Oil :  $11 t o  $20 per ba r re l  (Peaking u n i t s  a t  25% e f f i c i ency)  

Coal: 
Nuclear  (LWR): 

$70 t o  $127 p e r  t o n  (Base and in te rmed ia te  l o a d  u n i t s  a t  40% e f f i c i e n c y )  
$390 t o  $725 per  pound o f  U308 (Baseload u n i t  a t  32% e f f i c i e n c y )  

Thus, t he re  i s  l i t t l e  p o s s i b i l i t y  t h a t  s o l a r  thermal-conversion p l a n t s  w i l l  d i s p l a c e  

e i t h e r  coal  o r  n u c l e a r  generat ion s i n c e  t h e  supply  o f  coal  and uranium a t  p r i c e s  

s i g n i f i c a n t l y  below those shown above would l a s t  w e l l  over a century .  
p o s s i b l e  n i che  f o r  s o l a r  p l a n t s  would be as a supplemental source o f  power d u r i n g  
pe r iods  i n  which peaking u n i t s  are requ i red .  

The o n l y  

6A.5.7.1.2 P h o t o v o l t a i c  Conversion 

Present costs  o f  s o l a r - c e l l  a r rays  a re  ext remely h igh .  

a r rays  r e p o r t e d l y  c o s t  about $2 m i  11 i o n  p e r  peak k i  l o w a t t .  Cherry31 est imates t h a t  , 
by improv ing t h e  manufactur ing process and us ing  s imple s o l a r  concen t ra to rs  , s i l i c o n  

c e l l  a r rays  cou ld  be produced f o r  $10,000 pe r  peak k i l o w a t t  and t h a t  t h i s  c o s t  m igh t  
be reduced t o  $2500 p e r  peak k i l o w a t t  i f  an inexpensive process f o r  mass-producing 

cadmium s u l f i d e  c e l l s  were developed. U l t i m a t e l y ,  Cherry be l i eves ,  cadmium s u l f i d e  
c e l l s  could be produced a t  50d p e r  square f o o t  ($50 p e r  peak k i l o w a t t ) ,  and he e s t i -  
mates t h a t  power c o u l d  be produced f o r  about 24 mi l ls /kWhr.  

6A.5.7.2, one p o t e n t i a l  d i f f i c u l t y  w i t h  cadmium s u l f i d e  c e l l s  i s  t h a t  t h e  U.S. cadmium 
resources would n o t  suppor t  ex tens i ve  power f a c i l i t i e s  based on t h i s  m a t e r i a l .  

For example, t h e  Skylab s o l a r  

As noted i n  Sec t i on  

*Even so, t h e  comparison would n o t  be complete ly  v a l i d  because convent ional  peaking 
u n i t s  f u l f i l l  an a d d i t i o n a l  f u n c t i o n .  
and i n t e r m e d i a t e  l o a d  u n i t s .  

They p rov ide  backup d u r i n g  outages o f  base 

n 
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9 The MITRE Corporation 
dences or small con-unerci a1 b u i  1 dings . Capi ta l  costs , i ncl udi ng col lectors , energy 
storage, and power conditioning equipment were projected to be $1000 per peak kilo- 
watt ($5000 per average kilowatt) by the year 2000 and $500 per peak kilowatt ($2500 
per average kilowatt) by the year 2020. 
mills/kWhr and 43 mills/kWhr for  the years 2000 and 2020, respectively. 
indicated that  so la r  costs would exceed conventional power costs by a factor  of 4 
i n  the year 2000 and by a factor  of 1 . 7  in the year 2020. 

estimated the cost of photovoltaic instal la t ions for res i -  

Total power costs were estimated as 86 
The study 

The Sc ien t i s t s '  Ins t i tu te  for  Public Information, ( S I P I )  , i n  i t s  comments* on the 
Draft Statement indicated tha t  the use of photovoltaic systems on buildings i s  
especially promising because, ' I . .  .according t o  NSF/NASA Solar Energy Panel , even 
w i t h  an expensive battery, the system could be economic because transmission and 
d i s t r i b u t i o n  costs are eliminated. 27'' This interpretation of the NSF-NASA study 
i s  believed erroneous. The NSF-NASA panel specif ical ly  noted ( r e f .  4 ,  p .  55) tha t  
providing more than one day of storage would be ~neconomica l .~  Thus, so la r  e l e c t r i c  
systems for  buildings would require an external source of e l e c t r i c i t y  d u r i n g  a ser ies  
o f  cloudy days, and the required external capacity (generating plant,  transmission 
systems, and distribution network) would n o t  be reduced s ignif icant ly .  Solar 
e l e c t r i c  systems for  buildings would save fuel b u t  would no t  materially affect  the 
local u t i  1 i t i e s  ' investment i n  power faci  1 i t i e s .  

The report of Subpanel IX proposed a research and development program, emphasizing 
advanced s i l icon c e l l s ,  that  would culminate in the production of solar  arrays f o r  
$300 per peak kilowatt ($1500 per average kilowatt) by 1986. 
implementation o f  these cells would take place i n  1990. 
construction of the power plant, power conditioning equipment, and energy storage. 
A t  a fixed charge rate  of 15%, the capital costs o f  the solar  arrays alone would 
contribute about 26 mills/kWhr t o  the to ta l  power cost .  

As w i t h  other so la r  systems proposed by Subpanel IX, the argument i s  made tha t  photo- 
voltaic systems without energy storage will be economically viable as peaking units. 
As noted previously i n  the discussion of thermal-conversion systems, so la r  e l e c t r i c  
systems w i t h  limited energy storage will almost certainly require conventional 
standby capacity; the value of the power produced would be only the cost of conven- 
tional fuel saved. Since the estimated costs of photovoltaic plants generally f a l l  

I n i t i a l  comercial 
The above cost excludes 

r i ' -1 Y 

*Testimony of SIPI i n  regard t o  the A E C ' s  Draft Statement on the LMFBR Program, 
The superscript 26 i n  SIPI 's  comnent referred t o  the April 25, 1974, p .  V-21. 

repor t :  
Washington, D.C. , December 1972. 

NSF/NASA Solar Energy Panel, "Solar Energy as a National Energy Resource , ' I  
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within the same range as those estimated for thermal-conversion plants, the previous 
conclusions concerning the outlook for thermal-conversion plants also apply to 
photovoltaic systems. 
solar electricity will displace either capacity or generation from coal or nuclear 
plants in this century and (2) the most reasonable potential application is in dis- 
placing some generation (not capacity) from peaking plants burning oil. Even in 
the latter case, some energy storage may be required so that the energy collected 
during the day can be dispensed during the period when peaking units are required. 
If low-cost storage systems (batteries, flywheels, arid similar devices) are 
developed, the same devices could presumably be applied to conventional coal or 
nuclear plants. 
for peaking. 
necessarily improve the relative competitive position of solar energy plants. 

These conclusions are that (1) there is little chance that 

This application would allow low-cost, baseload energy to be used 
Thus, the development of economical storage systems would not 

6A.5.7.1.3 Burning of Photosynthetic Materials 

The cost o f  producing electricity f r o m  burning photosynthetic materials would be 
controlled by the cost of land. 
producing energy by this means apparently would be high, especially since the land 
must be of reasonably good quality. 
plant indicates a fuel cost of more than $2 per million Btu and a total power cost 
of at least 38 mills/kWhr. 

Since large areas would be required, the cost of 

1 One cost estimate for a wood-burning power 

6A.5.7.1.4 Space Heating and Air Conditioning 

The cost of space heating, air conditioning, and water heating with solar energy is 
primarily related to the capital investment. Additional costs would be incurred 
from maintenance and fossil-fuel use during adverse weather conditions. The NSF-NASA 
Solar Energy Panel estimates the capital cost of water heating at $200 to $400, space 
heating at $1500 to $2500, and air conditioning at $3000 to $4000, all for a 
representative residence. 
for heating than is electricity for a varietj of U.C7l'locations and that it is 
nearly competitive with oil and gas for other locations. Combined systems (i.e., 
hot-water heating, space heating, and air conditioning) were believed to be of even 
greater long-term promise. However, considerable engineering development o f  low- 
cost components will be required for solar energy to be a competitive alternative 
for residential use on a large scale. 

The panel indicated that solar energy is less expensive 

6A.5.7.1.5 High-Energy Fuels 

A major part of the cost o f  high-energy fuels would be the cost of producing the 
raw photosynthetic materials. 4 For example, one estimate of the cost o f  dry algae, 

6A. 5-28 



w i t h  p resen t  technology, would be $0.05 pe r  pcund. 

e f f i c i e n c y  o f  60 t o  80% i s  assumed, then t h e  c o s t  o f  t h e  raw-mater ia l  component o f  
methane would be g r e a t e r  than $7 p e r  m i l l i o n  Btu. This  f i g u r e  i s  severa l  t imes t h a t  
est imated f o r  p i p e l i n e  gas f rom coal ,  which may be on t h e  o r d e r  o f  $1.00 pe r  m i l l i o n  
B ~ u . ~ '  The NSF-NASA S o l a r  Energy Panel est imated t h a t  t h e  c o s t  o f  methane f rom 
algae grown on sewage wastes m igh t  be reduced t o  $1.50 t o  $2.00 pe r  m i l l i o n  B t u  
s i n c e  a c r e d i t  cou ld  be taken f o r  sewage d i sposa l .  

wastes i s  promising, t h e  use c f  a lgae as a f u e l  may be ques t i onab le .  
a h i g h  p r o t e i n  con ten t  (50% r e l a t i v e  t o  39% f o r  soybeans) as w e l l  as be ing  r i c h  i n  

n u t r i e n t s  and v i tamins.33 As such i t  i s  an e x c e l l e n t  supplement f o r  animal feed as 
w e l l  as be ing  p o t e n t i a l l y  u s e f u l  f o r  d i r e c t  human consumption. I f  i t  cou ld  be p ro -  

duced f o r  %l $ / l b ,  as i m p l i e d  i n  t h e  above est imate,  t h e  impact on t h e  w o r l d  food 
supply  would be s u b s t a n t i a l .  
be f a r  h i g h e r  than f o r  f u e l .  

If a methane convers ion 

Al though growing algae on sewage 
C h l o r e l l a  has 

The p r o f i t a b i l i t y  o f  a lgae p roduc t i on  f o r  f ood  would 

6A.5.7.2 Ex te rna l  Costs 

Genera l ly  speaking, environmental  costs  associated w i t h  t h e  use o f  s o l a r  energy 
would be sma l l .  

p r i c e  s t r u c t u r e  and a v a i l a b i l i t y  o f  c e r t a i n  raw m a t e r i a l s .  
cou ld  be a f f e c t e d  a re  gold,  which has been suggested f o r  t h e  s e l e c t i v e  su r face  on 

thermal-convers ion c o l l e c t o r s ,  and cadmium, which m igh t  be a b a s i c  m a t e r i a l  i n  
low-cost s o l a r  c e l l s .  One es t ima te  i s  t h a t  i f  cadmium s u l f i d e  c e l l s  were used t o  
produce 1% o f  t h e  e l e c t r i c i t y  r e q u i r e d  i n  t h e  y e a r  2000, t h e  q u a n t i t y  o f  cadmium 

needed would exceed t h e  known U.S. reserves a v a i l a b l e  a t  1971 p r i c e s .  I f  photo- 

s y n t h e t i c a l l y  produced fue l s  were w ide ly  used, t h e  wi thdrawal  o f  l a r g e  t r a c t s  o f  
l a n d  t h a t  cou ld  be used t o  produce food, f i b e r ,  pulpwood, and lumber would i n f l u e n c e  
t h e  p r i c e s  o f  these products .  

I n  some cases, t h e  l a rge -sca le  use o f  s o l a r  energy m igh t  a l t e r  t h e  

Two m a t e r i a l s  t h a t  

7 

6A.5.7.3 B e n e f i t s  

The b e n e f i t s  f rom solar -energy use would be e l e c t r i c  power, thermal energy, and 
high-energy f u e l s .  These products  would be based on an i n e x h a u s t i b l e  energy supply  
and cou ld  be produced f o r  most proposed a p p l i c a t i o n s  w i t h  r a t h e r  m ino r  environmental  
impacts. U t i l i z a t i o n  o f  s o l a r  energy would decrease t h e  dependence on f u e l  sources 
such as coal  and nuc lea r .  

,- 1 i i , l J  .J2. 

6A.5.8 Overa l l  Assessment o f  Role i n  Energy Supply 

The use of s o l a r  energy as a s u b s t i t u t e  f o r  o t h e r  energy sources has ve ry  s t r o n g  

appeal. The resource i s  i nexhaus t ib le ,  and i t s  use would have r e l a t i v e l y  minor  

6A.5-29 



environmental effects  for  most proposed applications. 
exploitation of solar  energy i s  cost. 
for  a l l  except very specialized applications. 
solar  energy has l i t t l e  potential as an economical, major source of e l e c t r i c i t y  
for  a t  l eas t  several decades. In f a c t ,  the only proposed solar  application tha t  
potentially could play a s ignif icant  energy role i n  th i s  century is  as thermal 
energy f o r  buildings. Although this use could be important, the impact on total  
e lec t r ica l  production i s  l ikely t o  be minor (%2%), a t  leas t  until the year 2000. 
T h u s ,  i t  i s  concluded that  the use of solar  energy will no t  materially reduce the 
need for  a l ternat ive e lec t r ica l  energy sources i n  th i s  century. 

The major barr ier  t o  the 
The use of solar  energy i s  now uneconomical 

The outlook appears t o  be tha t  
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6A.6 OTHER NONNUCLEAR ENERGY SYSTE14S 

6A.6.1 Wind Power 

6A.6.1.1 History and Status 

The kinetic energy of the winds can be used to produce mechan,:al energy or 
electric power. 
example, the estimate' has been made that the energy potential of the winds over 
the continental United States, the Aleutian arc, and the eastern seaboard is 
equivalent to 10 MWe. 
to electricity would, of course, be impractical. 
identified a number of major areas--including the Great Lakes, the Great Plains, 
and offshore regions--that would be suitable for wind-driven electric plants and 
estimated the maximal potential energy generation from these areas to be equivalent 
to about 19% of the annual United States electricity production estimated for the 
year 2000. 

The potential amount of wind energy available is very large. For 

8 To convert a significant fraction of this energy potential 
1 The NSF-NASA Solar Energy Panel 

Man's use of the wind dates back many centuries.* The ancient Chinese and other 
eastern peoples used windmills to pump water and employed sails to drive ships. 
The Crusaders carried the windmill concept from the Middle East to Europe. Later, 
the windmill became an important part of rural America, especially in the !lidwest. 
Water pumping was the primary application, but many windmills were employed to 
generate electricity tor farm 1 ighting. 
store energy for use during calm periods. 
with the availability of low-cost, internal-combustion-engine-powered pumps led to 
the decline of the windmill; however, some are still in use in remote areas. 

Lead-acid storage batteries were used to 
Electrification of rural areas along 

Relatively large wind-powered generators for bulk power production have been 
constructed in a number of c o u n t r i e ~ , ~ - ~  but most are no longer in operation. 
largest unit, the Smith-Putnam wind 
near Castleton, Vermont, in the early 1940's. 
the grid of the Central Vermont Public Service Corporation. 
rated at 1.25 MWe and was driven by a two-blade propeller 175 ft in diameter. 
Smith-Putnam windmill operated intermittently until 1945 when one blade failed. 
The project was abandoned primarily for economic reasons. 

The 
was constructed on Grandpa's Knob 
This installation fed power into 

The generator was 
The 

Uncertainties about future energy sources have stimulated renewed interest in wind- 
mills. A number of innovative wind-conversion systems are currently being 
lnvestigated,6-10 and several imaginative proposals for wind-energy uti1 ization 
have been made. 11-14 These proposals range from small units, to be used for heating 
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and e l e c t r i c i t y  f o r  ind iv idua l  bui ld ings,  t o  vast  networks o f  wind machines f o r  bulk 
power generation. 

6A.6.1.2 Research and Development 

The National Science Foundation (NSF) i s  the primary Federal agency involved i n  
wind energy research and development.2 Other government agencies w i th  i n t e r e s t s  
i n  wind energy include NASA, the Department of the Army, and the National Oceanic 

10-year program amounting t o  about $610 m i l l i o n .  A more recent and broader-based 
study15 o f  po ten t i a l  energy sources, "The Nation's Energy Future," suggested a 
research and development program t o t a l l i n g  $32 m i l l i o n  over the next f i v e  years. 
It would include the  construct ion o f  a ser ies o f  experimental wind generator 
systems o f  increasing s ize  and performance capabildty, s t a r t i n g  w i t h  a u n i t  o f  
100-kWe size. 
be constructed. 

and Atmospheric Administrat ion .* The NSF-NASA Solar Enerqy Panel 1 recommended a 

A m u l t i u n i t  system making up a wind "farm" up t o  10 MWe would also 

6A.6.1.3 Projected Applications 

The NSF-NASA Solar Energy Panel estimated tha t  wind-powered generators might produce 
1% o f  our e l e c t r i c a l  energy needs by the year 2000, assuming a successful research 
program. A much more op t im is t i c  view i s  given by the Subpanel IX16 group; t h e i r  
estimate i s  t h a t  19% of our e l e c t r i c a l  energy needs could be s a t i s f i e d  by wind power 
i n  the year 2000. 

estimated by the NSF-NASA panel. 

This f i gu re  corresponds t o  the maximum avai lable wind energy 

Whether the wind w i l l  provide any s i g n i f i c a n t  energy generation i n  the fu tu re  w i l l  
depend on the reso lu t ion  o f  two problems: environmental disturbance and economics. 

6A.6.1.4 Environmental Impacts 

Potent ia l  environmental problems re1 ated t o  the,,I,ar;ge=s-cale use o f  wind turbines 
are land use, weather modif icat ions, and aesthetics. 
are 350,000 square miles i n  the Great Plains tha t  would be su i tab le  f o r  wind 
turbines. 
50-ft diameter blades. 
The t o t a l  annual output from the 350,000 square miles would be 1400 b i l l i o n  kWhr o r  
about 15% of expected e l e c t r i c  energy generation i n  the year 2000. The land area i s  

approximately equivalent t o  the combined areas o f  North Dakota, South Dakota, 
Nebraska, Kansas, and Oklahoma. Actual ly,  the machines would phys ica l l y  occupy only 
a small po r t i on  o f  the area, bu t  e l e c t r i c a l  interconnections and access roads would 

Heronemusl4 bel ieves there 

He proposes 600-f t  towers, each containing an array o f  20 machines w i t h  
The towers would be centered on each square mi le  o f  area. 
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require additional land. 
over such extensive areas. 
generators might also alter wind patterns and ,  therefore, weather. This potential 
effect has not  been assessed. The most obvious environmental disturbance would be 
t h a t  o f  aesthetics.2 Structures of the size and numbers required for large-scale 
power generation may n o t  be palatable t o  many people. Some p u b l i c  u t i l i t i es  have 
been skeptical of gaining public acceptance of the ta l l  structures proposed. 

There might be some resistance t o  the proposed use of land 
Large nmbers of densely concentrated wind-powered 

17 

6A. 6.1 .5 Economics 

The question of economic feasibility i s  related primarily t o  the variability of 
winds. 
power plants would require an energy storage system if  they were t o  supply a firm 
source of power. Limited experience with the Smi th -Pu tnam u n i t  indicated an annual 
use factor of 14%.18 A 200-kW(rated)* machine constructed near Gedser, Denmark, i n  
1957 i s  reported t o  have produced about  400,000 kWhr of electricity per year, 
which would indicate a use fac to r  o f  abou t  23%. 
(32%) was achieved w i t h  a lOO-kW(rated) u n i t  constructed in the U.S.S.R., near 
Yalta, in 1931. 

Because of this variability, windmills have a low use factor, and wind-driven 

3 

One of the highest use fac to r s  

2 

The storage capacity required t o  provide firm power will be substantial. 
Corporation estimates t h a t  individual units m i g h t  require 60 days or more of 
energy storage capacity, depending on the region. 
be used, including batteries and pumped storage," b u t  the method most often 
mentioned i s  the electrolytic production of hydrogen; the  hydrogen could then be 
burned i n  a power plant or used in a fuel cel l .  

The ?rlITl?E 
2 

Several methods of storage could 

Since the technology for economical energy storage suitable t o  wind power would n o t  
be available for  many years, there i s  a feeling among many wind-enerqy experts 
t h a t  the development of wind power for bulk electricity production should n o t  be 
tied t o  storage technology, 
t o  the report on "The Aation's Energy Future"15 recommended a program of development 
and implementation of wind energy systems w i t h o u t  storage. 
appear t o  serve as a supplemental source of power t h a t  could save conventional fuels 
b u t  would not  displace conventional capacity. Thus, one significant conclusion 
i n  the assessment o f  alternatives to the LMFBR i s  t h a t  wind energy systems w i t h  
limited or no energy storage will n o t  lessen the need t o  develop new sources 

The?-Sub~an&'lJIX group16 t h a t  provided i n p u t  d a t a  t-' 

Such systems would 

*"Rated" refers t o  the maximum design o u t p u t  of the wind turbine. 
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o f  f i r m  power inc lud ing  the LMFBR and o ther  advanced nuclear, coal, and geothermal 
power plants.  

n 

The value of power produced by a supplemental energy system i s  equivalent t o  the 
conventional f u e l  saved. The extent o f  conventional f u e l  displacement by wind 
machines w i l l  depend on the cap i ta l  cos t  o f  such p lan ts  r e l a t i v e  t o  the p r i c e  o f  
conventional fuels.  Based on past experience w i t h  windmil ls, the cap i ta l  i n w s t -  
ment i s  high. 
Knob wind tu rb ine  would cost  $700 per  k i l o w a t t  ( rated) i n  terms o f  1971 do l l a rs .  
I f  t h i s  machine were constructed i n  a favorable l oca t i on  where a use f a c t o r  o f  30% 
could be achieved, the cos t  per  average k i l o w a t t  would be about $2300. The cost 
would be somewhat higher i n  present (1974) do l la rs .  

Studies a t  Oregon State University20 i nd i ca te  tha t  the Grandpa's 

The 200-kW (rated) Gedser, Denmark, wind machine cos t  about $280 per  k i l o w a t t  
( rated) i n  1957.3 Costs were expected t o  drop t o  $190 per k i l o w a t t  ( rated) i f  the  
u n i t  were mas&-produced. A t  a use f a c t o r  of 23% (the value achieved by the  Danish 
u n i t )  , the cost per  average k i l o w a t t  o f  a production u n i t  would have been about 
$800 i n  1957. I n  terms o f  present (1974) do l la rs ,  the cos t  would be approximately 
double t h a t  i n  1957. 

The Subpanel I X  group16 expressed the view tha t  technological improvements i n  wind 
machines would dramat ical ly decrease the  costs. Their  est imate i s  t h a t  the cos t  o f  
an advanced windmil l  located a t  a favorable wind s i t e  would be $300 t o  $500 per  
k i 1 owa tt average. 

Heronemus14 bel ieves t h a t  the cost o f  la rge  wind turbines w i l l  vary according t o  
the number produced annually as fol lows: 
up t o  1000 units--$250 per  k i l o w a t t  ( rated);  up t o  20,000 un i ts - -$ lo0  per  k i l o w a t t  
( rated).  In terms o f  average capacity a t  a favorable s i t e  (30% use fac to r ) ,  the 
preceding f igures  correspond t o  $1167, $833, and $333 per k i l owa t t ,  respect ively.  

2 A recent study by the M I T R E  Corporation f o r  the NSF assumed tha t  the cost o f  wind 
power p lan ts  could be reduced t o  $300 per  k i l o w a t t  ( ra ted)  by 1985; using a 30% 
use fac to r ,  t h i s  f i g u r e  corresponds t o  $1000 per  k i l o w a t t  average. The National 

i t s  proponents estimate might be produced a t  costs as low as one-sixth the cost o f  
the conventional hor izon ta l -ax is  wind turbine. 

1 t o  100 units--$350 per  k i l o w a t t  ( rated);  

Research Counci 1 o f  Canada i s  developing a ve r t i ca l -ax i s  wind-turbine design 9 t h a t  

n 
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6A.6.1.6 Overall Assessment of Role i n  Energy Supply 

If wind power plants can be reduced i n  cost to $500 per kilowatt (average), then 
wind-generated electricity could displace conventional fuels ( b u t  no conventional 
capacity) a t  the following minimum prices for such fuels: 

Coal--$29 per ton 
Nuclear (LWR)--$146 per pound o f  U308 

For most large power systems, where the mix of fuel sources i s  expected t o  conta 
more and more nuclear energy, the outlook for wind  as a supplemental source of 

n 

energy is not  promising. For smaller systems and isolated communities t h a t  depend 
primarily on oil-fired power plants, the prospects for wind-enerqy applications as 
a supplemental source of electricity are more promising i f  low-cost wind turbines 
can be developed. For example, Van Sant" concluded t h a t  wind turbines would be 
economical as a supplemental source of power for a small Canadian community t h a t  
uses diesel -electric pl ants. 

As noted i n  Section 6A.6.1.5, wind  energy systems w i t h  limited or  no energy 
storage will not  reduce the need for new sources of firm power. 
power m i g h t  be able t o  satisfy some specialized energy needs, a reasonable predic- 
t i on  i s  that electricity from the wind will n o t  be of national significance d u r i n g  
the remainder of this century. 

Although wind 

6A.6.2 Ocean Thermal Gradients 

A t  many places in the tropical and subtropical reqions o f  the world, the ocean sur- 
face temperatures are i n  t h e  range of 75 t o  85OF. 
toward the poles, where i t  is  cooled, and flows back along the deep ocean trenches. 
In these lower layers of the ocean, say 2000 f t  below the surface, the temperatures 
are 35 t o  45OF. 
be used t o  drive a Rankine-cycle heat engine. 21 "' A1 though the theoretical eff i -  
ciency is 9% for a 50F0 temperature difference,' the efficiency of a real power plant 
would be 2 t o  4%. 
cycle; the most promising ones seem to be water vapor, ammonia, propane, and one of 
the freons. 

T h e  warm surface layer circulates 

The temperature difference between the surface and the depths could 

A number of working f l u i d s  have been suggested for the power 

The f i r s t ,  and probably the only, ocean-thermal-gradient plant t o  produce electricity 
was a small demonstration plant built by Claude i n  Cuba i n  1930." He chose water 
vapor as the working  fluid and produced the water vapor by boiling the tepid surface 
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water i n  a vacuum chamber and condensinq i t  i n  a spray condenser by use o f  the 
co ld  water pumped up from the ocean depths. The water vapor, which flowed i n  a 
pipe tha t  connected the condenser w i th  the bo i l e r ,  generated e l e c t r i c i t y  by d r i v i n g  
a turbine-generator located i n  the pipe. Although Claude had considerable d i f f i c u l t y  
i n  construct ing the p lan t  and, i n  pa r t i cu la r ,  i n  i n s t a l l i n g  the long cold-water- in let  
pipe, h i s  p lan t  demonstrated the technical  f e a s i b i l i t y  o f  producing power (22 kW). 
The actual y i e l d  over the energy pu t  i n t o  pumping the water i n t o  the vacuum condenser 
was s m a l l .  

Ocean- thermal-gradient power p l  ants have been visual  i zed e i  t he r  as shore-bui 1 t 
structures o r  as f l o a t i  ng structures . 21 922 The shore-bui l t  structures would have 
t o  be located i n  areas where the water i s  deep near the shore. Claude’s demonstra- 
t i o n  p lan t  was i n  such an area, although ocean depth a t  t ha t  p a r t i c u l a r  l oca t i on  
was limited.21 The f l o a t i n g  p lan ts  are general ly thought of as structures w i th  the 
ma jo r i t y  o f  t h e i r  mass located beneath the ocean surface t o  minimize surface e f f e c t s  
of waves and weather.23 Much o f  the current work on ocean-thermal-gradient plants 
i s  being sponsored by the NSF. 2 

Two p rac t i ca l  d i f f i c u l t i e s  appear t o  e x i s t  w i t h  power p lan ts  operating on ocean 
temperature d i f f e ren t i a l s .  F i r s t ,  the temperature di f ferences are ra the r  small, 
and t h i s  cha rac te r i s t i c  gives r i s e  t o  low e f f i c i enc ies .  Thus, a large amount o f  
thermal energy would have t o  be transported through the system, and t h i s  t ransport  
would require much pumping and a large heat- t ransfer surface. The second problem 

i s  tha t ,  f o r  the most par t ,  s i t e s  su i tab le  for  ocean-thermal-gradient power plants 
are located ou t  t o  sea, f a r  f r o m  load centers, thus making the transmission o f  
e l e c t r i c a l  energy d i f f i c u l t  and expensive. 

Although there are many technical  problems t o  be resolved, there i s  l i t t l e  doubt 
t h a t  the small temperature di f ferences between the surface and the depths o f  the 
oceans can be converted t o  shaft work. But the cost per u n i t  o f  n e t  energy produced 
i s  uncertain. Since no fue l  i s  required, the main element o f  cost  i s  c a p i t a l  invest-  
ment. Judging from some o f  the l i t e r a t u r e ,  the cap i ta l  investment would be modest. 
For example, some i n ~ e s t i g a t o r s * ’ * ~  repor t  t ha t  $168 per k i l o w a t t  may be an 
achievableicost, and t h i s  f i gu re  seems t o  be based on a 1965 estimate by the 
A n d e r ~ o n s . ~ ~  Both the NSF-NASA Solar Energy Panel 
maximum o f  $400 per k i lowat t .  

1 and Subpanel 1 X l 6  i nd i ca te  a 

The MITRE Corporation‘ shows a cost  range of $168 t o  $400 per k i l owa t t ,  bu t  i n  t h e i r  
economic analysis, they assume $800 per k i l o w a t t  for a f u l l y  developed plant.  
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Heronemus reports : 25 
configuration a t  $289/kw and a h-ighest-cost configurat,ion a t  $740/kw." The wide 
range of cost estimates i s  indicative of the embryonic stage of technology for 
ocean thermal gradient plants. To achieve costs near even the upper end of the 
range given above will require significant technological advances. For example, 
condensers for fossil-fueled power plants cost abou t  $7.25 per square foot  of heat 
transfer area.26 The ocean-thermal-gradient plant proposed by the Andersons uses 
159 f t  of heat transfer area per kilowatt of output .  On this basis, the cost of 
heat transfer surface alone would bbe $1150 per kilowatt. 
generation and consumption (as opposed t o  indfrect processes such as hydrogen produc- 
tion) I s  chosen as the application, electrical transmission through submarine cables 
would also be a significant cost item. Such cables for offshore nuclear plants cost 
abou t  $3.50 per kilowatt per mile.27 MITRE estimates t h a t  transmission distances for  
ocean-thermal-gradient plants will range from 25 t o  160 miles. 
transmission distance of 100 mfles is assumed, the cost of energy transmission 
alone would be $350 per kilowatt. The above figures suggest t h a t  even the highest 
cost estimates given i n  the literature may be much too low. 
adopts the $800 figure used by MITRE, the ocean-thermal-gradient plant i s  s t i l l  not  
likely t o  be competitive w i t h  l ight water reactors for  decades. Assuminq a cost of 
$420 per kilowatt for LWRs, a 15% fixed charge rate on capital, an 80% plant factor 
f o r  both nuclear and ocean-thermal-qradient plants, and assuminq t h a t  operating and 
maintenance costs for ocean-thermal-gradient and nuclear plants are the same, 
uranium ore would have t o  sell a t  $110 per pound of U308 t o  make ocean-thermal- 
gradient plants competitive w i t h  LWRs. 
greater t h a n  the current price of uranium ore. 

"In our l as t  costinq exercise we came up with one least-cost 

2 

If direct electricity 

2 

I f  an average 

Nevertheless, i f  one 

This figure i s  a b o u t  an order of magnitude 

1,2914916 suggest To avoid the cost of electricity transmission, many investigators 
the onsite production of electrolytic hydrogen. 
pipelined ashore f o r  use as a fuel. Presumably, i f  low-cost electrolytic cells 
could be developed, they could be applied t o  nuclear plants as well as ocean- 
thennal-gradient plants. A t  any rate, most studies indicate t h a t  clean gaseous 
fuels can be produced from coal a t  less cost than hydrogen by electrolysis (see 
Section 6A.6.4). 

The hydrogen would be barged or  

Because of the technical and economic problems described above, the comnercial 
feasibility of ocean-thermal-gradient power plants i s  uncertain. 
NSF-NASA Sol a r  Energy Panel 
toward problem definition, concept feasibility, and cost studies. 
mends t h a t ,  i f  the results of this init ial  program a re  favorable, a 15-year research 

Consequently, the 

The panel recom- 

1 reconunended an i n i  t i  a1 three-year proqram oriented 

6A.6-7 



and development program, whose cost would amount to  $530 million, be initiated. 
The panel projected a market penetration of 1% of the electrical power by the year 
2000 i f  this  program were successful. 

The more recent report on "The Nation's Energy Future"13 visualizes a $27 million 
program over the next f ive years, emphasizing the design, production, and testing 
of system components. 
technical feasibi l i ty  of producing electric power from ocean thermal gradients by 
laboratory-scale testing of prototypes and  full-scale testing of necessary components, 
including the heat exchanger, the deep-water pipe, and the overall plant structural 
design. 

The objective of this program would be t o  determine the 

A tes t  fac i l i ty  would be constructed under this program. 

Ocean-thermal-gradient plants are,  a t  present, only i n  the conceptual stage. As 
such, there is very l i t t l e  basis on which t o  make a meaningful assessment. After 
completion of the five-year program recommended i n  "The Nation's Energy Future," 
technical and economic feasibi l i ty  may be more clearly established. A t  present, 
however, there i s  no reasonable basis f o r  projecting a significant energy contribu- 
t i o n  from ocean-thermal-gradient plants i n  th is  century. 

6A.6.3 T ida l  Energy 

The estimate i s  made t h a t  the t o t a l  amount of energy in the tides of the ocean, i f  
i t  were accessible, would provide about  half the energy needs of the entire world. 28 

Because so few si tes  exist where the harnessing of this energy would be practical, 
use o f  only a small fraction of the potential amount would be possible, even if 
a l l  the available s i tes  were used. 

The tidal movement of the ocean i s  caused principally by the gravitational effect 
of the moon, w i t h  the sun also exerting a smaller effect. On the open ocean, the 
average height of the t ide i s  only about 2 f t .  
the shorelines, estuaries, and bays and the topography, together w i t h  wind  condi- 
tions, greatly amplify the tides. 
establish resonance, amplifications of 50 t o  100 times are attained. 
locations, tides m i g h t  be used t o  generate electricity.  
converted i n t o  electric power by enclosing the basins w i t h  dams t o  create a dif-  
ference i n  water level between the ocean and the basins and then using the water 
flow t o  drive hydraulic turbines t o  t u r n  e lectr ic  generators. 

The physical characteristics of 

In basins where these factors combine t o  
A t  such 

Tidal energy could be 

29 

Two s i tes  in the United States are worthy of consideration for  generating electric- 
i ty  by tidal action.30 These are the Bay of Fundy area, which actually l ies  on the 
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Canadian-United States border, and the Turnagain  Bay i n  Cook Inlet i n  Alaska. The 
Bay of Fundy has nine si tes and a potential power production of about  29,000 MW. 

The Alaskan s i t e  could produce about 9500 Mtl. 
subjected t o  detailed cost analysis31 on the basis of 1968 price levels. 
estimated cost was too h i g h ,  relative t o  those of alternatives, t o  be of interest a t  
the time of the study. 

One s i t e  on the Bay of Fundy was 
The 

Because of lack of resources and potentially h igh  cost, t i d a l  power probably will 
no t  be an important factor i n  energy supply for  the f u t u r e .  

6A.6.4 Hydrogen and Other Synthetic Fuels 

Hydrogen and other synthetic fuels such as hydrazine, methanol ,  and ammonia are 
anticipated t o  play an important role in future energy uses. 32,33 These fuels 
are not  a true alternative energy op t ion  i n  t h a t  they are n o t  a primary source of 
energy, such as nuclear power, solar power, or  coal; they are of interest because 
they may be derived from these abundant  energy resources and provide a convenient 
fuel form fo r  transport ,  storage, and u t i l i z a t i o n .  
potential alternative for supplying the long-term needs for  gaseous and l i q u i d  
fuels, as well as a possible means f o r  central-station electric storage analogous 
to  the pumped storage concept. 
electrolysis o r  thermochemical decomposition of water d u r i n g  periods of low power 
demand, i ts  storage, and its reconversion back t o  electricity, perhaps i n  a fuel 
cel l ,  du r ing  periods of peak power demand. 
electricity production i n  small dispersed stationary plants to provide power for 
residential and commercial uses. Other applications of hydrogen and the synthetic 
fuels t h a t  may be de r ived  from i t  i n c l u d e  use as general purpose fuels for heating 

Thus, they represent a 

The use of hydrogen would involve i t s  production by 

Hydrogen could also be used for 

and indus  
materi a1 s 

The princ 
of metals 
obstacles 

rial processes, as fuels for automotive and aircraft propulsion, and as 
i n  various i n d u s t r i a l  processes. 

pal use o f  hydrogen today is as art industrial chemical for the reduction 
from ores and i n  the production o f  amnonia for  agriculture. 
t o  the use of hydrogen i n  other applications a t  this time a r e  i ts  h i g h  

The main 

cost relative to oil products and natural gas and, for motive applications, d i f -  
ficulties i n  storage o f  the fuel as a gas o r  l i q u i d .  These storage difficulties 
can be alleviated i n  varying degrees by use o f  alloys which form hydrides and by 
the use of the other synthetic fuels (e.g., hydrazine, methanol, or ammonia). 
However, for purposes of this discussion, the main interest i n  hydrogen i s  i ts  
possible future use as an energy storage mechanism i n  central-station electricity 
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production or as a fuel 
on fuel cel ls ,  gas t u r b  

The principal processes 

s UPP 
nes , 

t h a t  

y t o  smaller e lectr ic i ty  generating stations operating 
or some other technology employing hydrogen. 

are currently used for producing hydrogen include 
electrolysis of water and the partial oxidat ion of reforming of fossil fuels, 
principally natural gas. 
produced economically from coal and ,  perhaps, from oil  shale. 
fossil resources decline, closed-cycle thermochemical cracking of water and re- 
emphasis on water electrolysis would seem t o  be potentially attractive methods of 
hydrogen production. The cost of hydrogen will depend on the cost of the primary 
source o f  energy, the efficiency o f  the process used t o  produce hydrogen, and the 
capi tal  cost of the production faci 1 i t ies  . 

In the near future, hydrogen can be expected t o  be 
In the far  term, as 

The current economics of electrolytic hydrogen are determined by the capital cost 
and uti l ization of the electrolysis plant and by the cost of electrical power. 
capital cost of present large-scale plants34 i s  about  $95 per pound of H2 per 
day. 

equivalent t o  4.3&/lb of H2 o r  846/10 B t u ,  assuming no credit for by-product 
oxygen. 
hydrogen produced i s  abou t  106/lb of H2, resulting i n  a total cost, excluding 
labor, maintenance, and overhead costs, of 14.3&/lb of H2, o r  about $2.80/10 6 B t u .  

This cost i s  considerably higher t h a n  the cost of other fuels (e.g., low B t u  gas 
can be produced from coal a t  a cost of about  606 t o  95&/10 
electrical power used t o  produce hydrogen would depend, of course, on the type of 
generating plant providing the power and on the rate structure. 
obtained a t  a very low cost d u r i n g  off-peak demand periods and a t  a higher cost 
du r ing  periods of peak demand on the electr ic  generating system. 
a b i l i t y  t o  produce electr ic i ty  by improved conversion methods (e.g., fuel cel ls)  
could lead t o  a cost for e lectr ic i ty  produced by hydrogen t h a t  is competitive w i t h  
t h a t  from other fuels. 

The 

A t  a fixed charge rate o f  15% and a 90% p l a n t  factor, the capital charge i s  
6 

A t  an e lectr ic  power cost of 5 mills/kWhr, the power cost i n  terms of 

6 B t u ) .  The cost of 

Power may be 

In any event, the 

Although water electrolysis i s  already a relatively efficient process, further 
improvements may be achieved through research and development. To reduce the 
energy requirements t o  around 13 t o  15 kWhr/lb of H2 may be possible w i t h  an 
attendant decrease in the port ion of the cost of hydrogen attributable t o  the 
i n p u t  e lectr ic  power. There i s  only a moderate amount of research i n  progress 
on water electrolysis a t  the present time. 
on lowering cell fabrication costs and on improving their  performance and 
lifetime. 

Some work i s  being done by industry 
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Additional research and development would also be needed i n  techniques for  the 
storage of hydrogen, either as a liquid o r  as a metal hydride. 
such work would be to  provide safe and convenient systems for both  small portable 
storage applications and large-scale storage systems as may be required for central 
station electric storage. 

The objective of 

W i t h  regard t o  i t s  environmental characteristics, hydrogen is a clean fuel in t h a t  
i t  is  made from water and i t s  combustion results primarily i n  water vapor,  w i t h  
l i t t l e  or no other pollutants o r  emissions of the type associated with most o ther  
fuels. There would, of course, be some environmental effects from the production 
o f  hydrogen, whether this would be directly from coal o r  electrolytically through 
the use of power generated in some other type of plant. In  t h a t  case, the environ- 
mental effects from the use of hydrogen would depend indirectly on those from the 
type of power p l a n t  used i n  i t s  production, whether this be nuclear, fossil , solar, 
o r  other. However, hydrogen can be produced a t  a s i te  independent of the central 
electric generating facil i ty,  and i f  this hydrosen were then used t o  produce 
electricity a t  a smaller generatina station (e.g., powered by fuel cel ls) ,  the 
siting advantages inherent i n  this flexibility m i g h t  be worthwhile. 

As implied previously, the development and widespread use of synthetic fuels will 
not  lessen the need t o  develop primary energy sources such as advanced nuclear 
systems. 
petroleum and natural gas would emphasize the need t o  develop new primary sources 
of energy. 

On the contrary, the substitution of hydrogen and synthetic fuels for 

Several studies have been made of the potential means by which hydrogen may func- 
t ion  as the base o f  a future energy economy. 
hydrogen production , distribution and storage networks for the various applications 
mentioned above. 
i n  the year 2000 i s  produced from hydrogen. 
just t o  meet one-half of the projected transportation fuel needs for  the year 2000 
w i t h  electrolytically produced hydrogen would require an additional electrical 
generating capacity of nearly one million megawatts, o r  over twice the currently 
expected nuclear generating capacity a t  t h a t  time. 
thermochemical production i s  used rather t h a n  water electrolysis t o  produce 
hydrogen , then only a b o u t  one-third the expected nuclear generating capacity would 
be needed for this purpose. 

These include consideration of 

One study% assumed t h a t  20% of the electrical energy delivered 
Another evaluation33 estimated t h a t  

Hwever, i f  closed-cycle 
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Whether or not hydrogen and other synthetic fuels will be used t o  the extent 
currently envisioned by some planners will depend, as i n  the case of the other 
energy sources discussed i n  this Statement, on a myriad of technical, economical, 
environmental , political, social, and other factors, as well as on the relatdve 
success of other energy sources i n  achieving commercial and public acceptance. 
particular, the need for a separate d i s t r i b u t i o n  and storage system, the develop- 
ment  of vehicles and/or  electric generating s ta t ions capable of efficiently using 
hydrogen, and the need for other renewable sources of energy t h a t  could be used 
t o  produce hydrogen pose important problems t o  the eventual establishment of a 
hydrogen energy economy. 

In 

6A.6.5 Energy from Organic Wastes 

The quant i ty  of raw organic wastes produced each year in the United States i s  well 
i n  excess of 2 billion tons. 
problems i n  proper disposal. 
principle, alleviate the disposal problem as well as reduce the demand for  deplet- 
able energy resources. There are two general methods for converting organic wastes 
t o  useful energy: 
conditioning, industrial uses, or power generation, and ( 2 )  chemical processing t o  
convert wastes to higher value liquid, gaseous, or  solid fuels. 

In many cases, these waste materials pose serious 
Turning the wastes t o  usable energy could, i n  

(1)  direct b u r n i n g  w i t h  the production of steam for  space 

The production of steam and electric power by direct burn ing  o f  urban solid wastes 
has been practiced t o  a limited extent i n  the United States b u t  the major experience 
i s  i n  Europe, especially i n  Germany.35 The lack of application i n  the U.S. has been 
influenced by the law cost o f  fossil fuels and low population density relative t o  
Europe. Continued urbanizat ion w i t h  attendant waste disposal problems and the 
impending shortage of some fossil fuels have served t o  stimulate interest i n  the 
potential for energy recovery from waste products. Recently, a number of demonstra- 
tion projects involving heat recovery from urban waste incineration have been under- 
taken. 
energy for  heating and cooling of mid-city buildings will go into operation i n  
1974.36 The city of S t .  Louis, in a cooperative venture w i t h  the Union Electric 
Company, i s  p r o v i d i n g  municipal solid waste for use in power plant boilers. 37,38 

For example, i n  Nashville, Tennessee, a waste incinerator-boiler p r o v i d i n g  

Chemical processing o f  solid wastes i n t o  h i g h  quality fuels, although technically 
feasible, is  not  practiced on a commercial scale because processes have not  been 
fully developed. Research and development i s  currently being conducted on several 

35,39 processes. 
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The quantities of wastes from various sources, as estimated by Ander~on,~’ a r e  
shown i n  Table 6A.6-1. The l is ted d a t a  are for dry ,  ash-free, organic matter. The 
f i r s t  column of Table 6A.6-1 gives the quantity generated, a n d  the second column 
shows the quantity t h a t  miqht be available f o r  energy production. Wastes i n  the 
second category are those t h a t  are currently concentrated by feedlot operation and 
municipal collection t o  such an extent t h a t  recovery may be feasible. 
and farm wastes constitute a major port ion of organic materials oenerated, b u t  
recovery of these wastes i s  d i f f icu l t .  Urban refuse represents the most a b u n d a n t  
recoverable source of organic wastes. 
energy content per unit weight and volume, their  conversion t o  e i ther  e lec t r ic i ty  
o r  other forms of energy would need t o  be accomplished locally; otherwise, 
transportation costs would be prohibitive. 

Animal 

Since a l l  raw wastes are rather low in 

The energy production potential of organic wastes, reasonably collectable i n  1971, 
i s  i l lustrated in Table 6A.6-2. If a l l  collectable wastes were converted to 
e lec t r ic i ty  a t  the national average conversion efficiency of 32%, the power produc- 
tion for  1971 would have been 205 bil l ion kWhr o r  nearly 13% of the national demand. 
If a l l  collectable wastes were converted t o  oil a t  a net production of 1.25 bbl 
per ton  of waste,39 the oil production for  1971 would have been a b o u t  171 million 
bbl or 2.9% of the national consumption for t h a t  year. 

The best candidates for  e lec t r ic i ty  production are the wastes qenerated in urban 
areas since a collection system exists;  and waste generation corresponds geographic- 
a l ly  t o  the need for  e lec t r ic i ty .  
wastes, and sewage solids) would have accounted for  about 7% of the national e lectr ic-  
i t y  demand for 1971. I n  the  future, usable urban wastes w i l l  i ncrease  b u t  n o t  a t  the 

ra te  o f  e lec t r ic i ty  demand. For example, EPA37 estimates indicate t h a t  u rban  waste 
collection will increase by about 3.4% per year to 1980 whereas e lec t r ic i ty  demand 
will increase a t  a ra te  roughly twice this  amount. T h u s ,  the potential e lec t r ic i ty  
production from wastes will probably decline in relation t o  the total  e lectr ical  
demand. 

The urban-related wastes (urban  refuse, industrial 

As indicated ear l ie r ,  heat recovery and power generation from wastes have not been 
practiced extensively in the United States primarily because fossi l  fuel costs 
have been sufficiently low to make energy recovery from wastes uneconomical. How- 

ever, with fossil  fuel prices increasing very rapidly, energy recovery from wastes 
i s  very likely t o  become competitive. 
energy supplies for u r b a n  areas, the use of organic wastes for  energy could help 
resolve the disposal problem. 

In addition t o  providing a supplement t o  

Nevertheless, energy from organic wastes will never 
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Table 6A.6-1 

DRY, ASH-FREE, ORGANIC WASTES GENERATED 
AND POTENTIALLY COLLECTABLE FOR 1971 a 

Source 
Quant i ty  (mi 1 l ions  o f  tons lyear )  

Total Generated Total Available 

Animal Wastes 
Urban Refuse 
Logging and Other Wood Refuse 
Agricul tural  and Food Wastes 
Indus t r ia l  Wastes 
Sewage Sol ids 
Miscell aneous 

Total 

200 
129 
55 

390 
44 
12 
50 
886 

26 .O 
71 .O 
5 .O 

22.6 
5.2 
1.5 
5 .O 

136.3 

aSource: 
the Quant i t ies  and Sources ,'I Bureau of Mines Information Ci rcu la te  IC-8549, 
1972. 

L.  L.  Anderson, "Energy Potent ia l  from Organic Wastes: A Review o f  

Table 6A.6-2 

POTENTIAL ELECTRICITY AND OIL PRODUCTION FROM 
COLLECTABLE ORGANIC WASTES FOR 1971 

Annual Potent ia l  Annual Potent ia l  
Source Power Productiona O i  1 Producti onb n w  0 7 m i  11 I on ( X  o f  

Animal Wastes 39 .O 2.4 32.5 0.6 
Urban Refuse 107.0 6.6 88.8 1.5 
Logging and Wood Wastes 7.5 0.5 6.3 0.1 
Agricul tural  and Food Wastes 33.9 2.1 28.3 0.5 
Indus t r ia l  Wastes 7.8 0.5 6.5 0.1 
Sewage Sol i d s  2.3 0.1 1.9 n i  1 
Mi scel 1 aneous 7.5 0.5 6.3 0.1 

Total -27K7.T l-27 170.6 2.v 

kWhr) demand) ba r re l s  ) demand) 

aBased on 8000 B t u / l b  o f  dry, ash-free wastes and conversion t o  e l e c t r i c i t y  a t  

bBased on net production of 1.25 bb l  per ton of waste. 
32% ef f ic iency .  
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have a large impact simply because the quantity o f  enerav contained in collectable 
wastes i s  small in relation to the energy demand. 
that the need to develop other enerqy sources would not be materially chanqed if 
the full energy potential of organic wastes were utilized. 

~ 

It is concluded, therefore, 

, 
~ 
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68 

IMPROVED ENERGY CONVERSION 

AND 

STORAGE DEVICES 



6B.1 GENERAL INTRODUCTION 

The major port ion of electric power generated in the United States today i s  based 
upon steam turbine energy systems. This process i s  well developed b u t  converts only 
about 39% of the fuel energy i n t o  electrical power with the balance being wasted in 
the form of low-grade heat. More efficient conversion systems would not  only reduce 
the amount of heat rejected t o  the environment b u t  also conserve our limited fossil 
and nuclear fuel supplies. 

Thermodynamic, technological, and economic considerations 1 iri t upper efficiency t o  
the present value. 
t h a t  would allow for higher efficiencies i f  suitable technologies were available t o  
use them. 
trical energy, thus avoiding the heat engine cycle and consequent thermodynamic 
limitation, would be most desirable. 

Temperatures are available from the combustion of fossil fuels 

Systems for  direct conversion from chemical or nuclear energy t o  elec- 

The following sections will briefly describe the most commonly used energy conver- 
sion system used today, the steam turbine, and other conversion concepts t h a t  have 
received or are receiving significant attention. Included in this discussion are 

(1 )  internal combustion engines, 
( 2 )  gas turbines, 
(3) binary cycles, 
( 4 )  fuel cells, 
(5) thermoelectric converters, 
(6) thermionic converters, and 
( 7 )  magnetohydrodynamics. 

I n  addition to  the development of more efficient energy conversion systems, major 
improvements i n  energy resource utilization can be achieved by developing practical, 
economic energy storage devices. The specific benefits of energy storage are: more 
efficient use of electric generating capacity, and fewer additional generating 
plants; improved operating economy of the ut i l i ty  systems; fuel substitution, i.e. 
cheap abundant fuels (coal, or nuclear) substituted for  scarce and costly fuels 
(oi l ) ;  and fewer new transmission and distribution facil i t ies.  

Electric ut i l i ty  indus t ry  estimates indicate t h a t  15 t o  25 percent of the daytime 
generating capacity o f  future ut i l i ty  systems could be provided by suitable energy 
storage devices. Electric energy generated a t  night or d u r i n g  other times of low 
demand (base load) would be stored for later use d u r i n g  times o f  h i g h  demand (peak 
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load). 
economy by increasing the base load, thereby allowing larger  and more e f f ic ien t  
generating units to produce a greater fraction of the total  power generated. This 
benefit is  especially important w i t h  the widespread implementation of nuclear power, 
since h i g h  capital  costs and operating considerations make i t  desirable to  operate 
nuclear plants continuously as  base load plants. The range of a l te rna t ive  
technologies which could meet the technical requirements f o r  uti1 i ty energy storaae 
devices are: 

Future storage units could improve overall fuel u t i l i za t ion  and operating 

(1 ) bat ter ies  
( 2 )  hydrogen storage 
( 3 )  thermal storage 
( 4 )  flywheels 
(5) compressed a i r  storage 
(6) underground pumped hydro 
( 7 )  superconducting magnetic energy storage 

A study assessing advanced energy storage systems, designed to  determine the most 
practical applications for  e l e c t r i c  u t i l i t y  generating systems, i s  underway. 
study will evaluate the energy storage concepts l i s ted  above i n  terms of their 
technical f e a s i b i l i t y ,  estimated costs ,  designed operating character is t ics ,  an t ic i -  
pated problems which m i g h t  block commercial development and research programs 
needed t o  advance the concepts. 
mental impact and public acceptance of the various energy storage systems. 
R&D work i s  underway on hydrogen and superconducting magnetic enemy storage. 
only energy storage concept tha t  has received s ignif icant  a t tent ion t o  date is  
bat ter ies  and i t  is  described i n  Section 68.7. 

This 

Other considerations include the safety,  environ- 
I n i t i a  

The 

n 

I n  summary, development of improved energy conversion and storage devices would 

(1 ) 
( 2 )  reduce the extent of adverse environmental e f fec ts ;  

(3)  
( 4 )  

conserve energy resources ; 

provide for  more e f f ic ien t  use of capital  resources; and 
provide electr ical  power reserve capacity near the p o i n t  of use. 

For each concept a number o f  character is t ics  will be discussed. 
describe the concept, examine i t s  current and projected use, consider i t s  costs and 
environmental impacts, and provide an overall assessment of i t s  role  i n  meetina our 
energy requirements. 

The intent  i s  t o  

The systems reviewed are  i n  varying stages of development. A s  

n 
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discussed in the section "Perspectives on A1 ternative Energy Options," those systems 
i n  the early stages o f  development cannot be defined accurately with regard to costs 
of development, probability of achievement, or schedules for achieving commercial 
uti1 ization. 
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6B.2 STEAM TURBINES 

6B. 2.1 Introduction 

I 

Approximately 78X.of tne electric generating capac i ty  in the U . S .  i n  1970 was based 
on steam turbine energy systems, and  this percentage is expected t o  increase slightly 
by the year 2000. The remaining 22% of capacity was supplied by hydroelectric (%15X) 
and gas turbine and diesel electric (.a%) power systems. 1-3 

6B.2.1.1 General Description 

The steam turbine i s  a heat enqine--as i s  any system t h a t  takes heat from a h i q h  

temperature source, converts i t  i n t o  mechanical energy, and rejects waste heat a t  a 
lower temperature. A representation of  the operation of a heat engine i s  shown in 
Figure 68.2-1. According t o  the Second Law of Thermodynamics, t o  convert all of 
the transferred heat into mechanical energy is impossible; t h a t  i s ,  a heat engine 
cannot be 100% efficient. 
constraints of  the Second Law i s  one t h a t  follows a theoretical concept known as the 

The most efficient heat enaine operating within the 

Carnot cycle. 
heat engine system, the cycle is  useful a s  a standard in evaluating the performance 
of actual heat engines. 

While the features of this cycle are not attainable in an operatino 

Steam turbine energy systems are based on the Rankine cycle, a practical modifica- 
t i o n  of the Carnot cycle. 
(fossil fuel combustion gases o r  nuclear fuel) is  transferred t o  water a t  h i g h  

In the Rankine cycle, heat from the enerqy source 

pressure i n  a boiler and produces hiqh-pressure, high-temperature steam. The steam 
enters the turbine where i t  expands t o  a low-pressure, low-temperature steam and in 
SO do ing  does work against the turbine blades, causing a r o t a t i o n  o f  the turbine 
shaf t  which i n  t u r n  drives an elec 4cal generator. After the thermal enerqy in the 
steam has been converted to  mechanical energy i n  the turbine, the discharged (spent) 
steam i s  converted back into water i n  a condenser. 
into the boiler and starts the cycle over again.  
i s  rejected t o  the environment t h r o u g h  the use o f  cool bodies of water ( i  .e.,  lakes, 
ponds, o r  rivers) o r  o f  cooling towers. 

The water i s  then pumped back 
The heat removed i n  the condenser 

This cycle i s  shown i n  Figure 6B.2-2. 

Modifications t o  the Rankine cycle which improve i t s  thermal efficiency use the 
concepts of regeneration and reheat. 
t ha t  has partially expanded t o  an intermediate pressure in the turbine i s  reheated 
in the boiler and then retuned t o  the turbine t o  complete the expansion process 
(Figure 68.2-3). The regenerative process extracts a fraction of the steam from 
the turbine after partial expansion and uses i t  t o  heat the water leavinq the 

In  the reheat process, a por t ion  of the steam 
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condenser before i t  enters  the boiler.  
is  cal led a feedwater heater. 
modern systems. 

The device where this heat exchange occurs 
A number of feedwater heaters a r e  generally used i n  

This process is  shown I n  F i g u r e  6B.2-4. 

Typical steam power plants will use both reheat and regeneration. The extent of 
reheat and regeneration f o r  a pa r t i cu la r  plant will  be determined by economic 
considerations, pr incipal ly  the fuel cost .  
plants i n  operation today, f o r  the most p a r t ,  use the regenerative process only, 
because the temperatures avai lable  i n  LWRs are not pa r t i cu la r ly  economical f o r  
reheat purposes. 

The l i g h t  water reactor (LWR) nuclear 

6B.2.1.2 History and Status 

The f i rs t  prime movers f o r  generators t o  develop e l e c t r i c  power were hydraulic 
turbines and reciprocating engines. 
6A.3. 
pressure as the working f l u i d  i n  an engine s imi l a r  t o  the internal combustion 
engines discussed i n  Section 68.3. 
the b u r n i n g  vapors of the internal combustion enqine. 

Hydraulic turbines are discussed i n  Section 
The reciprocatinq engines i n i t i a l l y  used steam a t  moderate temperature and 

Expandinq steam served the same function as 

The steam turbine energy system became part  o f  the e l e c t r i c  power industry around 
1900, roughly 20 years a f t e r  the industry's  beginning. 
i t  quickly overtook reciprocating steam engines and hydroelectric power as the 
principal means of e l e c t r i c  generation. 
total  generated capaci t y Y 4  and since then the proportion has gradually increased 
t o  i t s  current level of around 78%. 

I t s  importance grew, and 

By 1930 i t  was responsible f o r  70% of the 

Advances i n  technology have provided continuous improvement i n  the design and 
performance of the steam turbine system. In 1903, the u n i t  s i z e  be ing  b u i l t  was 
approximately 5000 kW, w i t h  i n i t i a l  steam conditions of 175 psi and 375°F and a 
plant eff ic iency of 9.2%.5 Corresponding values f o r  today's most modern plants 
have increased typical ly  t o  1,000,000 kW, 3500 p s i g ,  1000°F w i t h  1000°F reheat,  
and 39% eff ic iency.  
operating, and maintenance costs ,  on a per kilowatt bas i s ,  t h a t  are a t ta inable  as 
the u n i t  plant s i z e  increases.  

The t r e n d  t o  larger  u n i t s  is  a r e su l t  of lower c a p i t a l ,  

The steam conditions have, unt i l  recent years,  increased i n  order t o  improve the 
thermal efficiency of the u n i t .  T h i s  progress has been made possible by metallurgi- 
cal advances resul t ing i n  al loys tha t  can withstand the higher pressures and  
temperatures. The steam conditions declined and leveled off around 1960, because 
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the small increase in efficiency, going from 3500 to 5000 psig and from 1050 to 
120O0F, could not economically justify the increase in material costs and addi- 
tional maintenance problems associated with these higher steam conditions. 

Up to 1950, boilers were smll and several would supply a single turbine. 
continued increase in turbine size has required the design of higher output steam 
generators. 
economical and reliable to have a single boiler for each turbine-generator unit. 

The 

Improvements in boiler design and metallurgy have made it both 

The most significant change in the development o f  the steam turbine energy system, 
however, has not been improvements in system design but 'the use of nuclear fuel in 
place of the conventional fossil fuels. In these plants, the nuclear reactor, 
where the nuclear energy is released, and associated equipment takes the place o f  
the conventional steam boiler used in fossil-fueled plants. 

68.2.1.3 Present and Projected Applications 

As noted in Section 6B.2.1.2, the steam turbine energy system has consistently been 
applied to the generation of electric power since the year 1900. 
for the remainder of the century indicate the percentage will increase somewhat 
over the 1970 value of 78%. 
fueled and nuclear steam supply systems. 

Estimated values 

This value includes its application to both fossil- 

The kinds of service provided by the various types of plants can be classified in 
terms of base, intermediate, or peaking load. 
units that operate continuously at or near their full capacity. 
capacity factors (percentage o f  annual output if operated continuously at maximum 
capacity) are around 80%. Intermediate-load units are smaller, less efficient, and 
typically are required to shut down and start up daily as demand varies. 
factors vary from 20 to 60%. 
the day, when the demand for electricity is at its maximum, and have capacity 
factors of 20% and less. 

Base-load units are large, efficient 
Typical annual 

Capacity 
Peak-load units provide power for short periods of 

Steam turbine systems are predominantly used for base- and interrnediate-load 
service. 
whereas intermediate service i s  provided by either older and smaller fossil-fueled 
units, originally designed for base-load, or newly designed fossil-fueled units 
built specifically for this service. 

Base-load service is provided by large fossil-fueled and nuclear units, 
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New peaking service i s  now generally provided by pumped storage, gas turbine, or  
diesel energy systems, ra ther  than steam turbine systems, because of the q u i c k  
s tar tup requirements and the economics involved. 

68.2.2 Tec hn i ca 1 In format i on 

68.2.2.1 Availabil i ty 

There a re  three U.S. suppliers, as  well as  several prominent foreign sources, for  
steam turbine equipment. 
time--the time from project announcement to  commercial operation--depends on the 
type of u n i t .  
fueled plants begins. 
gies and have more involved licensing procedures, require about eight years of lead 
time. 

Availabil i ty of steam turbine units i n  terms of lead 

Approximately f ive  years a re  required until  operation of foss i l -  
Nuclear plants,  which u t i l i z e  more sophisticated technolo- 

6B. 2.2.2 Energy Source 

The  fuels  currently used i n  steam turbine power generation systems are  the fossi l  
fuels--coal, o i l ,  and natural gas--and nuclear fuels.  Figure 6B.2-5 shows the 
current and projected e l e c t r i c  power generation by these fuels  and also hydro- 
e lec t r ic  energy. 
of this Statement. 

These fuels  a re  discussed i n  considerable detai l  i n  Section 6A 

6B.2.2.3 Efficiency 

As discussed i n  Section 6B.2.1.1, the maximum efficiency for  a heat engine i s  the 
Carnot cycle efficiency, which i s  a theoretical  efficiency tha t  cannot be achieved 
in practice b u t  which serves as a measure of performance for actual cycles. 
Carnot efficiency is 

The 

- TH - TL 
TH nc - 

= Carnot cycle efficiency 
nC 

where 
TL = Low temperature of heat rejection, O R  

TH = High temperature of heat addition, O R  

The equation shows tha t  theoretical efficiency i s  improved by increasing the heat 
addition temperature ( T H )  and decreasing the heat rejection temperature ( T L ) .  

Steam turbine systems typically operate between a maximum tentperature of 1000°F 
(1460'R) and a m i n i m u m  temperature of 70°F (530"R). A Carnot cycle operating 
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between these temperature limits of heat a d d i t i o n  and heat rejection would have an 
efficiency of 65%. 

Actual steam tur6ine plant efficiencies for u n i t s  i n  the 1000-MW range are on the 
order of 38 t o  40% for fossil-fueled and HTGR units and 31 t o  34% for BWR and PWR 
units. 
reheat and regeneration are not  economically practical a t  the present time, because 
the increased investment costs offset the operating savings. 

Improvements t o  these efficiencies through the use o f  additional stages of 

Use of higher steam temperatures and pressures t o  improve efficiency of fossil units 
i s  limited because: ( 1 )  metals currently used are near their metallurqical limit 
and ( 2 )  metals t h a t  can withstand more extreme steam conditions are too costly t o  
be economical and have a limited lifetime. Therefore, significant advances i n  
efficiency are not expected in the immediate future. 

The heat rejection temperature is limited by the temperature of the environment 
(water o r  a i r )  t o  which the heat i s  rejected. This i s ,  of course, dependent on 
geographical location and the type of heat rejection s,vstem chosen. 

6B.2.2.4 Size Limitation 

The size o f  steam turbine units i s  expected t o  increase above the present maximum 
of about  1300 !W in order t o  reduce capital, operating, and maintenance costs on a 
per kilowatt basis. Although these large units will require some improvements in 
turbine, generator, and boiler design, no major problems are expected. 

Factors t h a t  may have an effect on plant size are cooling water and land area 
requirements. 
regulations are beinq introduced t h a t  limit the amount o f  heat t h a t  can be 
discharged into natural bodies of water, sources of cooling water for larqe plants 
have become a problem. Greater land area requirements are a result of larger coal 
and ash storage areas, flue gas cleaning equipment, and cooling facil i t ies for the 
condenser cooling water. Dry cooling towers are expected t o  occupy a position of 
greater prominence . 

Because larger units require greater amounts of cooling water and 

68.2.3 Research and Development 

I t  is believed t h a t  there a r e  no t  likely t o  be any major improvements i n  steam 
turbine technology. 
techniques as well as lower-cost, high-temperature alloys are areas receivina current 

Advanced blade technology, seals, and moisture-removal 
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attention. 
construction of smal ler,  lighter, higher power o u t p u t  turboal ternators (generators) 
since this currently represents a transportation restriction (manufacturer t o  power 
p l a n t  s i t e ) .  

6 7 recommended for further development by the FPC Task Force and AEC Subpanel VI. 
This development includes research on higher transi tion-temperature superconductinq 
wire as well as design, construction, and test  of multi-meqawatt generators. 

The use of superconductivity technology i s  also being explored f o r  the 

This particular application of superconductivity technology has been 

Any major advances i n  efficiency will probably come from the use of topping 
( b i n a r y )  cycles (see Section 68.5) or  a1 ternative energy conversion devices. 

68.2.4 Envi ronmental Impacts 

The environmental impacts associated w i t h  steam-turbine electrical qenerating plants 
are discussed extensively i n  Section 6A of this report in those portions dealing with 
the power production system u s i n q  the steam turbine cycle. 

6B.2.5 Costs and Benefits 

The preponderance of the electric generating capacity of the United States today i s  
based on the utilization of  the !?ankine cycle, w h i c h  attests t o  i t s  relative 
economics. The very wide range of conditions for which an individual unit may be 
designed ( i  .e. , varying construction conditions , varyinq labor productivity) leads 
t o  significant cost differences of plants installed a t  different locations within 
the Nation. Environmental control costs will also add substantial amounts to  the 
basic costs o f  the plant. (See Section 6A.2.1.7 f o r  a detailed discussion.) 

Disadvantages exist  w i t h  t h e  steam t u r b i n e  energy system t h a t  are pronpting investi - 
gations into alternative electric generation schemes. 
associated adverse environmental effects and the desi re f o r  hiqher efficiencies t h a n  
can practically be obtained from a steam Rankine cycle alone. 
result i n  higher rates of ( I )  consumption of limited fuel reserves, ( 2 )  a i r  pollu- 
t i o n ,  and (3 )  thermal pollution. The indirect method of electric generation--energy 
transformations from chemical o r  nuclear t o  thermal , from thermal to  mechanical , and 
from mechanical t o  electrical--along w i t h  the large and complex equipment used i s  
also considered a system disadvantage when compared w i t h  other generation concepts. 

Principal factors are i t s  

Low efficiencies 

Notwithstanding these considerations, the steam turbine system is currently the 
most economical and technologically developed energy system available t o  the 
electric power industry. 

68.2-11 



68.2.6 Overall Assessment of Role in Energy Supply 

The steam turbine energy system is, and is expected to remain for many years, the 
predominant means by which fossil and nuclear energy is converted to electrical 
power by central station plants. 
range of 1000 MWe and beyond. No significant improvement in the efficiency of 
conventional steam turbine systems is foreseen. 
advanced energy conversion systems such as gas turbines, binary cycles, and 
magnetohydrodynamics may provide the means of improving the efficiency of central 
station power plants. 

Most new plants are expected to be in the size 

However, the development of 
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68.3 INTERNAL COMBUSTION ENGINES 

6B.3.1 Introduction 

6B.3.1.1 General Description 

T h e  principles of the internal combustion engine ( I C )  can be simply described as 
follows. 
released elevates the temperature of the combustion products and remaining reactants 
and causes a pressure r i se .  
i s  constructed w i t h  a movable wall ( p i s t o n ) ,  the increase i n  pressure causes the 
piston to move. 
a linkage w i t h  movable jo in ts  (connecting rods) enables the pressure (power) moving 
the piston to  be transmitted t o  the shaf t ,  thus causing i t  t o  rotate .  
valves (the opening and closing of which a re  controlled by the rotating shaf t )  a i r ,  
fuel ,  and the products of combustion can be admitted a n d  discharged a t  appropriate 
times, supplying intermittent energy t o  the crankshaft. 
cylinders a re  mounted on a common shaft .  
shaf t  to  a s s i s t  i n  p r o v i d i n g  for  continuous power output. 
proportion to  the number of cylinders, and i f  the cranks are  properly phased, a 
uniform flow of  power t o  the crankshaft can be obtained, w i t h  a result ing reduction 
i n  flywheel s ize  and weight. 
performance. (See Figure 6B.3-1.) 

If a mixture of fuel and a i r  i s  burned i n  a confined space, the heat 

I f  the chamber (cylinder) i n  which the fuel i s  burned 

Connecting the piston t o  an eccentric shaf t  (crankshaft) t h r o u g h  

W i t h  sui table  

Usually a number of 
A flywheel can be mounted on the crank- 

The power output i s  i n  

A turbocharger i s  sometimes added t o  enhance engine 

68.3.1.2 History and Status 

The o r i g i n  of the IC engine i s  generally credited to  Christian tluygens (1629-1695), 
a Dutch s c i e n t i s t  who proposed the construction of an engine u s i n g  gunpowder as  a 
fuel. Similar schemes for  the design of IC engines were proposed over the n e x t  200 
years b u t  were never reduced t o  practice. 

In 1895, Rudolph Diesel b u i l t  the f i r s t  successful four-stroke compression-ign 
engine t h a t  burned fuel o i l  injected,  under pressure, i n t o  the cylinder. T h i s  
pioneering work la id  the foundation for the development of the piston-type eng 
used i n  e lec t r ica l  power generation today. The f i r s t  e l e c t r i c  power generated 
America by an IC engine was i n  1898. 

Internal combustion engines of the piston type a re  familiar as the prime mover 
the vehicular propulsion f ie ld .  The IC engine can be f i t t e d  w i t h  an e l e c t r i c  

t i o n  

nes 
i n  

i n  

generator and used for  small e l e c t r i c  u t i l i t y  applications. 
u t i l i t i e s  a re  generally many times larger  t h a n  those used i n  vehicles. 

The engines used i n  
They burn  
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oil o r  gas and are of the diesel type. 
el ectrics . ) 

(Such plants are referred t o  as diesel 

Use of this type of engine for  electric power generation stems from the relative 
simplicity of the completed plant, i t s  ability t o  burn  a (variety of gaseous o r  
liquid fuels, i t s  minimal water requirements, and i t s  relatively good efficiency. 
I t  i s  the preferred power plant w i t h  cooperative and municipal ut i l i t ies  where the 
t o t a l  installed power is  10 MW o r  less. 

68.3.1.3 Present and Projected Application 

The diesel electric generating plant dominates the low-power end (up  t o  10 “1) of 
requirements in the ut i l i ty  field. 
small u t i l i t i es ,  peakinq power in large u t i l i t i es ,  starting power i n  some steam 
power plants, and emergency power for practically all nuclear plants. 
electric plants have the ability t o  s ta r t  unattended on command i n  about  10 
seconds and assume full load  within 30 seconds. 
reliability i s  required for this application. 

I t  i s  used for base-load power generation i n  

Diesel 

H i q h  starting and operating 

Diesel electric generating sets are frequently used for  steam-station auxiliary 
power. 
station steam units, these plants may also be used for small additional power 
generation for the system durinp periods o f  oeak demand. 

Installed primarily f o r  use as independent sources o f  starting power f o r  

6B.3.2 Technical Information 

6B .3.2.1 Availability 

Of the 32 diesel enaine manufacturers i n  the United States, only s i x  could be 
considered a s  equipment suppliers t o  the electric ut i l i ty  industry. 
product line of these six companies comprises well over 100 models and sizes, 
making i t  possible for any customer t o  select an engine meeting his needs. 

The combined 

1 

Utilities in the U.S. have n o t  demanded large diesel-engine generating sets. 
the average size in the U.S. i s  about 3500 kW; the largest diesel ensine in oroduc- 
tion has 12  cylinders on a single frame and develops over 10,rJOO shaft horsepower 
(7000 kWe a t  93% electrical generator efficiency). 

While 
2 

65.3.2.2 Energy Source 

Virtually any liquid or gaseous fuel can be burned in a diesel enqine. 
l i q u i d  fuel i n  use today is /lo. 2 fuel oil .  

The principal 
Higher-density fuel oi ls ,  up t o  110. 6 ,  
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and even crude o i l - - c e n t r i f u g e d  t o  remove p a r t i c u l a t e  mat te r  t h a t  would c l o g  t h e  
f u e l - i n j e c t i o n  nozzles--are a l s o  used. 

economics. The lower c o s t  of poorer q u a l i t y  o i l s  must be weighed aga ins t  the e f f e c t  

on power output ,  increased emissions, and h igher  maintenance costs. 

t y p i c a l l y  used i n  dua l - fue l  o r  gas-burning engines and i s  used as-de l i vered  from t h e  

gas u t i l i t y .  No specia l  f u e l  pret reatment  i s  requi red.  

The type o f  l i q u i d  f u e l  used i s  a mat te r  o f  

Natura l  gas i s  

68.3.2.3 E f f i c i e n c x  

The s p e c i f i c  f u e l  consumption o f  p r a c t i c a l l y  a l l  modern d i e s e l  engines used f o r  

e l e c t r i c  power generat ion f a l l s  i n  a range near 0.40 lb/hp-hr. 
have a s l i g h t l y  lower s p e c i f i c  f u e l  consumption than two-cycle engines.) Th is  i s  
t h e  equ iva len t  o f  a heat r a t e  o f  9900 Btu/kWhr (%35% e f f i c i e n c y )  a t  t h e  engine 
ou tpu t  sha f t ,  which i s  comparable w i t h  modern steam p l a n t s  whose power o u t p u t  may 

be a f a c t o r  o f  10 higher. 

(Four-cycle engines 

68.3.3 Research and Development 

A f t e r  75 years o f  i n t e n s i v e  development o f  t h e  d i e s e l  engine by some o f  t h e  bes t  

engineer ing f i r m s  i n  t h e  world, no bas ic  development would seem t o  be requi red.  

6B.3.4 Environmental Impacts 

P o l l u t i o n  from a d i e s e l  engine comes from t h e  engine c o o l i n g  system and the  
c y l i n d e r  exhaust. 

t h e  engine c o o l i n g  water being c i r c u l a t e d  i n  a c losed loop. 
through e i t h e r  water-to-water o r  w a t e r - t o - a i r  heat  exchangers. 

A l l  d i e s e l s  used i n  u t i l i t y  generat ing p l a n t s  a r e  water-cooled, 
Heat i s  r e j e c t e d  

Diesel  exhaust emissions classed as p o l l u t a n t s  a r e  t h e  same as from any o ther  IC 
engine. 
f o r  s t a t i o n a r y  d i e s e l  engines emissions a r e  being formulated by the  U.S. Environ- 
mental P r o t e c t i o n  Agency and a r e  expected t o  be a v a i l a b l e  i n  1974. 

These a r e  CO, N O x ,  unburned hydrocarbons, and p a r t i c u l a t e  mat ter .  Standards 

The d i e s e l  engine i n d u s t r y  has been mon i to r ing  emission products from d i e s e l  
engines burning bo th  l i q u i d  and gaseous fue l ;  t y p i c a l  f ind ings  a r e  shown i n  

Table 66.3-1. 
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Engine  Type 

Table 6G.3-1 
DIESEL ENGINE EilISSIOf! PRODUCTS 

Fuel Exhaust Emission ( g / h p - h r )  
Form CO NO, Hydrocarbons Particulates 

Two-cycle, Spark 
Ignition 

Gas 2.2 10.0 3.5a N A ~  

Four-Cycl e ,  Conipression Gas 2.3 4.6 5.6a 0.5 

Liquid 0.6 10.4 0.3 0.6 
Ignition 

aApproximately 50% CH4. 
bNA = n o t  applicable. 

The clean-up of exhaust-gas emissions must await the establishment of EPA standards 
before the extent of the problem is known. 

Diesel e l e c t r i c  generating s ta t ions are  generally noisy. 
controlled and corrected by some redesign, soundproofing, and more extensive 
muff 1 ers  . 

T h i s  noise can be readily 

68.3.5 Costs and Benefits 

Two types of costs ,  capital  and operating (power generation), a re  t o  be considered; 
both can vary widely. 

A 2750-kW prepackaged Electro-Motive u n i t  sold i n  1972 for  about $105 per k\J. 
price is  also applicable t o  the bare, medium-speed, four-cycle engine. 
speed, two-cycle engine sold f o r  about $30 per kW more. 
costs  for  this u n i t  on the East coast  ranged from $15 per kW for a single-unit  plant 
to $8 per kW for  a five-unit  plant. 
diesel plant ranged from $40 t o  $50 per kW. 
storage and the transformer s ta t ion ,  cooling water, buildings, capital  write-off, 
taxes, interest d u r i n g  construction, and arch i tec t ' s  fees.  

This 
The slow- 

In addition, ins ta l la t ion  

Instal la t ion costs of a medium- or  slow-speed 
These costs  d i d  not include fuel 

In 1970, power generation costs ( inc luding  capital  amortization) for  base-load, 
diesel-electr ic  generating plants averaged 9.54 mills/kWhr for a representative 
group of 45  plant^.^ Capacities ranged from 51,740 kW i n  thirteen units to  2361 kW 

i n  four units. Costs, half o f  which  a re  fuel cost ,  ranged from a h i g h  of 18 mills/  
kWhr t o  a low of 4.87 mills/kWhr. Production costs vary inversely w i t h  the s i z e  of 
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the  p lan t ,  and peaking and standby p l a n t s  have h igher  product ion costs  than a base- 

load p l a n t  b u t  a r e  w i t h i n  t h e  range noted. 

While reasonably e f f i c i e n t  and compet i t i ve  w i t h  steam t u r b i n e  u n i t s  i n  the  low-power 

range, d i e s e l - e l e c t r i c  p l a n t s  do n o t  reach t h e  e f f i c iency  of l a r g e  steam t u r b i n e  
u n i t s .  While they a r e  s i z e - l i m i t e d  i n  i n d i v i d u a l  u n i t s ,  m u l t i p l e - u n i t  p l a n t s  can be 
arranged t o  g i v e  a des i red  power l e v e l .  
can o n l y  use l i q u i d  and gaseous f o s s i l  f u e l s .  

Cap i ta l  costs  a r e  favorable, b u t  such p l a n t s  

68.3.6 Overa l l  Assessment o f  Role i n  Energy Supply 

The d i e s e l  e l e c t r i c  p l a n t  has i t s  own p lace  i n  t h e  e l e c t r i c  u t i l i t y  i n d u s t r y  i n  
p r o v i d i n g  modest b locks o f  power f o r  m u n i c i p a l i t i e s  and i s o l a t e d  areas. 

from power generated i n  t h e  small  cooperat ive and munic ipa l  u t i l i t i e s ,  t h e  d i e s e l  
generat ing p l a n t  c o n t r i b u t e s  l i t t l e  t o  our  t o t a l  e l e c t r i c a l  requirements. 
367,396 MW o f  i n s t a l l e d  e l e c t r i c a l  generat ing c a p a c i t y  i n  t h e  Un i ted  States i n  1971, 

o n l y  4466 MW, o r  1.22% o f  t h e  t o t a l ,  was d i e s e l  e l e ~ t r i c . ~  The t o t a l  energy (kWhr) 
generated was an even smal ler  f r a c t i o n ,  0.39%. 

Aside 

O f  the 

Because o f  s i z e  l i m i t a t i o n s ,  the  d i e s e l  e l e c t r i c  p l a n t  w i l l  p robably  n o t  be used t o  
meet a system demand much i n  excess o f  50 MW. 
t i o n  i n  the  small  munic ipa l  and cooperat ive e l e c t r i c  system and has enjoyed a 
growth r a t e  o f  about 4% per  year  d u r i n g  t h e  pas t  15 years. 

However, i t  has es tab l i shed a pos i -  

5 

b l i th  t h e  except ion o f  any r e s t r i c t i o n s  t h a t  may be imposed by the  inc reas ing  p r i c e  

and s c a r c i t y  o f  o i l ,  no new developments o r  environmental r a m i f i c a t i o n s  a r e  a n t i c i -  
pated tha t ,  i n  the  imnediate f u t u r e ,  w i l l  a f f e c t  the  use o f  the  IC engine i n  the  
e l e c t r i c  u t i l i t y  f i e l d .  

68.3-6 



1 .  

2. 

3.  

4. 

5. 

REFERENCES FOR SECTI131.I FB. 3 

Diesel and Gas Turbine Catalogue,  v o l .  36, Diesel and Cas Turbine P r o g r e s s ,  
!,!ilwaukee, blisconsin,  1971. 

" P l a n t  Design Issue," Power !lag., 1972. 

"1972 Report  on Diesel  and Cas Enqine  Power C o s t s , "  American S o c i e t y  
Mechanical Eng inee r s ,  ?Jew York, 1972. 

Edison Electric I n s t i t u t e ,  " S t a t i s t i c a l  Year Book of the Electric U t  
I n d u s t r y  f o r  1971,"  Pub .  Ffo. 72-25, 1972, pp. 4-7. 

Ref. 4 ,  pp. 18, 19. 

of 

l i t y  

6B. 3-7 



6B.4 GAS TURBINES 

6B.4.1 Introduction 

6B.4.1.1 General Description 

The gas turbine systeni has the function of converting i n p u t  chemical energy of fuel 
i n t o  heated, compressed gas that  expands while do ing  work on rotating blades similar 
to  the steam turbine. The mechanical o u t p u t  i s  coupled t o  a generator shaf t  which 
i n  t u r n  generates e lec t r ica l  power. Components of t h i s  system include a compressor, 
a combustion chamber, and one or more turbines together w i t h  heat exchangers, as  
called for  by cycle design (see Figure 68.4-1). I n  the simplest cycle, no heat 
exchangers a re  employed. An important character is t ic  of the gas turbine i s  the 
essential  requirement for  a clean ( n o  particulates or corrosive components) gas 
t h r o u g h  the turbine, forcing the need for  a clean b u r n i n g  fuel o r  a source of h 

temperature thermal energy, such as  a nuclear reactor,  where the fuel-element 
coolant i s  the high-pressure heated gas for  the turbine expansion. 

flow 

gh- 

6B.4.1.2 History and Status 

As noted i n  Section 68.2.1.2, around 1900 the steam turbine had developed t o  a p o i n t  
where i t  began to  be used for  central  s ta t ion power generation. 
systems use external combustion i n  a boiler t o  generate steam. 
u s i n g  turbine machinery w i t h  internal combustion 1 ed t o  numerous gas-turbine engine 
developments tha t  d i d  n o t  fu l ly  mature until  a f t e r  1945 as a r e s u l t  of the largely 
mil itary-supported research and development e f f o r t  on supercharged a i r c r a f t  piston 
engines. 
time lag,  i n  the industrial  gas-turbine f i e l d .  

Steam turbine 
The advantages of 

bluch of the technology o f  the a i r c r a f t  development i s  used, a f t e r  a modest 

In the early 1960's, the industrial  gas-turbine market blossomed w i t h  i t s  applica- 
tions to  natural-gas transmission-line pumping,  the petrochemical industry, 
locomotive propulsion, and emergency and peaking e lec t r ica l  energy generation. 

Although this type o f  power plant was introduced into the e l e c t r i c  u t i l i t y  f i e l d  i n  
1949, i t  was regarded as  a cur iosi ty  until  early i n  the 1960's when u t i l i t i e s  
recognized and accepted i t s  usefulness i n  meeting the i r  peak load demands. 
acceptance i n  the e l e c t r i c  u t i l i t y  industry for  t h i s  purpose has been substantial 

I t s  

over the past ten years, so tha t  almost 8% of instal led generating capacity i s  now 
i n  gas-turbine power plants. 
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6B.4.1.3 Present and Projected Appl icat ions 

Today the  simple-cycle gas-turbine prime mover i s  favored f o r  new equipment t o  
accommodate the peak p o r t i o n  o f  the e l e c t r i c a l  power demand. 
i n i t i a l  cost, and shor t  d e l i v e r y  t i m e  are features des i red f o r  peak-load p lan ts  and 

are  met by gas tu rb ine  un i t s .  An important v a r i a t i o n  o f  the s inp le -cyc le  system i s  

the combined gas tu rb ine  and steam p lant .  Here  the hot  exhaust f r o v  the power 

tu rb ine  i s  used t o  generate steam i n  an un f i red  b o i l e r .  

conventional systerii t o  generate 50% more power w i thout  add i t i ona l  f u e l  ( F i y r e  
68.4-2). 
steam p l a n t  and i s  being used by some u t i l i t i e s  f o r  serv ina in termediate system 

loads. 
and steam power p l a n t  could be prov id ing  some 25% o f  the  power requirements o f  the 
e l e c t r i c  u t i l i t y  indus t ry  i n  meeting peak and in termediate load detvands. 

t u rb ine  cyc les a re  expected t o  be used i n  high-temperature gas-cooled reac to r  (HTGR) 

and gas-cooled f a s t  reac tor  (GCFR) systems. 

Fast s t a r t ,  low 

The steam i s  used i n  a 

The combined cyc le  thermal e f f i c i e n c y  i s  comparable w i t h  t h a t  o f  a modern 

One fo recas t  i s  t h a t  by 1980 the  gas tu rb ine  and the combined gas tu rb ine  

Gas 

6B. 4.2 Technical I n  forma ti on 

68.4.2.1 

Heavy-duty-type and aircraft-engine-derivative-type e l e c t r i c  power gas turb ines are  
c u r r e n t l y  ava i l ab le  i n  s izes ranging from approximately 3 t o  100 Mkle when combined 
w i t h  a heat-recovery steam generator and a steam-turbine generating u n i t .  M u l t i p l e  
u n i t s  are employed t o  produce p l a n t  capac i t ies  up t o  1000 We. For instance, such 
a p l a n t  might  cons i s t  o f  f ou r  gas-turbines and t h e i r  e lec t r i ca l -genera tor  packages, 

p lus one steam tu rb ine  w i t h  i t s  e l e c t r i c a l  generator. 

Avai 1 ab i  1 i ty 

There are three major U.S. supp l ie rs  o f  large,  heavy-duty, i ndus t r i a l - t ype  gas 
turb ines (50 MWe and grea ter )  and th ree  major supp l ie rs  f o r  large, a i rc ra f t -eng ine-  

d e r i v a t i v e  systems. If, as expected, t he  combined cyc le  and i t s  var ian ts  make 
subs tan t ia l  inroads i n t o  the  midrange market, the sho r t  lead t ime advantage now 

o f fe red  by gas-turbine manufacturers (12 t o  18 months) may we l l  be lengthened. 
A l te rna t i ve l y ,  manufacturing capaci ty ,  n o t  on ly  f o r  the gas tu rb ine  bu t  a l so  f o r  

e l e c t r i c a l  genera t o r s  , regenera t o r s  , and hea t - recovry boi 1 ers , w i  11 need t o  be 
expanded. 

6B.4.2.2 Energy Source 

One o f  the  s a l i e n t  cha rac te r i s t i cs  o f  a gas tu rb ine  i s  i t s  reeuirement fo r  a c lean 
fue l  so t h a t  the  gas f l ow  through the  tu rb ine  i s  ne i the r  eros ive (from p a r t i c u l a t e s )  / / 

,.I’ I nor cor ros ive  (from vanadium, sodium, potassium, lead, and s u l f u r  compounds). 

68.4-3 



Boiler 

A i r  

COt.IBII4ED CYCLE GAS TURBIIJE 

Figure 6B.4-2 

68.4-4 



Calcium is also troublesome, as i t  forms ha rd  deposits. 
contained in residual fuel oils--the low-cost residue of the petroleum refining 
processes t h a t  produce the dis t i l la te  fuel oils (diesel and kerosene) and gasoline. 
As a consequence of this, comparatively clean residual and crude fuel oils  must be 
carefully selected, and these must then be treated further before fuel oil products 
can be used for gas-turbine operations. 
limited oil resources for  other applications makes this energy source questionable 
for  large-scale use in the electric power industry. 

All of these elements are 

In addition, the growing need for our 

Gaseous fuels present no problems of this nature. 
ut i l i t ies  i s  an ideal fuel, b u t  i t s  scarcity also militates against use for  electric 
power generation. 
us ing  high or  low B t u  gas derived from coal qasification, and there does not  seem t o  
be any technical problem i n  do ing  so. Coal gasification may well become an economi- 
cal technique for removing sulfur. The gas turbine and the combined cycle plant 
might adapt  very well t o  this type of fuel. 

Natural gas as distributed by 

Considerable attention is being given to  the possibility o f  

As discussed i n  Section 6A.1.2, high-temperature helium-qas-cooled thermal nuclear 
reactors coupled t o  steam-turbine converters are now beinq considered by the 
ut i l i t ies  as a viable alternative t o  water-cooled reactors, and a number of units 
have been ordered. 
cycle helium-qas turbine rather t h a n  the steam turbine as the enerqy conversion 
system (Figure 6B .4-3). 

As a result, increased emphasis may be placed on the closed- 

1 

6B .4.2.3 Efficiency 

Gas-turbine plants now available have the following efficiencies: 

(1 )  simple cycle, 27%, 
( 2 )  combined cycle, 36-38%, 
(3 )  regenerative cycle, 34%. 

Wi th  currently available materials and turbine-cooling technology, comercia1 
designs should be available i n  the 1975-1977 period having  better thermal 
efficiencies, by a factor of 1.1 o r  mre,  which could make the combined cycle 
competitive w i t h  the best avail able conventional steam plants. 
evolutionary progress i s  expected t o  yield improvements resulting i n  a 1.2 
multiplier on present-day thermal efficiency performance. 

By 1980, further 
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6B.4.2.4 Size L im i ta t i ons  

One grea t  advantage o f  the  gas- turb ine cyc le  engine i s  t h a t  i t  lends i t s e l f  t o  the  

concept o f  modular design and f a c t o r y  fab r i ca t i on .  
economies i n  lead t ime and i n  costs  f o r  f i e l d  e rec t ion .  Another advantage o f  the 

modular concept i s  t h a t  good par t load f u e l  economy can be r e a l i z e d  by shu t t i ng  
down one o r  more u n i t s  when on ly  p a r t  o f  the  t o t a l  capac i ty  i s  needed. 
M u l t i p l i c i t y  o f  u n i t s  a l so  a f fo rds  improved r e l i a b i l i t y  and a v a i l a b i l i t y ,  as 

maintenance can be done t o  a s i n g l e  u n i t  w i t h  on ly  a p a r t i a l  reduc t ion  i n  capaci ty .  
These c a p a b i l i t i e s  a re  h i g h l y  des i rab le  f o r  p lan ts  used f o r  the  midload serv ice  
range. 

The r e s u l t  i s  subs tan t ia l  

6B.4.2.5 Sta te  o f  the  A r t  

The power obtained from the  tu rb ine  components and the  power requ i red  t o  d r i v e  the  
compressor a re  dependent on gas f l ow  temperatures and component e f f i c i e n c i e s .  

achieve b e t t e r  f u e l  economics, the  system should have a h igh  t u r b i n e - i n l e t  tempera- 

t u r e  and the  f l o w  path over the  compressor and t u r b i n e  blades should be designed t o  
minimize losses. 

To 

The outstanding advantages o f  the  gas tu rb ine  f o r  a i r c r a f t  propuls ion has produced 
the  research and development e f f o r t  t h a t  l e d  t o  the  improved aerodynamics o f  f l o w  

path design, metal a l l o y s  a l low ing  h igh  t u r b i n e - i n l e t  temperatures, and improved 
methods o f  coo l i ng  tu rb ine  blades and nozzles. The f a l l o u t  o f  t h i s  technology has 
g r e a t l y  improved the  p o s i t i o n  o f  the  gas tu rb ine  and has l e d  t o  i t s  acceptance f o r  
pea k-1 oad cen t ra l  - s  t a t  i o n  power serv ice.  

Other impor tant  components o f  the  i n d u s t r i a l  gas t u r b i n e  and i t s  var ian ts  are the  
heat exchangers f o r  regeneration, steam generation, and o ther  func t ions  such as 

i n t e r c o o l i n g  and precool ing as needed by the  c losed cyc le.  

exchangers f o r  operat ion above 1000°F have n o t  been b u i l t  and pose d i f f i c u l t  
problems because operat ing cond i t ions  r e q u i r e  ma te r ia l s  t h a t  a re  expensive and 

d i f f i c u l t  t o  fab r i ca te .  

Large regenerat ive heat 

I n  summary, the  cen t ra l - s ta t i on - t ype  gas- turb ine engines a v a i l a b l e  today represent  
advanced s ta te -o f - the-ar t  designs evolved from we1 1 -funded a i r c ra f t -gas - tu rb ine  
research and development. The heat-exchanger components, on the  o ther  hand, could 
b e n e f i t  from an accelerated development e f f o r t .  
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6B.4.3 Research and Development 

For c e n t r a l - s t a t i o n  power u n i t s ,  research  and development i s  r e q u i r e d  i n  t h e  
f o l  1 owing areas : 

New-design combustion chamber--convincing s e r v i c e  exper ience i s  needed 
t o  prove t h a t  ox ides o f  n i t r o g e n  can be s i g n i f i c a n t l y  reduced. 

Advanced technology--ear ly  des ign a p p l i c a t i o n  i s  needed o f  a v a i l a b l e  

b lade -coo l i ng  techniques and improved high-temperature m a t e r i a l s .  
Exhaust heat  b o i l e r s - - i c p r o v e d  desirlns f o r  l o n e r  c o s t  and l o v e r  b u l k  
a r e  requ i red .  
Re1 i a b i l  i t p - f o r  i n t e r r i e d i a t e - l o a d  o p e r a t i o n  more o p e r a t i n g  
exper ience i s  r e q u i r e d  t o  show t h a t  gas t u r b i n e s  can operate a t  t h e i r  
des ign temperature f o r  tens o f  thousands o f  hours w i t h o u t  maintenance. 
(Some p l a n t s  have operated 30,000 h r s  w i t h o u t  maintenance.) 
Regenerators--designs a r e  needed f o r  higher- tetvperature o p e r a t i o n  a t  a 
lower  c o s t  and bu lk .  More s u p p l i e r s  a r e  needed f o r  t h i s  con;ponent, as 
t h e r e  i s  now o n l y  one manufacturer  i n  t h i s  coun t ry  o f  i n d u s t r i a l - t y p e  

regenerators .  
convent ional  m a t e r i a l s  needs t o  be es tab l i shed .  
s e r v i c e  i s  r e q u i r e d  t o  prove o p e r a t i n g  r e l i a b i l i t y .  

The top  o p e r a t i n g  temperature t h a t  regenerates w i t h  
More long- term 

I n  a d d i t i o n ,  t h e  c losed-cyc le  he1 ium-gas t u r b i n e  coupled w i t h  a thermal nuc lea r  
r e a c t o r  r e q u i r e s  r e s o l u t i o n  o f  t h e  e f f e c t  of  f i s s i o n  products  and f u e l  d e b r i s  f rom 

a f a i l e d  f u e l  element on t u r b i n e  c o r r o s i o n  and maintenance. Tu rb ine  s h a f t  seal  
development i s  a l s o  a major  developmental area. Th is  seal  f u n c t i o n s  t o  p reven t  
leakage o f  he l ium where t h e  power t u r b i n e  sha f t  passes throuah t h e  t u r b i n e  cas ing  

t o  d r i v e  t h e  e l e c t r i c a l  generator .  Also,  t h e  heat  exchangers--the hel ium-to-  
he1 ium regenerator ,  t h e  i n t e r c o o l e r ,  and t h e  p recoo le r - - requ i re  s u b s t a n t i a l  research 

t o  produce economical designs. 

F u r t h e r  development o f  gas t u r b i n e  technology has been recommended by bo th  t h e  FPC 
Task Force and t h e  AEC Subpanel V I . 3  T h i s  development would i n c l u d e  advanced 

high-temperature gas turb ine-steam c y c l e s  t h a t  cou ld  be f u e l e d  by l o w  B t u  coa l  
gas i f  i c a  t i o n  p l a n t s  o r  f 1 u i d i  zed- bed combus t i o n  systems and h igh-  tempera t u r e  

c losed-cyc le  gas t u r b i n e  systems t h a t  c o u l d  be used w i t h  gas-cooled nuc lea r  r e a c t o r  
p lan ts .  
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6B.4.4 Environmental Impacts 

The s i t e  requirements for  gas-turbine fossil-fuel plants are  modest i n  acreage. The 
noise levels are  low as the high-frequency noise typical of turbomachinery may be 
acoustically treated a t  low cost.  

Stack gas pollutants are  vir tual ly  nil insofar as  carbon monoxide and hydrocarbons 
are  concerned. As a low-sulfur, low-ash fuel i s  a requirement for  the turbine 
operation, f l y  ash and sulfur  dioxide emissions are also negligible. However, a 
present problem area i s  the stack eff luent  of oxides of nitrogen ( N O  and NO2). 

technique now used t o  t r e a t  the problem i s  t o  in jec t  demineralized water i n t o  the 
combustion chamber, a t  a mass flow ra te  comparable t o  the fuel r a t e ,  for  loads 
above 40% of rating. Most gas-turbine manufacturers feel t h a t  they will be able t o  
offer  combustion chambers that  will reduce oxides of nitrogen w i t h o u t  the added 
complexity of water injection. 

The 

A s e t  o f  emission standards i s  needed (such as the maximum values applying t o  
Conventional steam plants) t o  provide r e a l i s t i c  design targets for  research t o  
reduce the oxides o f  nitrogen. 

Simple-cycle and regenerative-cycle plants,  re la t ive  t o  the combined gas-turbine and 
steam-cycle plants, do not  have a n  extensive requirement for  cooling water. 
combined gas-turbine steam cycle has cooling water requirements about 40% o r  less  
than those of a conventional steam plant. 

The 

6B.4.5 Costs and Benefits 

Low i n i t i a l  cost  i s  an area tha t  has made gas turbine energy systems par t icular ly  
a t t r a c t i v e  t o  u t i l i t i e s .  The efficiency has been o f  lesser  importance for  peaking 
service, b u t  whether t h i s  will hold i n  the future ,  because of the dwindling supply of 
clean fue l ,  i s  largely unknown.  The re la t ive  s ta t ion costs and performance levels 
of gas turbine plants a re  as follows: 

Therma 1 ef f i c i  ency 
8/kW ( X )  

(1) Simple Cycle 90 27 
( 2 )  Regeneration Cycle 100 34 

Turb ine  150 37 
( 3 )  Combined Gas and Steam 

6G.4-9 



The comparable fossil-fueled steam turbine plant f igure (from Section 6A.2.1.7) i s  
$180 per kilowatt for  a plant without sophisticated environmental controls; this 
cost  could escalate t o  over $300 per kilowatt when environmental controls a re  added. 
The efficiency of modern steam t u r b i n e  plants is  about 39%. 

The cost  advantages of the gas-turbine cycles a r i s e  primarily from the elimination 
of a f i r e d ,  high-pressure boiler w i t h  i t s  superheater, reheater, and regenerative 
feedwater heaters. 
kilowatt. 
about $15 t o  20 per kilowatt, as  i t  i s  an unf i r ed  heat exchanger operating a t  a low 
pressure ( less  than 1000 ps i ) .  

These steam-generating components cost  about $40 t o  50 per 
Though a boiler i s  incorporated i n  the combined cycle, i t s  cost i s  only 

Further advantages of the gas turbine a re  lower construction costs ,  about $5 less  
per kilowatt, and lower in te res t  and escalation charges by about $20 less  per 
kilowatt, due i n  par t  t o  much shorter f i e l d  erection times. 
future indicate tha t  the gas-turbine-plant advantage i n  base-line cost  f igures 
will increase further.  
technological improvements, which may be incorporated into the 1975-1980 designs, 
will increase specific power by 40% or  more. 
cost)  of turbomachinery has a higher kilowatt r a t i n g .  
s ignif icant  gains i n  thermal efficiency, a1 t h o u g h  percentage-wise n o t  as much as 
for  the rating gain. 

Projections for  the 

T h i s  conclusion resu l t s  from the f a c t  that  available 

The r e s u l t  i s  tha t  a given s ize  (and 
Moreover, there will be 

6B.4.6 Overall Assessment of Role i n  Energy Supply 

The gas turbine i s  a highly f lex ib le  prime-mover concept. I t  can be tailored t o  
higher-efficiency application (e.g., combined, regenerative, and helium-closed 
cycles) a t  the expense of i n i t i a l  capital  costs or al ternat ively t o  a low f i r s t -  
cost  cycle (e.g., the simple cycle and the water-injected variant)  a t  the expense 
of lower efficiency w i t h  the associated higher fuel costs.  

On the basis of present technology, the role  of the gas-turbine prime mover as an 
e lec t r ic  power producer t h r o u g h  1990 should be largely i n  peaking and intermediate 
load operation, where i t  will contribute possibly as much as  30% of the power 
capabili ty and about 15% of the total  e lectr ical  energy production. 
i n  gas turbine technology tha t  improve efficiency m i g h t  make t h i s  system more 
a t t rac t ive  for  base-load service. Gasification of coal could enhance the gas 
turbine's  position by making i t  a possible a l ternat ive for  base-load service. 

Developments 



The he1 i u m  closed-cycle gas turbine coupled t o  a high-temperature gas-cooled 
nuclear reactor appears t o  have a t t r a c t i v e  features for  a base-load generating 
plant. Substantial research and development will be required to  demonstrate 
this  role. 
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6G.5 E I N A R Y  CYCLES 

68.5.1 Introduction 

As noted i n  Section GC.2, a fossil-fueled steani turbine system cannot take fu l l  
advantage of the h i g h  teriperatures available because of metallurgical and economic 
l imitations.  
that  cover different  parts of the temperature range can be combined. 
of two different  cycles i s  commonly referred t o  as a binary cycle. 
cycle i s  added to the high-temperature end ofpanother cycle, i t  is  called a toppina 
cycle. The gas-turbine steam cycle shown i n  Section 65.4 (Figure 6B.4-2) i s  one 
i l lus t ra t ion  of a t o p p i n g  cycle; two others (mercury and potassium) are  discussed 
i n  this section. 

I n  order t o  improve t h i s  s i tuat ion,  two o r  more heat engine cycles 
A combination 

blhen a second 

On the other hand,  when the second cycle i s  added t o  the low-temperature end, i t  i s  
called a ta i l ing  (or b o t t o m i n g )  cycle. Various refrigerants have been considered 
as  working f lu ids  for  use i n  steam turbine ta i l ing  cycles, b u t  the main e f for t s  
have been concentrated on ammonia. Steam-anmonia cycles incorporate a loop using 
ammonia on the low-pressure side of a steam cycle. Two basic configurations are  
generally considered, one where the amonia loop contains a n  ammonia turbine and 
one where i t  does n o t .  

The amonia ta i l ing  cycle provides a conceptual method for  heat rejection w i t h  dry 
cooling towers while retaining an acceptably high system efficiency. 
permits the use of generating s i t e s  where cooling water i s  not  available.  
particular advantage of amonia as a w o r k i n g  f luid a r i ses  from i t s  low specific 
volume a t  heat rejection temperatures, a t r a i t  t h a t  leads t o  material savings i n  
heat rejection equipment, especially d r y  cooling towers. 

This method 
?he 

Several studies have been carried o u t  t o  identify the components and the character- 
i s t i c s  of the steam-ammonia cycle although there has been no actual experimental 
work directed toward the use of t h i s  technique for  large-scale power production. 
Preliminary cost  estimates indicate a s l i g h t  economic advantage for  the binary 
bottoming cycles, b u t  these estimates a re  based on studies and cost  estimates o f  

equipment tha t  has n o t  been designed o r  bui l t .  
have some advantages over the single f lu id  cycle, they appear t o  be marginal. 

Although these ta i l ing  cycles may 
1 

Further discussion i s  1 imi ted t o  1 i q u i d  metal binary toppin? cycles. 
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68.5.1.1 General D e s c r i p t i o n  

I n  Sect ion 68.2, e l e c t r i c a l  u t i l i t i e s  were shown t o  generate most o f  t h e i r  e l e c t r i c a l  
energy i n  f o s s i l - f u e l - f i r e d  Rankine-cycle steam t u r b i n e  p lan ts .  
me l t ing-po in t  metals, such as mercury (me l t in9  p o i n t  -38"F), when vaporized, can be 

used, l i k e  steam, as the  working f l u i d  t o  d r i v e  a tu rb ine .  The p r i n c i p a l  advantage 

o f  " l i q u i d  meta ls"  as t h e  working substance i n  a power p l a n t  i s  t h e i r  h igh b o i l i n g  
o r  vapor iz ing  temperature a t  a modest b o i l e r  pressure. (For example, mercury b o i l s  
a t  907°F a t  100 p s i a  i n  c o n t r a s t  t o  water b o i l i n g  a t  662OF a t  2400 ps ia. )  

which b o i l s  a t  140OOF a t  1 aim, can a l s o  be considered as a working f l u i d .  
b o i l i n g  pressure a l lows,  i n  p r i n c i p l e ,  an acceptable b o i l e r  c o s t  i n  s p i t e  o f  the  

h igher  b o i l i n g  temperature. While t h e  l i q u i d  meta ls  possess advantages r e l a t i v e  t o  

water i n  t h e  b o i l e r  p o r t i o n  o f  t h e  p l a n t ,  water has t h e  advantage i n  the condenser. 

Th is  d i f f e r e n c e  r e s u l t s  from the  l iqu id -meta l  vapor d e n s i t i e s  being so low as t o  make 
t h e  condenser (and low pressure end o f  t h e  t u r b i n e )  excess ive ly  l a r g e  and c o s t l y .  
Th is  d i f f e r e n c e  can be resolved by combining a l i q u i d - m e t a l  Rankine c y c l e  w i t h  the  
water Rankine cyc le .  I n  t h i s  concept t h e  metal vapor condenser, now opera t ing  a t  
acceptable vapor d e n s i t i e s ,  serves as a b o i l e r  f o r  the  water cyc le .  

i n d i v i d u a l  c y c l e  i s  n o t  o f  h i g h  thermal e f f i c i e n c y ,  t h e  b i n a r y  c y c l e  has a h igh  
e f f i c i e n c y  because the  energy r e j e c t i o n  from the  high-temperature topping c y c l e  i s  

used again i n  the  b o i l e r  o f  the  lower temperature water cyc le .  

Some o f  the  low 

Potassium, 

The lower 

Thus, w h i l e  each 

68.5.1.2 H i s t o r y  and Status 

Between 1922 and 1950, t h e  General E l e c t r i c  Company const ructed a ser ies  o f  s i x  

f o s s i l - f u e l e d  mercury and water b inary  c y c l e  power p l a n t s  f o r  u t i l i t y  and i n d u s t r i a l  

use. Mercury p l a n t s  demonstrated long-1 i f e  c a p a b i l i t y ;  the  o r i g i n a l  South Meadow 
S t a t i o n  o f  t h e  Har t ford E l e c t r i c  L i g h t  Company operated frorn 1928 u n t i l  1947 when 

i t  was dismantled. 

hours, about 70% o f  t h e  t o t a l  l i f e  o f  t h e  p l a n t .  Kearny, placed i n t o  serv ice  i n  
1933, achieved more than 86,000 s e r v i c e  hours by 1950 and continued i n  opera t ion  

pas t  t h e  110,000-hr mark. 

Dur ing t h i s  i n t e r v a l ,  i t  accumulated more than 110,000 s e r v i c e  

2-1 3 

~ Mercury topping cyc les  were n o t  b u i l t  a f t e r  1950. Steam power-plant opera t ing  
cond i t ions  increased, r e s u l t i n g  i n  e f f i c i e n c i e s  t h a t  exceeded those o f  t h e  e x i s t i n g  

mercury p lan ts .  
those o f  the  mercury p lan ts ,  r e s u l t i n g  i n  f u r t h e r  economies. F i n a l l y ,  the p r i c e  o f  

mercury f luc tua ted  enough t o  render cons t ruc t ion  o f  new mercury topping cyc les w i t h  
t h e i r  l a r g e  mercury inventory  u n c e r t a i n  and r i s k y .  

Moreover, steam-plant c a p a c i t i e s  grew s u b s t a n t i a l l y  l a r g e r  than 

There does n o t  appear t o  be 
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much current in te res t  i n  p u r s u i n g  the mercury t o p p i n g  cycle for  fossil-fueled power 
pl ant a ppl ica ti on. 

I 

During  the 1 9 6 0 ' ~ ~  the technologies of several advanced power-conversion concepts 
were pursued for  the space program, with the aim of p r o v i d i n s  e l e c t r i c  power from a 
nuclear reactor. 
plants. 
operated a t  150OOF and above. 
space-appl ication e f for t s  have demonstrated the technical f e a s i b i l i t y  of mercury and 
potassium Rankine power-conversion systems operating a t  h i g h  temperature. Their use 
for  topping plants for  more e f f ic ien t  and much higher power-rating stationary power 
plants on earth is  Suggested as a space technology spinoff f o r  industrial  use. 

Among these concepts were mercury and potassium Rankine-cycle 
Mercury-conversion systems and components, including turbines, were 

The resu l t s  of these relat ively small power-rating 

There is no previous history o f  use o f  potassium topping cycles i n  u t i l i t v  power 
plants,  b u t  potassium t o p p i n g  cycles f o r  central-station power have been studied as 
f a r  back as the early 1960's. More recently,  a potassium t o p p i n g  cycle has been 
proposed by Oak Ridge Kational Laboratory for  use w i t h  the molten-salt nuclear 
reactor.14 A three-fluid ( i . e . ,  ternary cycle) system involving a gas turbine i n  
addition t o  the potassium and steam cycles has also been suggested. 
fossi l - fuels  considered for  t h i s  system included coal,  o i l ,  and gas. 15'16 Others 
have also studied a potassium-steam binary cycle of more conventional design u s i n g  
coal as a fuel .  

Alternative 

6G.5.1.3 Present and Projected Application 

Binary power cycles, w i t h  a potassium toppin? cycle on a steam cycle, possess the 
potential o f  a higher energy-conversion efficiency t h a n  the single-fluid steam 
cycle. 
capacity rather t h a n  sinal1 a n d  would operate more e f f ic ien t ly  a t  design capacity 
than a t  part  load. 
primarily as base-load plants. 

Such system would probably produce lower-cost power i n  p l a n t s  o f  l a r g e  

Consequently, binary-cycle plants should find application 

The potassium t o p p i n g  cycle has potential for  use above about 1400OF. A t  present, 
except for  the H T G R ,  nuclear heat sources for  the potassium cycle are nonexistent. 
Use of the potassium t o p p i n g  cycle w i t h  an HTGR has apparently not  been investi-  
gated. 
sources for  large,  base-load plants has been studied. The need t o  develop h i g h -  
temperature furnaces and boilers as  par t  of a program t o  b r i n g  potassium t b p p i n g  
cycles t o  f ru i t ion  i s  recognized. 

However, the use of potassium-steam binary cycles w i t h  fossil-fueled hea t  
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Because o f  t h e  phys i ca l  and thermodynamic p r o p e r t i e s  o f  t h e  mercury work ins f l u i d ,  

mercury topp ing  cyc les  r e q u i r e  a hea t  source t h a t  w i l l  b o i l  t h e  mercury i n  t h e  

temperature range o f  about 900 t o  1300°F. The LMFGR i s  expected t o  operate w i t h  a 
sodium o u t l e t  temperature o f  1100°F o r  h igher .  A mercury-steam b i n a r y  p l a n t  
t h e r e f o r e  m igh t  have some p o t e n t i a l  f o r  use w i t h  t h e  LMFRR and may o f f e r  c e r t a i n  
des ign and o p e r a t i o n a l  advantages t o  t h e  system, p a r t i c u l a r l y  w i t h  rega rd  t o  

e l i m i n a t i n g  sodium-water i n t e r f a c e s  and s l i g h t l y  improv ing p l a n t  e f f i c i e n c y .  
advantages would have t o  be balanced a g a i n s t  p o t e n t i a l  c o s t  d isadvantages (see 
Sec t ion  6B.5.1.2) and t h e  requi rements f o r  a d d i t i o n a l  t echno loa ica l  development i n  

such areas as sodium-mercury hea t  exchanaers. 

These 

68.5.2 Technica l  Informa ti on 

66.5.2.1 

N e i t h e r  mercury nor  potassium Rankine topp ing  c y c l e s  a r e  now be ing  o f f e r e d  c o m e r -  

c i a l l y .  The mercury system was developed a t  one time, and t h e  potassium system i s  
under a c t i v e  i n v e s t i g a t i o n .  
t h e  equipment i n  t h i s  type of system would be a v a i l a b l e  f ro in  a number o f  w e l l -  
es tab l i shed  manufacturers.  

Avai 1 a b i  1 i t y  

Manufactur ing f a c i l i t i e s  and background caFab i l  i ty  f o r  

There a r e  no i n h e r e n t  l i m i t a t i o n s  t o  t h e  s i z e  o f  t h e  mercury o r  potassium topping-  
c y c l e  p l a n t s ,  because as i s  c u r r e n t l y  done i n  steam p l a n t s ,  c a p a c i t y  can be 

increased by u s i n g  m u l t i p l e  u n i t s  i n  a p a r a l l e l - f l o w  arrangement. 

6B. 5.2.2 E f f i c i e n c y  

As noted i n  Sec t ion  613.5.1.3, t h e  mercury b i n a r y  c y c l e  i s  a convers ion system t h a t  
m igh t  have t h e  p o t e n t i a l  f o r  eventual  use w i t h  a system such as t h e  LMFBR s i n c e  

t h e  temperature regimes o f  b o t h  a r e  s i m i l a r .  
economic problems o f  such a combined system were solved, n e t  p l a n t  e f f i c i e n c i e s  
o f  up t o  46% m i g h t  be achieved as compared w i t h  p o t e n t i a l  LllFER s i n g l e - c y c l e  

e f f i c i e n c i e s  o f  about 42%. 

I f t h e  s u b s t a n t i a l  development and 

Fo r  a c o a l - f u e l e d  p l a n t  w i t h  a b o i l e r  e f f i c i e n c y  o f  90%, t h e  thermal e f f i c i e n c y  o f  
a potassium-steam b i n a r y  c y c l e  i s  est imated t o  be 50 t o  55% o r  more, over  t h e  range 
o f  t u r b i n e  i n l e t  temperatures o f  1400 t o  1800°F. 

68.5.2.3 S t a t e  o f  t h e  Technology 

The most r e c e n t  development e f f o r t  on t h e  mercury Rankine system was c a r r i e d  o u t  i n  

t h e  NASA-funded SNAP-8 Fower Conversion System program. The o b j e c t i v e  o f  t h i s  work 

w 

. 
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was t o  demonstrate f o r  space use a man-rated, reactor-heated,  mercury-conversion 

system o f  3 5 - t o  90 kWe c a p a c i t y  o f  h i g h  r e l i a b i l i t y  and l o n g  l i f e .  

performed on fou r -s tage  a x i a l - f l o w  tu rb ines ,  b o i l e r s ,  pumps, va lves,  and condensers 

w i t h  va ry ing  degrees o f  f o rces .  The program was terminated i n  1970 because o f  c u t -  

batks i n  t h e  space program. 

Work was 

Dur ing t h e  1960's, var ious agencies o f  t h e  government were engaged i n  t h e  develop- 

ment o f  t h e  technology f o r  potassium (and cesium) Rankine space power systems. 

Several  t u r b i n e s  were b u i l t  and operated on potassium vapor. 

were 250 and 340 hp. 

75%, c o n f i r m i n g  des ign p r e d i c t i o n s .  

f a b r i c a t e d  o f  n icke l -based a l l o y s .  Potassium b o i l e r s ,  condensers, and pumps i n  

r e l a t i v e l y  smal l  s i z e s  have been s u c c e s s f u l l y  t es ted .  

The l a r g e s t  o f  these 

The t u r b i n e  e f f i c i e n c i e s  were measured and found t o  be about 

The blades and d i s c s  were, f o r  t h e  most p a r t ,  

6B.5.3 Research and Development Required 

68.5.3.1 ivlercury Cycl  e 

The a p p l i c a t i o n  o f  a mercury--steam b i n a r y  c y c l e  t o  t h e  LMFBR may r e q u i r e  t h e  use 

o f  tanta lum o r  an e q u i v a l e n t  r e f r a c t o r y  meta l  f o r  a t h i n  l i n e r  i n  t h e  tubes o f  t h e  

b o i l e r ;  o therwise,  t h e  use o f  tantalun; w i l l  be p r o h i b i t i v e l y  expensive. B i m e t a l l i c  

t u b i n g  s i z e  and l e n g t h  a r e  p r e s e n t l y  1 i m i  t e d  because o f  inadequate f a b r i c a t i o n  

equipment. 

commercial power p l a n t ,  t h e  e x i s t i n g  f a b r i c a t i o n  equipment w i l l  have t o  be upgraded 

o r  techniques t o  make r e l i a b l e  b i m e t a l l i c  tube- to- tube j o i n t s  w i l l  have t o  be 

developed. I n  a d d i t i o n ,  o t h e r  j o i n i n g  techniques, i n v o l v i n g  t h e  tanta lum l i n e r  and 
t h e  b o i l e r  s h e l l  o r  tube headers, will have t o  be developed and proven. 

To o b t a i n  t h e  s i z e s  and l e n g t h s  o f  b i m e t a l l i c  t u b i n g  r e q u i r e d  f o r  a 

B o i l e r s  designed f o r  use i n  t h e  Systems f o r  Nuclear A u x i l i a r y  Power (SNAP) program 

inco rpo ra ted  t h e  use o f  long- length,  smal l -d iameter mercury f l o w  passages a t  t h e  

i n l e t .  

mercury encountered i n  t h e  e a r l y  phases o f  t h e  progran. 

design, based on mercury a c t i n g  as a w e t t i n g  f l u i d  and n o t  i n v o l v i n g  smal l -d iameter  

passages, was t e s t e d  and proven e q u a l l y  s a t i s f a c t o r y .  

b o i l e r  des ign have been s u c c e s s f u l l y  deriionstrated. 

approaches, f o l l o w e d  by t h e  c o n s t r u c t i o n  and t e s t  o f  a p o r t i o n  o r  module o f  t h e  

f u l l - s c a l e  b o i l e r ,  would be needed. 

Use o f  t h e  passages was based, i n  p a r t ,  on t h e  nonwet t ing behavior  o f  

An a l t e r n a t i v e  b o i l e r  

Thus, two approaches t o  

S e l e c t i o n  o f  one o f  these 

The development o f  t h e  mercury condenser/steam generator  w i l l  a l s o  r e q u i r e  t h e  

t e s t i n g  o f  a l a r g e - s c a l e  module. Al though water w i l l  n o t  r e a c t  w i t h  mercury, i t  
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can 
be 

The 

cause o x i d a t i o n  o f  tanta lum i n  t h e  b o i l e r .  Consequently, i ns t rumen ta t i on  must 
ncluded t o  r a p i d l y  d e t e c t  l eaks  of oxygen ( a i r )  and water  throughout t h e  system. 

s h a f t  seal  o f  t h e  mercury t u r b i n e  a t  t h e  exhaust end must 1 in; i t  t h e  i n t r o d u c t i o n  

o f  oxygen ( a i r ) ,  l u b r i c a t i n g  o i l ,  and o t h e r  contaminants i n t o  t h e  mercury loop t o  

prevent  c o r r o s i o n  i n  t h e  b o i l e r ,  
t o  p reven t  leakage o f  mercury t o  t h e  surroundings. 
f o l l o w e d  by c o n s t r u c t i o n  and t e s t i n g  i s  i nd i ca ted .  

i n v o l v e  a scale-up i n  t h e  range o f  3 t o  10 t imes t h e  r a t i n g  o f  prev ious mercury 
tu rb ines ,  some design developments may be necessary. The successfu l  complet ion o f  
t h e  fo rego ing  b o i l e r ,  condenser/steam generator,  and t u r b i n e  development would s e t  
t h e  s tage f o r  t h e  des ign o f  a demonstrat ion LKFBR mercury--steam b i n a r y  c y c l e  p l a n t .  

A t  t h e  i n l e t  end t h e  s h a f t  seal  must be designed 

A design s tudy of  t h e  s h a f t  seal  
As t h e  p r o t o t y p e  t u r b i n e  w i l l  

6B.5.3.2 Potassium Cycle 

Scale-up o f  t h e  key components o f  t h e  potassium--steam b i n a r y  c y c l e  i s  r e q u i r e d  
b e f o r e  c o n s t r u c t i o n  o f  a p i l o t  p l a n t  can be considerd.  
t h e  potassium b o i l e r  and t h e  potassium condenser/steam generator  would have t o  be 
performance t e s t e d  and operated l ong  enouqh t o  ensure conf idence i n  des ign and 
m a t e r i a l  s o f  c o n s t r u c t i o n .  

A l a r g e - s c a l e  model o f  bo th  

As t h e  scale-up f rom c u r r e n t  research and development exper ience f o r  t h e  t u r b i n e  

r a t i n g  i s  in t h e  range o f  300- t o  lOOU-fold, t u r b i n e  b lade  manufactur ing techniques 
us ing  a p p r o p r i a t e  a l l o y s  must be developed f o r  t h e  ve ry  l a r c e  b lade s i zes  requ i red .  

S i m i l a r l y  t h e  t u r b i n e  seal ,  c.;hich must exclude oxygen ( a i r )  fropi t h e  potassium 
loop, must a l s o  be scaled up success fu l l y .  

Oak Ridge Na t iona l  Laboratory ,  under a g r a n t  f rom t h e  Na t iona l  Science Foundation, 

has begun t h e  c o n s t r u c t i o n  o f  a potassium b o i l e r  module. 

megawatt-capacity u n i t  designed t o  operate a t  t h e  155OOF l e v e l ,  

Th i s  i s  a severa l -  

The FPC Task Force17 and t h e  AEC Subpanel VI18 have recommended t h a t  b o t h  a l k a l i  

metal  t opp ing  c y c l e s  and ammonia ( o r  o rgan ic  f l u i d )  bot toming cyc les  be developed. 

The topp ing  c y c l e s  a r e  impor tan t  because of t h e i r  p o t e n t i a l  f o r  increased e f f i c i e n c y  
and t h e  bot toming cyc les  because of t h e i r  adap tah i l  i t y  t o  bo th  a i r  h e a t - r e j e c t i o n  

systems and low-temperature (geothermal ) heat  sources. 
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6B. 5.4 Environmental Impacts 

The impact on the environment of a mercury--steam binary  cycle power plant would be 
t o  reduce thermal discharges and the consumption of fuels relative t o  a conventional 
steam power plant. The extent of these benefits would depend on the improvement i n  
efficiency brough t  abou t  by the mrcury--steam binary cycle. 
power plant would have t o  incorporate features t o  restrict  the release of mercury to  
the environment t o  safe levels. 

The design of such a 

Potassium--steam binary cycle power plants should have similar effects upon the 
environment. The reduction of fossil-fuel consumption due to  higher efficiency 
automatically reduces the quantity of most of the a i r  pollutants produced per u n i t  
of electrical energy qenerated. 
w i  1 1 be cons i derab 1 y curt  ai 1 ed.  

Likewise, the waste heat discharged by the plant 

The accidental discharge of large quantities of potassium t o  the environment would 
be harmful to vegetation and animal l i fe  in the imnediate area of the plant. Runoff 
of potassium wastes into groundwater, streams, lakes, o r  oceans could be detrimental. 
A t  low concentrations, potassium will n o t  be hazardous since i t  is  a normal constit- 
uent o f  foods. The use of suitable scrubbing equipment would have t o  be developed t o  
prevent the release of sizable quantities of potassium from a power plant. 

6B.5.5 Costs and Benefits 

No meaningful information exists on either the costs of mercury topp ing  cycle t h a t  
uses an LMFBR heat source or potassium topp ing  cycle for fossil-fuel plants. 
Clearly, because of the increased complexity, the plant capital costs will be 
higher t h a n  a conventional steam p l a n t  b u t  these could b e  offset by h i g h e r  p l a n t  

efficiency. 
reliable cost d a t a .  

Detailed plant and equipment design studies are needed t o  develop more 

6B.5.6 Overall Assessment of Role i n  Energy Supply 

The major advantage of the b inary  cycles using mercury o r  potassium with steam is 
t h a t  of increased conversion efficiency. The benefits t h a t  stem from an increase 
in efficiency (such as reductions i n  fuel consumption, waste-heat release, and 
production of pollutants) will apply t o  bo th  fossil-fired and LMFBR plants. 
may be operational advantages for use of mercury topping with the LMFBR, as noted 
in Section 6B.5.1.3. The disadvantages (higher capital and maintenance costs and 

increased complexity of the p l a n t  and i t s  operation) will also be applicable to  
b o t h .  

There 

The extent t o  w h i c h  the advantages will outweigh the disadvantages i s  unknown 
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and can be determined o n l y  by systemat ic  programs i n v o l v i n g  a c o n t i n u i n g  e v a l u a t i o n  

o f  costs ,  development o f  scaled-up key components, o p e r a t i o n  of a p i l o t  p l a n t ,  and, 

f i n a l l y ,  t h e  des ign and o p e r a t i o n  of  a demonstrat ion power p l a n t .  

e x i s t s  f o r  b i n a r y  cyc les  r e s u l t i n g  f rom prev ious exper ience w i t h  mercury-topping 

cyc les  on f o s s i l - f i r e d  steam p l a n t s  and f rom t h e  space power e f f o r t s  on potassium-- 

steam b i n a r y  cyc les  conducted over t h e  p a s t  decade, f o r  u n i t s  o f  smal l  capaci ty .  

A technology base 
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6B.6 FUEL CELLS 

6B. 6.1 Introduction 

6B.6.1.1 General Description 

The fuel ce l l  i s  a device that  produces useful e lectr ical  enerny from the controlled 
electrocheniical oxidation o f  fuel .  The reactants,  fuel and o x i d a n t ,  are  suppl ied t o  
the electrochemical c e l l ,  o r  ce l l  stack, fronl reservoirs t h a t ,  i n  many cases,  a re  
ref i l  lab1 e.  

The basic components o f  a simple hydrogen--oxygen fuel cel l  are the electrodes 
(anode and cathode) and an electrolyte;  the electrolyte  can be ei ther  acidic or 
basic. 
completed, allowing electrons t o  flow and the electrochemical reaction t o  occur. 
The  resu l t  i s  good fuel efficiency even w i t h  low o r  intermittent loads. Nhen the 
external c i r c u i t  i s  completed, an oxidation reaction, yielding electr-om, takes 
place a t  the anode and a reduction reaction, requiring electrons,  occurs a t  the 
cathode. The electrodes provide electrochemical-reaction s i t e s  and also a c t  as 
conductors for  electron flow t o  the external c i r c u i t .  I n  the example i l lus t ra ted  
(Figure 68.6-l), charge i s  transferred w i t h i n  the cel l  by pigration of hydroxyl 
ions from cathode to anode. Continuous operation necessitates the removal of heat, 
water, and any iner t  material tha t  enters the ce l l  with the reactants,  and  reaction 
kinetics are  usually enhanced by the incorporation of a catalyst  such as p atinum 
on the h i g h  surface area electrode surfaces. Power i s  produced as long as fuel and 
oxidant a re  supplied t o  the fuel ce l l  and the external e lectr ical  c i r c u i t  s closed 
allowing current t o  flow. 

The reactants are normally consumed only when the external c i r c u i t  i s  

6B.6.1.2 History and Status 

The f i r s t  demonstration of what i s  now known as  a fuel ce l l  was reported by Sir 
William Grove i n  1839.l 
on platinum electrodes i n  a d i lu te  sulfur ic  acid electrolyte ,  producing e l e c t r i c i t y ,  
water, and heat. 

In Grove's experiment, hydrogen and oxygen were reacted 

Modern hydrogen--oxygen fuel-cell  a c t i v i t y  dates from the work of F. Bacon i n  
England i n  the l a t e  1930's. I n  1959, Allis-Chalmers Manufacturing Company 
demonstrated a EO-kWe hydrogen--oxygen fuel -cell -powered t rac tor  and  two years 
l a t e r  demonstrated a f o r k l i f t  truck powered by a hydrogen--oxygen cel l  system. 
l a t e  1966, General Motors demonstrated a del ivery van powered by hydrogen--oxygen 
fuel c e l l s  developed by Union Carbide Corporation. 
l iquids a t  cryogenic temperatures,and the system had a peak power o u t p u t  of 160 kWe. 

In 

The reactants were stored as  
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Space power requirements r e s u l t e d  i n  t h e  f i r s t  l a r a e - s c a l e  a p p l i c a t i o n  o f  f u e l  

c e l l  s .  

potassium-hydroxide e l e c t r o l y t e  was used by P r a t t  & Whi tney D i v i s i o n  o f  Un i ted  

A i r c r a f t  (P&W) t o  develop t h e  f u e l  c e l l  system f o r  t h e  Apo l l o  program o f  t h e  

Na t iona l  Aeronaut ics  and Space Admin i s t ra t i on .  Gemini space miss ions a l s o  used 

hydrogen-oxygen systems f o r  e l e c t r i c  power. Th is  f u e l  c e l l  system, manufactured 

by General E l e c t r i c ,  uses an a c i d i c  i o n  exchange menibrane as a f i x e d  e l e c t r o l y t e  
and operates near ambient temperature. 

The techno1 ogy o f  Bacon I s  hydrogen-oxygen c e l l  i nco rpo ra  ti ng a mol t e n  

I n  t h e  1960's, development o f  low-temperature f u e l  c e l l s  f o r  d i r e c t  o x i d a t i o n  o f  

l i q u i d  f u e l s  was e x t e n s i v e l y  pursued. 

methanol, f o r m i c  ac id ,  and hydrazine. 

These systems use f u e l s  such as decane, 

D i r e c t  o x i d a t i o n  o f  carbonaceous f u e l s  i s  d i f f i c u l t  t o  achieve as e f f i c i e n t l y  as 

t h e  o x i d a t i o n  o f  hydrogen. However, hydrocarbon f u e l s  can be reac ted  w i t h  steam t o  

produce a hydrogen-r ich gas f o r  consumption i n  f u e l  c e l l s .  

i n v e s t i g a t e d  i n  t h e  l a s t  decade by va r ious  i n d u s t r i a l  groups i n  t h e  U.S. and Europe. 

Such systems have been 

For  t h e  i n d i r e c t  o x i d a t i o n  o f  carbonaceous f u e l s ,  steam re fo rmer  systems used w i t h  

e i t h e r  h igh-  o r  low-temperature f u e l  c e l l s  have shown good per for rance,  and severa l  

systems a r e  i n  advanced stages o f  development. 

i n  1967 w i t h  t h e  f i r s t  phase o f  what has becove a s ix-year ,  $59 m i l l i o n  prngram. 

Th is  e f f o r t ,  p r e s e n t l y  sponsored by 31 gas u t i l i t i e s  t h a t  make up t h e  Team t o  Advance 

Research f o r  Gas Energy Transformat ion (TARGET) group, has t h e  goal  o f  develop ing 

f u e l - c e l l  systems us ing  reformed n a t u r a l  gas (methane) as f u e l .  

work i s  be ing  done by P&N, who i n  May 1371 demonstrated a 12.5-kKe system supp ly ing  
a l l  o f  t h e  e l e c t r i c a l  energy t o  a home i n  Connect icut .  

t e s t  i n s t a l l a t i o n s  o f  va r ious  c a p a c i t i e s  planned, about 50 o f  which have been 

i n s t a l l e d  as o f  June 1, 1974. 
demonstrated w i t h  t h i s  system b e f o r e  r e f u r b i s h i n g  has been r e w i r e d .  

P r a t t  & Whitney, i n  December 1973, announced a $42 m i l l i o n  coopera t i ve  p r o y a m  w i t h  

n i n e  e l e c t r i c  u t i l i t i e s  t o  develop a 26,000-k\J f u e l  c e l l .  A model o f  t h e  i n s t a l l a -  

t i o n  proposed f o r  development i s  shown i n  F i g u r e  6B.6-2. 

s u f f i c i e n t  t o  p r o v i d e  e l e c t r i c i t y  f o r  a community o f  about 20,000 people, and t h e  

manufacturer has est imated t h a t  d e l i v e r i e s  o f  these u n i t s  c o u l d  beg in  as e a r l y  as 

1978. The a p p l i c a t i o n  i s  d ispersed power generat ion,  as w i t h  t h e  TARGET program, 

b u t  i n  t h i s  case t h e  u n i t  o f  power i s  l a r g e r .  The f u e l  \ r i l l  l i k e l y  be d i s t i l l a t e  

o i l s  a t  f i r s t ,  w i t h  heav ie r  o i l s  coming l a t e r  on. 

The major  e f f o r t  i n  t h i s  area s t a r t e d  

The developmental 

T h i s  was t h e  f i r s t  of 60 

More than 4000 h r  o f  automat ic  o p e r a t i o n  have been 

T h i s  l e v e l  o f  power i s  

5 
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6B.6.1.3 Present and Projected Application 

Attention i s  now being given t o  fuel cell systems t o  generate larqe blocks of 
electrical power. Two routes are beinq followed: one for central-station 
application and the other for dispersed generation of electrical power in 
resjdential o r  small community si tes or a t  electrical. substations. 
central-station application i s  s t i l l  in the laboratory and system study phase; 
practical field hardware has not  yet been built. However, Westinghouse Electric 
Corporation; as recently as 1970, was engaged in development work for the Office of 
Coal Research and had  developed a preliminary design for a 100-kWe system based on 
gasification o f  coal and a high-temperature (1870°F) z i r con ia  electrolyte fuel 

Work on the 

A t  the present time, work on this system is suspended. 

As mentioned previously, P&W has a major Drogram for  dispersed generation usinq 
natural gas reformers and low-temperature (<25OoF) fuel cells of the phosphoric 
acid and potassium hydroxide electrolyte types.’ The Institute of Gas Technoloqy 
has been do ing  complementary work usinq low-temperature phosphoric acid and 
higher- temperature (2200°F) mol ten carbonate electrolyte cells. 
cells will also operate on the fuel formed from coal gasification. This work has 
been sponsored by segments of the gas industry, American Gas Association, and 
TARGET and most recently by the Edison Electric Institute (EEI) .  

A1 1 the above fuel 

Energy system concepts using the thermal and electric o u t p u t  of nuclear reactors t o  
produce hydrogen from the dissociation of water are currently under investigation. 
Fuel cells f o r  dispersed generation o f  electric power are an integral p a r t  of 
these systems. 8 

The various energy-system concepts discussed above are shown i n  Figure 6B.6-3. 
Systems A and E i l lustrate the more-conventional central-station applications based 
on fossil-fueled steam boilers and nuclear steam supply systems. System E shows a 
fuel cell system replacement for a conventional central-station steam plant, while 
System C shows relocation of the fuel cell system t o  distribution substatfons. 
provides for  higher systems reliability and greater responsiveness t o  load  changes 
through on-site gaseous fuel storage. 
equivalent of System C. 
capable of producing hiqh-pressure gas. 
t o  those consumers requirinq reducing atmospheres or aaseous fuels f o r  heatino. 
The concepts shown i n  Systems B and D can supply dc energy directly t o  major 
industrial users a n d  the distributed generation concept of System C can be extended 
t o  include a local dc distribution system. 

Thfs 

System D illustrates the nuclear-powered 
Note t h a t  no compressor i s  required as the electrolyzer i s  

Systems C and !I can provide qas directly 
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66.6.2 Techn i ca 1 I n  f orma t i on 

6B.6.2.1 

Although f u e l  c e l l  systems have been manufactured on a l i m i t e d  product ion bas is  f o r  
space a p p l i c a t i o n ,  on ly  f i v e  organizat ions are p r e s e n t l y  capable o f  producing such 
systems i n  q u a n t i t y :  P&W, GE, Westinghouse, UCC, and Alsthom. None are a c t i v e l y  
marketing commercial systems o f  s i g n i f i c a n t  s ize .  P r a t t  R Whitney i s  conductinq 

extens ive f i e l d  t e s t s  o f  i t s  12.5-kWe reformed n a t u r a l  qas system. 

Avai 1 a b i l  i ty  

Several f u e l  c e l l  power-generation systems i n  the 10- t o  20-kWe ranqe have been 

const ructed and operated. 

c o n d i t i o n i n g  equipment al lows a n e a r l y  d i r e c t  p r o p o r t i o n a l  s c a l i n g  i n t o  the multi-MWe 
range. No c o n t r o l  s t a b i l i t y  o r  complexity problems are in t roduced i n  p a r a l l e l i n g  
f u e l  c e l l  banks t o  cons t ruc t  l a r g e  systems. I n  f a c t ,  o v e r a l l  system r e l i a b i l i t y  i s  
improved through load shar ing  i n  m u l t i s t a c k  systems and as a r e s u l t  o f  t h e  capa- 
b i l i t y  t o  rep lace  modular u n i t s  on a programmed basis .  

The modular cons t ruc t ion  o f  f u e l  c e l l s  and power 

6B.6.2.2 Energy Sources 

The fuel c e l l s  c u r r e n t l y  considered f o r  c e n t r a l - s t a t i o n  use o x i d i z e  e i t h e r  carbon 
monoxi de o r  hydrogen. F i n e l y  powdered coal and various hydrocarbons are reformed 

t o  p rov ide  the hydrogen-rich f u e l  used i n  these f u e l  c e l l s .  

Three s y n t h e t i c  f u e l s  have been proposed f o r  use i n  n u c l e a r - f u e l - c e l l  energy systems: 
hydrogen (produced by e l e c t r o l y s i s  o f  water ) ,  methane, and methanol. Both methane and 

methanol are produced by r e a c t i n g  hydrogen w i t h  carbon d iox ide  obta ined by 

f r a c t i o n a l  d i s t i l l a t i o n  o f  a i r .  

The o t h e r  f u e l s  t h a t  have been used i n  experimental c e l l s ,  such as hydrazine, fo rmic  
ac id ,  sodium, l i t h i u m ,  and amonia,  are too c o s t l y  f o r  use i n  c e n t r a l - s t a t i o n  eneray 
generation. 

6B.6.2.3 E f f i c i e n c y  

The t h e o r e t i c a l  maximum e f f i c i e n c y  o f  a f u e l  c e l l  i s  a f u n c t i o n  o f  t h e  f u e l  and 
ox idant  used. Where systems are in tegra ted ,  as w i t h  a reformer, the  t h e o r e t i c a l  
e f f i c i e n c y  i s  based on the pr imary feed mater ia l  r a t h e r  than on the  f u e l  t h a t  i s  

e lec t rochemica l l y  ox id ized.  
t o r y  i n v e s t i g a t i o n s  and systems s tud ies  are given i n  Table 6B.6-1. 

Pro jec ted  reference e f f i c i e n c y  l i m i t s  based on labora-  
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Table 60.6-1 
FUEL C E L L  EFFICIENCIES 

-II-- 

Cell Theore t i ca 1 Projected System 
Fuel VOl t a v  __-_-_ Cell __ Efficiencv - Efficiency, 1981) 

Hyd ro g e n 1.23 0.83 0.65 
Methane 1.06 0.92 0.30 - 0.55 
Coal 1.02 1 .oo 0.70 

_- ---_ 

The areas of uncertainty resu l t  from lack of detailed engineerincj studies and 
extensive testing of large systecls. 

Gross efficiency i s  the product of the theoretical maxirnucl efficiency and the r a t i o  
of the operating voltage t o  the theoretical vol taTe. 
t h i s  efficiency today i s  0.54 t o  0.61. 
from the c e l l s  t o  eliminate iner t  material i s  neglected. 

For hydrogen-fueled c e l l s ,  
The small amount of unreactod fuel puryed 

Because of extensive heat- and mass-transfer interactions,  subsystem eff ic iencies  
cannot be multiplied t o  determine the overall efficiency of inte9rated fuel cel l  
power system. The presellt pub1 ished efficiency of conversion o f  chemical enerny 
from natural gas fuel t o  ac e lectr ical  enerqv i n  the 12.5-kk‘e P&”-TARGET s.yster1 i s  
40 t o  45%. 
overall efficiency of near 55%. 
was estimated t o  be able t o  operate a t  a projected efficiency o f  58% for  the 
100-kNe s ize  and near 70% for 1000 We based upon  dc o u t p u t .  

The large central-station version of th i s  system i s  projected t o  have an 
The Westinnhcuse hiqh-temperature syster concept 

68.6.2.4 Size Limitation 

Several fuel ce l l  power-generation systens i n  the 10- t o  20-k!Je ranae have been 
constructed and operated. 
conditioning equipment a1 lows a nearlv d i rec t  proportional scaling i n t o  the niul t i -  
fllle range. Plumbing, w i r i n g ,  and faul t- isolatinn enuipcient requirements are also 
nearly proportional t o  the system power capabili ty.  Fuel conditioning and control 
equipment have a scaling factor  of 0.9. 
s izes ,  and ful l -scale  systenis an then be produced by  conventional enyineerina 
techniques. Systems u s i n g  fue -reforming or high-teryierature c e l l s  are s ion i f i -  
cantly more e f f ic ien t  i n  large sizes (>lo0 kVe) due t o  the reduction i n  external 
surface area per unit  volume. 

The modular construction of fuel c e l l s  and power- 

Systems can be demonstrated in small 
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6B.6.2.5 Sta te  o f  t he  A r t  

Al though t h e r e  have been many successfu l  proqrams r e s u l t i n a  i n  numerous f u e l  c e l l  
systems f o r  s p e c i a l i z e d  a p p l i c a t i o n s ,  t he re  remain dominant u n c e r t a i n t i e s  w i t h  

respec t  t o  cormiercial power a p p l i c a t i o n s .  These u n c e r t a i n i t i e s  stem f rom a l a c k  o f :  

(1 )  

( 2 )  
(3 )  demonstrat ion o f  t he  costs,  l i f e t i m e s  , e f f i c i e n c i e s  , and o p e r a t i o n a l  

d e t a i l e d  eng ineer ing  design o f  low-cost  systems; 

d e t a i l e d  design o f  f u e l  c e l l s  f o r  hish-volume p roduc t i on  and long  l i f e ;  

parameters o f  the p r o j e c t e d  sys terns. 

66.6.2.5.1 

The f u e l  c e l l  system considered by t he  Westinqhouse E l e c t r i c  Conpany f o r  c e n t r a l -  

s t a t i o n  power p roduc t i on  uses high-temperature m a t e r i a l s  i n  t h e  c o n s t r u c t i o n  o f  

t h e  f u e l  c e l l .  A porous n i c k e l  anode, a s t a b i l i z e d  z i r c o n i a  e l e c t r o l y t e ,  and a 

porous, t in-doped, indium-oxide cathode are deposi ted on a 0.5-in.-diam porous, 

s t a b i l i z e d ,  z i r c o n i a  tube w i t h  app rop r ia te  c e l l  i n te rconnec t ions .  

_-_- Hioh-Temperature Fuel C e l l  System 

The t o t a l  system c o n s i s t s  o f  f u e l  c e l l  b a t t e r y  tubes assembled i n t o  banks, a coal  

g a s i f i e r ,  and a n c i l l a r y  equipment. 

p h y s i c a l l y  l o c a t e d  i n  the f l u i d i z e d - b e d  coal  g a s i f i e r  f o r  maximum heat  recovery.  

C e l l  banks which operate a t  1850°F are 

68.6.2.5.2 Low-Temperature Fuel C e l l  Power Systems 

The fuel  c e l l  used i n  a system proposed f o r  d ispersed generat ion o f  e l e c t r i c a l  

power i s  o f  t h e  p l a t e  and frame t.ype. 
are assembled i n t o  s e r i e s  s tacks and e i t h e r  b o l t e d  o r  bonded toqether .  F low 

passaqes , a porous ca ta l yzed  n i c k e l  anode, an e l e c t r o l y t e - s a t u r a t e d  m a t r i x ,  and a 

porous ca ta l yzed  cathode make up the  u n i t  c e l l .  
e l  e c t r o l  y t e  by P&W, w i  t h  p l  a t i  num-rhodi um a1 l o y  as t he  anodi c c a t a l y s t  and n l  a t i  num 

as t h e  ca thod ic  c a t a l y s t .  

Simple components produced i n  h i q h  volume 

Phosphoric a c i d  i s  used as the  

I n  t h e  P&W-TARGET system, the c e l l s  operate a t  about 230°F. 

e f f l u e n t  f rom the  f u e l  c e l l s  t o  p rov ide  heat  t o  reform hvdrocarbons, such as n a t u r a l  

gas, y i e l d i n g  a hydrogen--carbon-dioxide m ix tu re .  

a l s o  used t o  preheat  t h e  wa te r  used i n  t h e  re fo rm ing  r e a c t i o n . )  

pret reatment ,  pure hydrogen can be used d i r e c t l y  i n  t h e  c e l l s  as can t h e  f u e l  gas 

f rom coal  g a s i f i c a t i o n .  

This  system burns t h e  

(Heat produced i n  t h e  c e l l s  i s  

I f  g i ven  proper  
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68.6.3 Research and Development 

I n  spite of having no moving parts, fuel cells do wear ou t .  Redistributicv? of 
catalyst, with a resulting reduction of effective reaction surface area, i s  the 
most dominant degradation mechanism. 
catalyst in the electrolyte, which further reduces the active surface area.  A 

secondary life-limi t i n g  phenomenon i s  corrosion of seal and current-collection 
components . 

There is  also a f inite solubility of 

Erosion and blockage of ducts and manifolds are also seen in extended l i fe  tests. 
I f  fuel cells are t o  be economically applied t o  central-station power qeneration, 
the useful cell lifetimes must be extended beyond the 3000 to  20,000 hr presently 
avai 1 able. 

The fuel cell u n i t  desiqn must be amenable t o  hiqh-volume production techniques, 
because thousands of cells per system will be required fo r  electric generating 
systems i n  the multi-MWe ranqe. 

Fuel cell systems will n o t  be applied, t o  any siqnificant extent, t o  central-station 
power generation until economic advantages have been realistically demonstrated. To 
do so will require development of engineering experience and cost reductions in the 
specific areas listed below: 

Oi 1 

Coa 

Fuel Source Requirements 
Reliable information on fuel cell lifetime. under conditions 
representative of large power-generating systems (100 kWe o r  
1 arger) . 
Fuel cell materials and  construction t h a t  result i n  minimizing cost. 

Large-capacity low-cost si1 icon-controlled rectifiers (SCR)  t h a t  
can be used t o  construct less-expensive dc-ac inverters. 

Complete integration of power-generati ng sys tems t o  reduce capital 
and  operating costs, simplify controls , and minimize heat losses. 

Detailed engineering design studies. 

Reliable information on materials corrosion resistance. 

Process control for  reduction of ash-carbon content. 
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Natura l  Gas The development o f  less-expensive c a t a l y s t s  and the reduct  
the amount o f  c a t a l y s t  requi red.  

Extension o f  f u e l  c e l l  l i f e t i m e .  

on i n  

Hydrogen A source o f  low-cos t hydrogen. 

9 The FPC Task Force 

requirement f o r  research and development on f u e l  c e l l  systems. Proqress f o r  t h i s  

h igh p o t e n t i a l  payoff, b u t  h i g h - r i s k ,  area o f  technoloqy has been hampered by lack 

o f  funding and a demonstration o f  adequate system l i f e ,  and acceptable c a p i t a l  

c o s t  i s  u r g e n t l y  needed. 

and the AEC Subpanel V I ' '  have i d e n t i f i e d  a h i q h - p r i o r i t y  

6B.6.4 Environmental Impacts 

C e n t r a l - s t a t i o n  systems using f u e l  c e l l s  w i l l  produce chemical p o l l u t a n t s  s i m i l a r  t o  

those obta ined by conventional combustion o f  the same f u e l s .  The f u e l  c e l l  , however, 

i s  p a r t i c u l a r l y  s e n s i t i v e  t o  the same p o l l u t a n t s ,  p r i m a r i l y  s u l f u r ,  now causing 

concern i n  conventional steam-turbine-generator p l a n t s .  This s e n s i t i v i t y  w i l l  

r e q u i r e  extens ive f u e l  pret reatment  t o  e l i m i n a t e  contaminants p r i o r  t o  e l e c t r o -  

chemical ox ida t ion .  For  an equ iva len t  e l e c t r i c a l  power output ,  t h e  h igher  opera t inq  

e f f i c i e n c y  o f  f u e l  c e l l  systems w i l l  r e s u l t  i n  a reduc t ion  o f  the  t o t a l  q u a n t i t y  o f  

fue l  r e q u i r e d  and a reduc t ion  i n  the q u a n t i t y  o f  mater ia l  discharqed i n  t h e  emission 

of n i t r o g e n  oxides because o f  the reduced temperatures t o  which the a i r  streams are 

exposed. 

systems s ince  most of the waste heat i s  used i n  the f u e l  g a s i f i c a t i o n  o r  re fo rming  

process. 
requi red.  

Waste-heat r e j e c t i o n  i s  n o t  a s i g n i f i c a n t  problem w i t h  f u e l  c e l l  power 

Excess heat i s  r e j e c t e d  t o  the atmosphere, and c o o l i n a  water  i s  n o t  

Large numbers o f  low-temperature f u e l  c e l l s  cou ld  have some impact on the  c a t a l y s t  

m a t e r i a l  market and on the n a t u r a l  reserves. However, t h e  c a t a l y s t  i s  n o t  consumed 

except f o r  process ing losses, and t h e  t o t a l  q u a n t i t y  a v a i l a b l e  w i l l  be r e l a t i v e l y  

unchanged. 

(This  i s  a problem common w i t h  c e r t a i n  p o l l u t i o n - c o n t r o l  equipment be ing considered 

f o r  i n t e r n a l  combustion-engine-powered automobiles. ) 

The t o t a l  e f f e c t  o f  t h i s  u t i l i z a t i o n  o f  c a t a l y s t  mater ia ls  i s  unknown. 

Increased u t i l i z a t i o n  o f  dispersed generation o f  e l e c t r i c a l  power, made poss ib le  by 

the  h i g h  e f f i c i e n c y  o f  r e l a t i v e l y  small  f u e l  c e l l  systems, should have a p o s i t i v e  

e f f e c t  on the environment, p a r t i c u l a r l y  i n  urban areas. Gas t ransmiss ion by b u r i e d  

p i p e l i n e  requ i res  less  land f o r  an equ iva len t  amount o f  energy t ransmi t ted ;  however, 

the t o t a l  environmental impact o f  bur ied  p i p e l i n e s  has n o t  been thorouqhly  evaluated. 
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The remote locations envisaged for fuel-processing plants and the chemical removal 
of sulfur a t  these plants should result i n  a positive environmental effect. 

6B.6.5 Costs and Benefits 

Since no large fuel cell power systems have been built,  an estimate of the costs i s  
somewhat speculative. Costs, however, have been projected for the coal-fired h i g h -  
temperature system by taking i n t o  account research and development progress t o  date 
and comparing u n i t  costs o f  various elements of the cost breakdown w i t h  similar 
items i n  a coal-fired steam-turbine power plant. 
electricity produced from a coal-fueled fuel cell system i s  equal t o  t h a t  from a 
steam-turbine system, the allowable capital costs for the fuel cell system can be 
projected. 

By assuming t h a t  the cost of 

The result of these assumptions and calculations i s  t o  suggest t h a t  a coal-fueled 
fuel cell system can produce competitively priced electricity i f  i t  can be built for 
a t o t a l  capital cost  of $294 t o  374 per kilowatt electrical. The three critical 
items are the fuel cell ,  power inverters, and spare parts. 
projected cost ranges t h a t  will allow reaching the cost target. 

Each of these has 

The key item is the cost of the fuel cells. The cost range allocated, $60 t o  80 
per k i l o w a t t  electrical, corresponds t o  a manufactured cost of $7.00 t o  9.30 per 
pound based on the materials requirements. Total materials costs for  these t h i n -  
film solid-electrolyte fuel cell assemblies have been estimated t o  be a b o u t  $21 
per k i lowat t  electrical ($2.45 per pound), leaving an a1 lowable margin for 
manufacturing and assembly of $39 t o  59 per kilowatt electrical ($4.55 t o  6.85 per 
pound).  
independent direct estimates. 

These allowable manufacturing costs show reasonably good agreement w i t h  

The major projected advantage of fossil-fueled fuel cell systems for central-station 
power generation i s  t h a t  they operate a t  a higher conversion efficiency t h a n  i s  
possible w i t h  any system presently i n  use. This higher efficiency results i n  a 
lower rate o f  fossil-fuel reserve depletion, reduced air  pollution, and no thermal 
pollution of natural bodies of water. Projected economics of central-station fuel 
cell power systems show equivalent capital costs and lower operating costs. 
dispersed generation of electrical power using fuel cells, the capability for 
gaseous fuel storage a t  the point of usage allows a degree of freedom n o t  found i n  
present electric distribution systems. 
nuclear-powered hydrogen product ion faci 1 i ty  offers several additional potential 
advantages : 

For 

Coupling a hydrogen fuel cell system t o  a 
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(1)  

( 2 )  

Improved load factor  for  the nuclear plant because i t  i s  producing a 
storable fuel.  
Enhanced hydroqen supply for use i n  the chemical and metallurgical process 
industries as well as for  heat in homes and industrial  Dlants, compared 
w i t h  that  currently available from hydrocarbon sources. 
Pollution free generation of e l e c t r i c i t y  a t  points of use. ( 3 )  

65.6.6 Overall Assessment of Role i n  Energy Supply 

The s t a t e  of'technoloqy of fuel ce l l s  and  reformer systems has expanded i n  the 
1960's; i t  is  probably suff ic ient  for  the needs of i n i t i a l  prototype fuel cel l  
demonstration plants. 
go ing  a f i e l d  t e s t  of over f i f t y  2.5-kWe units, b u t  these units are expensive and 
have a l i f e  about one-tenth of t h a t  required t o  make them a viable commercial 
o p t i o n .  Further, they require natural pas (already i n  short  supply) as t h e i r  
energy source. The P&W 26,000-kWe fuel ce l l s  be ing  developed w i t h  the cooperation 
of nine u t i l i t i e s  a l so  depend on fossi l  fuels in th i s  application, namely d i s t i l l a t e  
and heavier o i l s .  I t  should be pointed o u t  that these developments, while promising 
more e f f i c i e n t  use of fossi l  fuels for  e lec t r ica l  generation, do no t  provide a 

f is  mentioned r'n Section 6B.6.1.2, P&W i s  currently under -  

system for  u t i l i z ing  new energy sources and, therefore, will not appreciably relieve 
the energy c r i s i s .  
imposed, the f e a s i b i l i t y  of fuel cell  systems i s  undetermined for  central-station o r  
dispersed-power generation. 
establish the role of fuel ce l l s  i n  these aonlications. 

When the constraints of economics and operating l ifetime are 

Continued research and development will be required t o  

Fuel ce l l s  us ing  the more elementary qaseous fuels--hydroqen, carbon monoxide, and  
methane--will probably  dominate f o r  the predictable future. C o n t i n u i n o  poor 

performance in the d i  rect  electrochemical oxidation of longer-chai n hydrocarbons 
has resulted i n  less  emphasis i n  this area. 
coal and uranium reserves, principal emphasis will be on fuels that  can be readily 
produced by gasification of coal or from nuclear-reaction processes. 
b o t h  applications r e q u i r e  the successful development of re la t ively h i g h  development- 
risk technologies that must be established on b o t h  a technological and economic 
basis: fuel ce l l s  and  coal gasification or fuel cell  and hydroqen production by 
nuclear/electrical , nuclear/thermal , o r  nuclear/electrothermal means. 

Because of the avai labi l i ty  of large 

However, 

T h i s  energy conversion system seems t o  be compatible w i t h  plannino t h a t  centers 
around the near-term use of coal and long-term use of nuclear enerqy. 
a key factor  i n  a hydroqen energv economy as proposed by many and has a positive 
environmental impact. 

I t  is also 
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6B.7 BATTERIES 

66.7.1 Introduction 

6B.7.1.1 General Description 

The battery i s  a device t h a t  produces useful e lectr ical  energy from the controlled 
electrochemical oxidation o f  fuel .  The reactants,  fuel and  oxidant, are supplied 
i n  fixed amounts associated with individual c e l l s  ( i n  contrast  t o  fuel c e l l s  which 
can have the fuel replenished from an outside supply). 
connected e lec t r ica l ly ,  e i ther  i n  ser ies  or parallel  , t o  achieve desired voltage and 
current levels. This combination of c e l l s  i s  called a battery. 

The individual c e l l s  may be 

Cells o f  bat ter ies  are described as being ei ther  primary o r  secondary c e l l s .  
Primary c e l l s  a re  those tha t  a re  charoed with chemical reactants and  used once-- 
e i ther  unti l  the reactants are  depleted o r  unti l  the voltage of the ce l l  decreases 
to an unacceptable level--and then are discarded or recycled t o  the manufacturer. 
The standard f lash l igh t  battery i s  a type o f  primary c e l l .  

Secondary c e l l s  a re  composed of reactants and  designed in a manner such tha t  
e lectr ical  recharge (by reversal of current with some other power source) i s  possible 
when voltage has declined to a n  unacceptable level.  
is a familiar example of a ser ies  of three ( 6  vol ts)  or six (12 vol ts)  secondary c e l l s .  
Secondary bat ter ies  (sometimes called storage bat ter ies  since they can convert' 
e lectr ical  energy to chemical energy which can be stored and then reconverted t o  
e lectr ical  energy on demand) a re  the most promising for  u t i l ' i ty  energy storage. 

The standard automobile battery 

The basic components o f  a simple secondary c e l l  are t he  electrodes (anode and 
cathode), an electrolyte ,  a separator, and a case. 
battery is  similar to the fuel ce l l  (Figure 6B.6-1) w i t h  the electrode compartments 
replaced w i t h  fixed quantit ies of chemical reactants. A porous separator i s  used 
to  hold the electrolyte  i n  place and provide f o r  physical separation o f . t h e  anode 
and cathode. 
except tha t  there i s  no continuous resupply of fuel and removal of reactant 
products . 

Schematically, the secondary 

Power production i s  essent ia l ly  similar to  tha t  of the fuel ce l l  

66.7.1.2 History and Status 

The  f i r s t  experiments of electrochemistry a re  a t t r ibuted t o  Davey and Volta a t  the 
beginning  o f  the 19th Century. 
beg inn ing  around 1859, led t o  the real s t a r t  o f  the development of secondary c e l l s .  
After 1880 the development of secondary c e l l s  advanced a t  a rapid pace. 

Plante 's  studies o f  e lec t ro ly t ic  polarization, 

The 
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p r i n c i p a l  systems developed u n t i l  t h e  mid-20th cen tu ry  were l i m i t e d  t o  t h e  l ead /  

s u l  f u r i  c a c i  d / l  ead o x i d e  n i c k e l  /po tass  i um hydrox i  de/ i r o n  , and n i c k e l  /potassium 
hydroxide/cadmium c e l l s .  

Increased i n t e r e s t  i n  b a t t e r i e s  as of f -peak energy s to rage  devices f o r  use i n  t h e  
e l e c t r i c  u t i l i t y  system has developed s ince  t h e  mid-1960's when sodium/sul fur  and 
l i th iur r , /chalcogen c e l l s  were f i r s t  pub1 i c l y  announced. A nuvber o f  o r g a n i z a t i o n s  
a r e  do ing  research and development on these high-temperature b a t t e r i e s  f o r  b u l k  
energy storage. Since much of t h i s  i s  company-sponsored, t h e  t o t a l  l e v e l  o f  e f f o r t  
i s  sometimes d i f f i c u l t  t o  determine. Organizat ions doing research on b a t t e r i e s  
p r i m a r i l y  f o r  t r a n s p o r t a t i o n  a r e  judged t o  be competent f o r  development a c t i v i t i e s  

l o o k i n g  toward b u l k  s torage systems as w e l l .  
l i t h i u m / s u l f u r  and sodium/sul fur  b a t t e r i e s  i s  shown i n  Table 6B.7-1, b u t  i t  i s  

recognized t h a t  t h e  o r g a n i z a t i o n s  may a l s o  be competent t o  work on o t h e r  b a t t e r y  
techno1 ogies.  

The p r i n c i p a l  work under way on 

Table 6B.7-1 
ORGANIZATIONS PERFORMING RESEARCH AND DEVELOPMENT ON 

LITHIUM/SULFUR AND SODIUIk!/SULFUR BATTERIES 

Organ iza t i on  Type of C e l l  Goals 

Argonne Na t iona l  Laboratory  L i t  h i um/Sul f u r  Bul k energy storage, 

Atomics I n t e r n a t i o n a l  L i  th ium/Sul f u r  Bulk energy s torage 

General Motors L i t h i  um/Sul f u r  Trans p o r t a  t i o n  

Ford Motor Co. Sod i um/Sul f u r  T r a n s p o r t a t i o n  

TRGI Systems, Inc.  Sodi um/Sul f u r  Bulk energy storage, 

General E l e c t r i c  Sodi um/Sul f u r  Bul k energy storage, 

Dow Chemical Co. Sodium/Sul f u r  

p r o p u l s i o n  

t r a n s p o r t a t i o n  

t r a n s p o r t a t i o n  

(g lass  e l e c t r o l y t e )  

6B.7.1.3 Present and Pro jec ted  A p p l i c a t i o n s  

There a r e  no present  a p p l i c a t i o n s  o f  h igh-temperature b a t t e r i e s - - a l l  a r e  i n  t h e  

developmental stage. Storage b a t t e r i e s ,  p r i m a r i l y  t h e  l e a d / s u l f u r i c  ac id / l ead  

ox ide  and n i cke l /po tass ium hydroxidelcadmium types, a r e  used i n  emergency, standby, 

and minor peaking a p p l i c a t i o n s  i n  a v a r i e t y  of i n d u s t r i e s .  

68.7-2 
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r\ 1 The Electric Research Council 1971 report of research and development goals con- 
sidered the development of bulk storage batteries to be important to the future of 
the electric utility industry because they could offer utilities improved generation, 
substation, and transmission utilization plus fast response to increased load growth, 
minimal siting restrictions, and reducticn in licensing delays. 

Three major conclusions from this preliminary study on energy storage are: 

(1) Energy storage units should be developed for two functions: 
device to shave peak loads, and second, as a power source during outages. 
In order to fulfill both purposes, a high ratio of emergency output to 
normal output is desired. 
Energy storage close to the load is especially attractive because it 
reduces the transmission capacity required to accommodate peak loads. 
The likelihood of attaining success with both the lithium/sulfur and the 
sodium/sulfur technologies is judged to be very high. 
extending over several years on each system supports this view. 

first, as a 

(2) 

(3) 
Preliminary research 

The successful development of electrically rechargeable batteries capable of storing 
200 W-hr/kg of battery weight, and capable of delivering u p  to 200 IJ/kg of battery 
weight could have a great impact on the economy of the U.S. and the world. 
number of approaches to such a battery have been investigated; however, only those 
cells operating at elevated temperatures (330 to 600OC) have shown indications of 
being able to meet energy density, power density, life, cycle capability, and cost 
objectives , 

A 

6B.7.2 Technical Information 

6B.7.2.1 Availabil i ty . 

No high-temperature battery systems have yet been developed commercially. 

A review of worldwide activities has indicated the existence of at least 20 high- 
temperature battery efforts in the world, involving about 150 investigators, 
approximately 70 of whom are in the United States.2 Only a few systems are being 
investigated, the main ones being sodium/beta alumina/sulfur and lithium/mol ten 
salt/iron sulfides. 
vehicle propulsion and off-peak energy storage. 

The two main areas of potential application are electric 
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In nearly a l l  cases, the program is i n  the laboratory s taqe,  studying c e l l s  of 10- 
t o  200-cm active area, w i t h  l ifetimes of 100 t o  1000 cycles. I t  is l i ke ly  tha t  a 
few 10- t o  20-kW demonstration ba t t e r i e s  will e x i s t  by 1977. 

2 

6B. 7.2.2 Energy Source 

The energy source f o r  the storage application is e l ec t r i ca  
from any means available.  

which can be derived 

6B. 7.2.3 Efficiency 

The eff ic iency of a secondary c e l l ,  ra ther  than b e i n g  a thermodynamic efficiency, 
would be a turn-around eff ic iency.  
energy can be retrieved as compared t o  the amount i n i t i a l l y  invested. 
c e l l s  under consideration this turn-around eff ic iency i s  about 75% excludinq ac-dc 
conversion equipment, or  an overall efficiency of 60%. 
eff ic iency,  neglecting transmission and dis t r ibut ion losses ,  this 60% would have 

The important feature i n  s toraqe i s  how much 
For the 

To get the to t a l  

t o  be multiplied by the generatincl p 
plant w i t h  40% eff ic iency,  the total  
storage would be 24%. 

6B.7.2.4 Size Limitations 

From a practical  point of view, ther 

a n t  efficiency. T h u s ,  for a modern steam 
eff ic iency f o r  generation and battery energy 

i s  no size l imitat ion other  than tha t  
determined by the pa r t i cu la r  application. 
small , %1.0 A-hr/cm . 
par t i cu la r  application. 
are considered t o  be most l i ke ly .  

The u n i t  c e l l  size wil l  probably be 
3 The bat tery o r  battery bank will be optimized f o r  a 

Eneray storaqe f a c i l i t i e s  i n  the ranqe of 10 t o  lor) MWhr 

iio problems are  anticipated i n  paral le l ing ba t t e r i e s  t o  construct large systems. 
In f a c t ,  overall systems r e l i a b i l i t y  is  improved through load sharing and the 
a b i l i t y  t o  replace units of the modular systems on a programed basis.  

6B.7.2.5 State  of the Art 

I n  general, high-temperature secondary c e l l s  and ba t t e r i e s  are  s t i l l  i n  the labora- 
tory stages of development. 
operation of s ingle  sealed c e l l s  having capacit ies i n  the ranqe of 100 to 130 Whr 
per kilogram of act ive materials and  l ifetimes of up t o  1400 hr. 
under way f o r  building ba t t e r i e s  of up t o  about 35 kWhr fo r  tests s t a r t i n q  i n  
1977. 
low cost.  All of these are s ign i f i can t  challenqes. I t  will probably require a t  

Argonne National Laboratory (AML) has reported on the 

Act ivi t ies  are 

None of these ce l l s  or  ba t t e r i e s  have ye t  been optimized f o r  lonq l i f e  and 

n 
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least  two years for the development of a reliable (hundreds of cycles), light-weight 
(100 t o  150 Whr/kg, 100 W/kg) prototype battery, i f  appropriate effor t  i s  devoted t o  
the task. 

The lithium/sulfur battery i s  being pursued by ANL (with AEC funding) and by Atomics 
International ( A I )  ( w i t h  partial support from the Electric Power Research Insti tute) 
for off-peak energy storage applications. 
program a t  ANL. 
screened, and a reference design has been established. 
this cell  i s  iron sulfide; the negative electrode i s  a solid lithium-aluminum alloy; 
the electrolyte i s  a lithium chloride-potassium chloride molten s a l t  mixture; and 
the interelectrode separators are made of a boron-ni tr ide cloth. 
cell will weigh a b o u t  2 lb and i s  designed t o  store 150 Whr (75 Whr/lb). 
size cel ls  are being developed for tests.  

The status presented i s  t h a t  for the 
Candidate materials and components for a prototype cell have been 

The positive electrode for 

The 13-cm-diam 
Engineering 

The sodium/sulfur cell i s  being developed by several companies, including Ford 
Motor Company, General Electric, and TRH, Inc. 
a t  Ford, since t h a t  organizat ion has made the largest effor t  t o  date i n  the United 
States. 
(beta alumina), and a demonstration battery has been built  and tested. 
battery consisted of 24 tube cel ls  connected t o  give four parallel sets o f  six cel ls  
i n  series. The battery was designed for 250 \I and  was tested t o  300 G!. 
performance indicated a peak power of 490 W f o r  sho r t  durations. 
capacity of 15 A-hr a t  approximately 11 V was measured, compared t o  the battery's 
theoretical capacity of 20 A-hr.  
battery weighed 4-1/4 lb. 
3 times as high as t h a t  of a lead-acid battery. 
basic, remain before a practical low-cost battery w i t h  sufficient lifetime and 
re l iabi l i ty  can be built .  

The status report i s  based on effor t  

Laboratory cel ls  have been bui l t ,  using a ceramic tubular electrolyte 
The 

Its 
A reversible 

Excluding insulation and packaging weight, the 
The energy storage capacity of abou t  38 Whr/lb was 2 or  

However, many tasks, some of them 

68.7.3 Research and Development 

The most promising electrochemical systems are the sodium/sulfur cell  (with sol id 
electrolyte) and the lithium/sulfur cell  ( w i t h  fused s a l t  electrolyte). 
likely t h a t  a t  least  one of these developments will be technically successful and 
economical ly attractive. 

I t  i s  
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68.7.3.1 Sodium/Sul f u r  

The key research and development problems relate t o  the ceramic electrolyte (powder 
synthesis and characterization; extrusion of t u b i n s ;  isostatic pressinq; sintering, 
grain growth ,  and  control of microstructure; mechanical characteristics; electrical 
characteristics), the sulfur electrode melt composition, dynamic properties and  
coupled reactions, thermodynamic studies, proous electrode design, metal corrosion, 
and cell performance (role of impuri t ies) .  
t o  the integration of batteries i n t o  power systems. 

Engineerinq studies are needed related 

A 12-V sodium/sulfur battery consisting of 24 tube cells connected t o  give four 
parallel sets o f  six cells in series has been operated a t  a power level o f  300 W .  

This has demonstrated feasibility of the concept. 

6B.7.3.2 Lithium/Sulfur 

The key research and development problems are related t o  developing a low-cost 
interelectrode separator t h a t  i s  resistant t o  the cell environment and developing 
an electrical feedthrough t h a t  i s  resistant t o  the cell environment. Argonne 
National Laboratory has recently fabricated full-size sealed cells. These cells 
are being tested, and a prototype cell of improved desiqn will be built and tested. 
Subsequently, a 10-kWhr ba t t e ry  and then a 35-kWhr battery module will be b u i l t .  
The module would then be incorporated i n t o  a larqe-scale battery. Proqram goals 
are directed toward increasing cell l i fe  and development of cell components w h i c h  
are more economical . 

The importance of bulk electric storage batteries has also been reemphasized by 
the recent FPC Task Force.3 A1 t h o u g h  l i  thium/sulfur and sodium/sulfur batteries 
are the most promising, the task force f e l t  t h a t  low-temperature molten sa l t  and 
aqueous batteries may prove viable f o r  the near term. 

68.7.4 Environmental Impacts 

Battery energy storage i s  most attractive and flexible i n  terms of siting considera- 
tions. 
capital, n o t  expendable) of abundan t  elements such as lithium, sodium, and sulfur. 

There are no emissions, and resource conservation i s  favored by the use (as 

High-temperature battery systems will have some heat loss t o  the su r round ing  
atmosphere, b u t  this will be minimized, inherently, by designs configured t o  
optimize performance. 
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The use of storage bat ter ies  i s  applicable to a l l  e lec t r ica l  power systems--fossil , 
nuclear, so la r ,  e t c .  The impact on transmission systems i s  oreat because w i t h  the 
use of distributed storaue they can be desianed for  100% ut i l iza t ion .  Storaqe 
bat ter ies  would always operate a t  fu l l  canacity since the load swinas would be 
accommodated a t  the user end of the transmission l ine.  

6B.7.5 - Costs and Benefits 

Materials costs for  ba t te r ies ,  based on current concepts o f  materials t o  be 
incorporated, are easi ly  estimated. Because of the relat ively early s t a t e  of 
current development , the estimates may be unreliable, b u t  Argonne National 
Laboratory has estimated a total cost of $15 per kilowatt-hour for  a lithium/ 
su l fur  battery o f  1300-kWhr capacity. This is  a b o u t  equal t o  the total  battery 
cost  t h a t  could be afforded for  a system that  i s  competitive w i t h  other methods 
of supplying peak power. 

The  use of secondary bat ter ies  t o  s tore  e lec t r ica l  enerqy generated d u r i n g  daily 
off-peak periods of delivery f o r  use d u r i n g  peak periods will allow greater employ- 
m e n t  of low-cost nuclear systems because of decreased variation in load on the 
u t i l i t y  generatinq and transmission f a c i l i t i e s .  

68.7.6 Overall Assessment of Energy Supply Role 

I n  order f o r  bat ter ies  t o  be economically competitive w i t h  a l ternat ive methods of 
p r o v i d i n g  power d u r i n q  peak demand periods, a capital cost i n  the ranqe of $12 to  
$15 per kilowatt-hour of energy storage capabili ty will be required. 
battery systems appear t o  be incapable of meeting this  economic goal. 
l ikely candidates are the elevated-temperature ce l l s  now under development. 
cost projections a s  seen i n  Section 6B.7.5 a r e  a t  the upper end of the desired range. 

/.lost existing 
The most 

Present 

. 

Battery systems used t o  s tore  e lec t r ica l  energy probably have a place i n  the 
u t i l i t y  network similar t o  tha t  of pumped storage. 
including reduction i n  requirements for  peaking capacity, urban s i t i n g  near 
load centers, more e f f ic ien t  use of transmission l ines ,  and absence o f  

atmospheric pollution would make them a t t rac t ive ,  and the costs that  could be 
borne would depend upon the specif ic  applications. 

Their operational advantages, 

@ 
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6B. 8 THERMOELECTRIC COPIVERTERS 

6B.8.1 I n t r o d u c t i o n  

6B.8.1.1 General D e s c r i p t i o n  

A thermocouple i s  a dev ice c o n s i s t i n g  o f  two d i s s i m i l a r  conductors j o i n e d  toge the r  

t o  fo rm two j u n c t i o n s  and a c losed e l e c t r i c a l  c i r c u i t .  As l o n a  as t h e  temperatures 

o f  t h e  two j u n c t i o n s  are n o t  equal ,  a c u r r e n t  w i l l  f l o w  i n  t h e  c i r c u i t .  Th is  
e f f e c t  was d iscovered i n  1822 by T. J .  Seebeck.’ 
p o t e n t i a l  f o r  d i r e c t  conversion o f  hea t  t o  e l e c t r i c i t y  w i t h o u t  t h e  use o f  movina 

p a r t s .  (See F igu re  6B.8-1.) 

The Seebeck e f f e c t  suqcrests t h e  

Since a dev ice t h a t  u t i l i z e s  the  Seebeck e f f e c t  i s  a heat  enqine, i t  i s  s u b j e c t  t o  
t h e  usual laws o f  thermodynamics and i t s  maximum e f f i c i e n c y  i s  t h e  Carnot 
e f f i c i e n c y .  However, losses always l i m i t  a D r a c t i c a l  dev ice t o  e f f i c i e n c i e s  t h a t  
are some f r a c t i o n  o f  t h e  Carnot e f f i c i e n c y .  For a t h e r m o e l e c t r i c  qenera to r  w i t h  

common metal  j u n c t i o n s ,  and even w i t h  a temperature d i f f e r e n c e  o f  seve ra l  hundreds 
o f  deqrees (between h o t  and c o l d  j u n c t i o n s ) ,  t h i s  f r a c t i o n  o f  Carnot e f f i c i e n c y  i s  

about Q.17:. Fo r  the b e s t  metal j u n c t i o n ,  one formed of antimony and bismuth 

o p e r a t i n q  below t h e i r  m e l t i n q  p o i n t s ,  t he  e f f i c i e n c y  i s  about 1%. To be 

considered as a r e p l a c e ~ n t  f o r  a Rankine c y c l e  (convent ional  steam c y c l e )  p l a n t ,  
t h e  e f f i c i e n c y  must be nearer  t o  50% o f  Carnot.* 
o t h e r  than t h e  common metals i w s t  oe used if t h e r m o e l e c t r i c  power Generat ion i s  t o  
be economical ly  f e a s i b l e  f o r  l a rge -sca le  a p p l i c a t i o n s .  PI number o f  m a t e r i a l s  , 
elemental  and compound, are of  i n t e r e s t .  I n  c e r t a i n  cases these m a t e r i a l s  are 

semiconductors. 
Ag, Ge, Sb, and Sn [e.g., PbTe, Bi2Teg, GeTe’AaSbTe (TAGS), PbSnTe, BiSbTe] and SiGe 
have been used e x t e n s i v e l y  i n  p r a c t i c a l  devices.  
e f f i c i e n c i e s  i n  the  range o f  11 t o  27%.’ 

be lower.  

It i s  obvious t h a t  m a t e r i a l s  

I a n y  conipounds have been s t u d i e d  b u t  o n l y  t e l l u r i d e s  o f  Pb, B i ,  

These m a t e r i a l s  have p o t e n t i a l  
The e f f i c i e n c y  o f  p r a c t i c a l  devices w i l l  

6E.8.1 .2 H i s t o r y  and Status 

A s tudy  by Rayle igh i n  1885 and one b y  A l t e n k i r c h  i n  1909 made impor tan t  c o n t r i -  
b u t i o n s  t o  t h e  f i e l d  o f  t h e r m o e l e c t r i c i t y .  I n  1929, A. F. I o f f e  o u t l i n e d  t h e  

advantages o f  t h e  t h e r m o e l e c t r i c  genera to r  (TEG) u s i n q  semiconductors and c a l c u l a t e d  
t h a t  t h e i r  e f f i c i e n c y  cou ld  reach 2.5 t o  4%. 

thermoelement made o f  PbS t h a t  had an e f f i c i e n c y  o f  about 3%. 

was done i n  1953 b y  J u s t i  and by Goldsmid and Douglas. 

I n  1940, Maslakovets descr ibed a 

Other impor tan t  work 
4 
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There were a few p r a c t i c a l  a p p l i c a t i o n s  o f  t h e r n i o e l e c t r i c i t y  made d u r i n g  t h e  p e r i o d  

o f  1930 t o  1957. Based on I o f f e ' s  suggest ions,  t h e  Russians produced r e l i a b l e  

sources o f  power f o r  smal l  r a d i o  t r a n s m i t t e r s  d u r i n g  World Liar 11. Dur ing t h e  same 

pe r iod ,  engineers i n  t h e  heat inp-gas i n d u s t r y  were a l s o  exper iment ing w i t h  semi- 

conductor  t h e r m o e l e c t r i c  m a t e r i a l s  i n  an e f f o r t  t o  f i n d  a b e t t e r  d e v i c e  t o  operate 

automat ic  s a f e t y  c o n t r o l s  on g a s - f i r e d  heaters .  5 

Prompted by t h e  U.S. Navy's i n i t i a l  i n t e r e s t  (and l a t e r ,  1958, AEC/ANPO) i n  thermo- 

e l e c t r i c  dev ices and t h e  subsequent improvements i n  semiconductor technology and 

semiconductor devices,  t h e r e  was renewed i n t e r e s t  i n  t h i s  f i e l d  a f t e r  1957. A 
conse rva t i ve  e s t i m a t i o n  i s  t h a t  about $30 m i l l i o n  o f  government and i n d u s t r i a l  

funds were spent on t h e r m o e l e c t r i c  research and development between 1957 and 1963. 5 

Before 1958, o n l y  t h r e e  U.S. c o r p o r a t i o n s  were i n v o l v e d  t o  an,y degree i n  thermo- 

e l e c t r i c  development, b u t  between 1956 and 1963 as  many as 64 companies were 

p a r t i c i p a t i n g .  

develop, and by 1971 o n l y  f i v e  U.S. companies remained i n  t h e  t h e r m o e l e c t r i c  

business. 

Un fo r tuna te l y ,  t h e  expected breakthroughs i n  new m a t e r i a l s  d i d  n o t  

5 

A t  present ,  t h e  search f o r  m a t e r i a l s  cont inues. 

m a t e r i a l s  were b i s m u t h - t e l l u r i d e  (EipTe3) and l e a d - t e l l u r i d e  (PbTe). 

germanium (SiGe) a l l o y s  made t h e i r  appearance as e x c e l l e n t  h iph- temperature 

m a t e r i a l s  i n  t h e  e a r l y  1960's. These t h r e e  compounds a r e  s t i l l  cons idered as t h e  

m r e  impor tan t  t h e r m o e l e c t r i c  m a t e r i a l s  w i t h  SiGe being s tud ied  and used i n  u n i t s  

f o r  l o n g - l i v e d  space miss ions.6 Due t o  m a t e r i a l s  l i m i t a t i o n s ,  which a r e  r e l a t e d  

p r i m a r i l y  t o  e f f i c i e n c y ,  l i t t l e  work has been done on t h e  a p p l i c a t i o n  o f  
t h e r m o e l e c t r i c  power genera t i on  t o  c e n t r a l  s t a t i o n  p l a n t s .  

I n  1957, t h e  b e s t  t h e r m o e l e c t r i c  

S i l i c o n -  

7 

6U.8.1.3 Present and F ro jec te t l  P.ppl icat ion 

C u r r e n t l y ,  t h e  use o f  t h e r v o e l e c t r i c  p o \ w  genera t i on  i s  r e s t r i c t e d  t o  a p p l i c a t i o n s  

f o r  which e f f i c i e n c y  i s  n o t  t h e  Drirtiary cons ide ra t i on .  

on a minimum mass f o r  a g i v e n  energy o u t p u t  and a r e  l i m i t e d  t o  space a p p l i c a t i o n s  

and s p e c i a l i z e d  t e r r e s t r i a l  uses (e.g., remote moni t o r i n g  s t a t i o n s ,  beacons, and 

n a v i g a t i o n  buoys). 

These a p p l i c a t i o n s  a r e  based 

Several t h e r m o e l e c t r i c  power systems a r e  i n c l u d e d  i n  t h e  U.S. ,Space Nuclear 

A u x i l i a r y  Power (SNAP) prosrani. 

be ing whether t h e  heat  i s  supp l i ed  by a decaying r a d i o i s o t o p e  o r  d i r e c t l y  from a 

These syi tems a r e  o f  two k inds,  t h e  d i f f e r e n c e  



nuclear reactor. The largest space power supply of this type being considered 
requires a 100-kWt reactor to provide heat for a 5-kWe thermoelectric generator. 

A1 though some terrestrial applications use radioisotopes as the heat source, most 
use propane burner sources with either direct flame heating or catalytic bed 
heating. 

A radioisotope thermoelectric device in the microwatt range is used as the power 
source for a new type heart pacemaker that is implanted in humans, 

6B .8.2 Technical Informa ti on 

6B.8.2.1 Availabil ity 

Several companies in the U.S. are currently engaged in commercial sales of thermo- 
electric devices. 
large numbers of devices using present-day materials. 
available for a long time, and problems of joining, element design, etc. have 
all been fairly well worked out. 
with higher figures of merit, may reintroduce these same problems. 
event that nuclear reactors are used as the heat source, irradiation damage to 
the thermoelements may severely reduce performance over long exposure periods. 

There seem to be no intrinsic problems with the manufacture of 
These materials have been 

However, new materials that may become available, 
Also, in the 

6B.8.2.2 Energy Source 

Thermoelectric power systems have been built and operated using several energy 
sources. These include fossil fuels, radioisotopes, solar energy, and nuclear 

8 99 reactors. 

6B.8.2.3 Efficiency 

Table 68.8-1 lists several materials in use in thermoelectric devices as well as 
some of the parameters pertinent to efficiency calculations. 
the mean operating temperature and Z is a term called the figure of merit) will 
determine the percent of Carnot efficiency obtainable. 
from an operating couple is found using the information in Table 68.8-1 and 
Figure 6B.8-2. 
source at the maximum allowable temperature, can approach an efficiency of 20%. 

The product ZTm (Tm is 

The efficiency obtainable 

No material listed, operating with a sink temperature of 27°C and a 

The efficiencies shown in Figure 6B.8-2 have been calculated for ideal conditions. 
Some representative numbers for actual devices as taken from Table 6B.8-1 show the 
severity of the materials and engineering limitations for TEGs. A number of TEGs 
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Table 6B.8-1 
THERMOELECTRIC MATERIALS~ 

B i  Te2 S e  2 
PbTe 
GeTe ( + B i  ) 
ZnSb 
AgSbTe, 
InAs ( t b )  
CeS(+Ba) 
Cu, T e S  

L Me1 t i n g  ma x Temp. Max. 
P o i n t  ( f i g u r e  of For Z Operati n 

Materials ("C) TY Pe merit) - ('Cyax Temp. ('Cy 
B i z  Te3 177 
BiSb4 Te7.5 177 

327 
627 
627 
327 
627 
82 7 
027 

6 3  
Ge-Si 

Ge-Si 

575 
- 
- 

904 
72 5 
546 
576 
940 
- 

930 

n or p 2 x 10-j  
P 3 . 3  
n 2 . 3  

n or p 1.2 
P 1.6 
P 1.2 
P 1.8 

1.5 

n 6 x 
n 8 x 
- 

27 
27 
27 
27 

527 
227 
42 7 
627 
927 
82 7 

- n 9 627 927 

P 6 x 627 927 

a D .  A. W r i g h t ,  "Thermoelectric Generation," i n  Direct Generation of Electr ic i ty ,  
K. H. S p r i n g  (ed.) ,  Academic Press, New York, n65. 

used primarily f o r  space applications (where efficiency is  not  necessarily the most 
important consideration) have eff ic iencies  of less than 6% and most are i n  the 4 to  
57; range. 
range of 4 to  6%. 

TEGs f o r  t e r r e s t r i a l  applications have eff ic iencies  generally i n  the 

,Recognizing the reduction i n  efficiency i n  a real device, figures of merit above 
5 x 
about 10%. 
paper published i n  1967 by U r e ,  a well-known worker i n  the f i e l d  of thermoelectricity, 
s ta tes  that  a ZT of about 2 to  2.5 seems t o  be an upper  limit.'' 
2 .5 ,  operating between 27°C and 727"C, a material would need a Z of 3.84 x 
The efficiency would be about 28%. 

are necessary (see F i g u r e  6B.8-2) t o  a t t a i n  overall system eff ic iencies  of 
Whether o r  n o t  th is  Z i s  obtainable i s  open t o  serious question. A 

To obtain' a ZT of 

H i t h  a Z of 5 x and operation between the 
same temperatures, the efficiency would be 32%. 

68.8.2.4 Size Limitations 

A thermoelement is inherently a low-power device. Ry appropr  
e lec t r ica l  arrangements, higher power ou tpu t s  can be obtained 

1 
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system lends i t s e l f  t o  the const ruct ion o f  high-power systems, bu t  s t i l l  has a very 

low output  f o r  i t s  s i ze  and weight. 

A 150-We solar-powered TEG would use 480 couples, w i t h  a weiaht o f  1.62 l b  f o r  a 

power densi ty  o f  94 We/lb f o r  the elements alone. I n  the actual  generator, t h i s  

drops t o  11.3 kJe/lb.8 A rad io isotope thermoelect r ic  generator f o r  use i n  a T rans i t  

nav iga t iona l  spacecraft,  TRIAD I, has a power dens i ty  o f  1.2 We/lb f o r  the t o t a l  

assembly. 6 For the thermoelect r ic  panels, the power densi ty  i s  about 6 We/lb. 

6B.8.2.5 State o f  the A r t  

Extensive e f f o r t  has been devoted t o  the development o f  thermoelect r ic  mater ia ls  

w i t h  a h igh f i g u r e  o f  mer i t ,  espec ia l l y  those mater ia ls  t h a t  operate a t  h igher  
temperatures and e f f i c i e n c y .  Silicon-germanium a l l oys  are considered as espec ia l l y  

promising f o r  operating temperatures near 1000°C, and these mater ia ls  are under 

ac t i ve  i nves t i ga t i on .  6 

The techniques o f  j o i n i n g  the couples t o  the metal p la tes  t o  form junc t ions  and 

terminals  are f a i r l y  we l l  establ ished, a1 though these j o i n i n q  techniques are more 

a r t  than science. Each new combination o f  mater ia ls  introduces new problems t h a t  

must be solved before the thermoelect r ic  mater ia l  can be used i n  a p r a c t i c a l  

generator. Addi t ional  problems are o f ten  introduced by the b r i t t l e  nature o f  most 

o f  the usefu l  mater ia ls .  

6B.8.3 Research and Development 

As has been pointed out, mater ia ls  o f  n igher  f i q u r e  o f  merit than now ava i lab le  
must be developed. C\ second problem i s  inherent  i n  the low-un i t  power output. A t  

1 He/couple (which seems t o  be a p r a c t i c a l  workinq s i z e ) ,  a 1000-F.llle power s t a t i o n  
would requ i re  l o 9  couales. Unless the output  per couple can be increased s i o n i f i -  

cant ly ,  the sheer number o f  in terconnect ions and redundancy necessary for hioh 

re1 i abi 1 i ty  ni gh t be prohi  b i  ti vel y expensi ve . 

?lore e f f o r t  i s  requi red i n  the bas ic  mater ia ls  area t o  achieve a h iqh f i q u r e  o f  

mer i t .  

d isprov ing Ure’s est imate o f  2 t o  2.5 x 

a subs tan t ia l  improvement i n  Z ( o r  ZT,), no amount o f  enaineerinn w i l l  b r i n a  the 

overa l l  system e f f i c i e n c y  t o  a value h igh enough f o r  economic considerat ion fo r  

cen t ra l  s t a t 1  on e l  e c t r i  cal power production. An improvement i n  the Seebeck 

c o e f f i c i e n t  would no t  on ly  improve Z b u t  a lso increase the voltage output 

These e f f o r t s  should inc lude inves t iga t ions  d i rec ted  a t  v e r i f y i n q  o r  

f o r  an upper l i c i t  t o  ZT,,,.” Gfithout 
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per couple. 
materials research be continued. 

The AEC Subpanel VI" recommends t h a t  a relatively low level o f  

6B.8.4 Environmental Impacts 

Since a TEG i s  a thermal-conversion device with no moving parts, the only pollution 
results from the heat source. 
laws of thermodynamics, heat will be rejected t o  the surroundings. 

Naturally, being a thermal engine governed by the 

The low efficiency of the TEG means more thermal energy must be rejected t o  the 
environment. Conversely, for the same useful power emitted, more fuel i s  consumed. 
W i t h  existing low efficiencies, energy sources will be depleted a t  a faster rate 
t h a n  i s  now the case. For central s t a t ion  plants this i s  unacceptable. 

6B.8.5 Costs and Benefits 

Present costs for small fossil-fueled TEG systems are about $25,000 t o  30,000 per 
ki lowatt  electrical. This cost i s  more t h a n  50 times the cost o f  a la rge  conven- 
tional power plant. There i s  no large obvious reduction i n  unit cost t h a t  can be 
projected for  increasing plant size since many small elements are required and the 
h i g h  u n i t  cost s t i l l  prevails. Mass production techniques applied t o  TEGs would, 
however, tend to  reduce u n i t  costs below w h a t  they are today. 

An example of the cost of a thermoelectric generator can be found i n  the catalog 
of an established supplier of thermoelectric devices." A 20-We TEG t h a t  operates 
between 125 and 2 5 O C  requires 26 modules, each containing 31 couples. Since the 
cost of each module i s  $60 (1971 catalog price), the cost of the TEG i s  $78 per 
watt; More recently, different suppliers offering other types of thermoelectric 
devices have quoted prices in the range of $40 per w a t t .  
any benefits accruing from TEG for commercial electric power generation. 

There do not  appear t o  be 

68.8.6 Overall Assessment of Role i n  Energy Supply 

The main benefit of the thermoelectric generator i s  t h a t  i t  has no moving parts 
which will tend t o  increase i t s  reliability and long l i fe .  
t i on  of a TEG allows a variety of power levels t o  be easily obtained for a given 
basic couple. 

The modular construc- 

The low efficiency and low power o u t p u t  per couple, together w i t h  h i g h  unit costs, 
will probably limit the application of TEGs t o  small special-purpose power sources. 

68.8-8 
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The present economics are unacceptable for central-station power application and 
the low efficiency would create severe drain on our energy resources. 
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6B.9 THERMIONIC CONVERTERS 

cII' 6B.9.1 I n t r o d u c t i o n  

613.9.1.1 General Descr ip t ion  

The p r i n c i p l e  o f  operat ion o f  thermionic  devices i s  based on t..e emission o 
e lec t rons  from metals a t  h i g h  temperatures. 

by Thomas i d i s o n  and was subsequently used as the bas is  o f  t h e  conventional 

vacuum tube. 

This phenomenon was f i r s t  i n v e s t i g a t e d  

A thermionic  conver ter  i s  a device t h a t  contains an e l e c t r o n  e m i t t e r  and c o l l e c t o r  

i n  a sealed envelope a t  reduced pressure. 

energy o f  the  f r e e  e lec t rons  i n  the metal and causing them t o  t r a v e l  a t  h igher  

speed. This increased k i n e t i c  energy al lows the e lec t rons  t o  escape from the 

open sur face  o f  the h o t  e m i t t e r  and t o  move through an i n t e r v e n i n g  space t o  the 

c o o l e r  e l e c t r o n  c o l l e c t o r .  With no ex terna l  c i r c u i t  connections, a p o t e n t i a l  

d i f f e r e n c e  (vo l tage)  w i l l  develop between the c o l l e c t o r  and e m i t t e r .  blhen connected 

t o  an ex terna l  c i r c u i t ,  the p o t e n t i a l  d i f f e r e n c e  w i l l  cause a c u r r e n t  t o  flow. (See 

F igure 6B.9-1. ) In a thermionic  conver ter  w i t h  reasonable spacinq between e m i t t e r  

and c o l l e c t o r ,  some o f  the emi t ted  e lec t rons  have i n s u f f i c i e n t  energy t o  reach the 

c o l l e c t o r ;  so they form an "e lec t ron  c loud"  ( o r  space charqe) which tends t o  repe l  

subsequent e lec t rons  and hence l i m i t  the a v a i l a b l e  cur ren t .  

reasonable power densi ty ,  a low-pressure i o n i z e d  vapor (usually cesium) i s  in t roduced 

t o  n e u t r a l i z e  t h e  space charqe. 

The e m i t t e r  i s  heated, inc reas ing  t h e  

I n  o rder  t o  achieve 

65.9.1.2 H i s t o r y  and Status 

Although i t  has been known f o r  200 years t h a t  a n e g a t i v e l y  charged m e t a l l i c  body 
loses i t s  charge more r a p i d l y  when heated, the phenomenon o f  thermionic  emission wwas 

n o t  s t u d i e d  i n t e n s i v e l y  o r  p u t  t o  p r a c t i c a l  use u n t i l  e f f i c i e n t  sources o f  e lec t rons  

were needed f o r  r a d i o  communication. 

thermionic  phenomena are u s u a l l y  a t t r i b u t e d  t o  Edison who discovered the emission of 
e lec t rons  i n t o  a vacuum i n  about 1883. 

The modern beginnings o f  the s tudy o f  

The f i r s t  suggestion t h a t  a thermionic  conver ter  could be used t o  change thermal 

energy t o  e l e c t r i c i t y  appears t o  have been made by S c h l i c h t e r  i n  1915.l 

1956 doc tora l  d i s s e r t a t i o n  a t  MIT, tiatsopoulos described two types o f  thermionic  

converters, and h i s  sugqestions sparked ser ious experimental work around the  

world.' 

b u i l t  i n  several labora tor ies ,  and, i n  A p r i l  1959, e l e c t r i c a l  eneray was converted 

d i r e c t l y  from nuc lear  enerpy by a group a t  the Los Alamos S c i e n t i f i c  Laboratory. 

I n  h i s  

Soon afterward, experimental conver ters  t h a t  produced e l e c t r i c i t y  were 

1 
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The b u l k  of the U.S. effor t  i n  thermionic enerqy conversion i s  in the area of 
nuclear-powered devices . 3-5 Nearly al l  concepts u t i l i ze  what has become known as 
the flashlight-type fuel-element design. I n  th is  concept, a number of nuclear- 
fueled thermionic cel ls  are alaced i n  a thermionic fuel element (TFE)  in the same 
manner as a f lashlight i s  loaded with cylindrical bat ter ies .  
this TFE, a joint  AEC/VASA e f fo r t ,  was directed a t  the 100-kWe level f o r  sDace 
nuclear e lec t r ic  propulsion aoplications. 
i n  February 1973, and only a small research effor t  aimed a t  increasinn the efficiency 
of the thermionic process remains in effect  in the United States as o f  the 
beginning of 1974. 

The develoFment of 

This e f for t  was effectively terminated 

Two other countries have active thermionic energy conversion programs. 
Union has operated a t  least  two reactors containing thermionic devices. 
became operational in 1970 and produced 5 t o  10 klde for  more t h a n  10'30 hr.6 
1971, experiments were begun with TOPAZ I1  t o  check the reproducibility of 
characterist ics obtained durino the tes t  of TOPAZ I .  TOPAZ I 1 1  i s  understood to 
have started operating in the fal l  of 1972. 

The Soviet 
TOPAZ I 

In 

'The Federal Republic of Germany has  operated a smaller (Dartial-length) TFE for  
1700 hr and i s  considerino the construction of a thermionic reactor i n  the 20- t o  
103-klk range for  space avalications. 
length TFE for  "Jogene I ,  a 10 -k lk  thermionic reactor, which will become 
operational in 1974 and  will be used f o r  underwater applications. 

France has started fabrication of a f u l l -  

3 

GB.3.1.3 Present and  Projected Applications 

Thermionic converters have several potential apDlications r a n n i n q  from a cardiac 
pacemaker t h a t  operates in the O.l-mlk ranqe7 t o  a modified (toppinq) thermodynamic 
cycle for  a central-station power plant t h a t  operates a t  1003 i1We.8 Thermionic 
devices, which are coupled with nuclear heat sources, are especially a t t ract ive for  
long-ranqe and long-duration space applications because o f  their  basic simplicity, 
the absence of movinq parts, and the i r  relatively hiqher efficiency as  compared 
w i t h  other space power generators. 

Interest  in the thermionic device as a t o p p i n g  unit f o r  conventional central-station 
power p l a n t s  rests on i t s  potential for  increasing overall plant efficiency. 
Furnace temperatures which are n o t  normally usable i n  conventional boilers and steam 
turbines, because of metallurgical limitations, can be effectively used w i t h  

thermionic converters t o  increase the overall efficiency of the cycle. 
carried o u t  f o r  the Tennessee Valley Authority (TVA) Bull Run coal-fired Dlant shows 

An analysis 
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t h a t  thermionic topping m i g h t  resu l t  i n  an increase of s ta t ion output from 914 t o  
1139 MWe and a gain i n  plant efficiency from 41.3 t o  50.6%. 8 

6B.9.2 Technical Information 

66.9.2.1 Avail abil i ty 

All work to  date is of a developmental nature. Full-lenqth TFE i r radiat ion t e s t s  
reached the 7000-hr endurance level by January 1973 before the program was 
terminated. 
s ta t ions for  economic reasons. Central power s ta t ions u t i l i z inq  thermionic 
converter and furnace concepts have been considered. 
from economic and technical standpoints . 

Reactors u s i n g  TFEs of this design are n o t  applicable t o  central power 

These a r e  being examined 

66.9.2.2 Energy Source 

Thermionic converter systems can be used w i t h  thermal inputs from any source, 
including so lar  and nuclear power. However, from the standpoint of central-station 
power application, the major interest i n  thermionic conversion i s  as a toopinq u n i t  
fo r  fossil-fueled plants. Thermionic converters are most e f f ic ien t  a t  h i q h  tempera- 
ture, and they match the heat-source properties o f  a fossil-fueled p l a n t  well. 
Central -station nuclear power reactors are not sui table  for thermionic applications 
since i t  is  not practical  t o  incorporate these conversion systems w i t h i n  the core 
of the reactor,  and neither the water-cooled nor the sodium-cooled reactors operate 
a t  h i g h  enough cool ant temperature to  consider locating the thermionic converter 
outside of the reactor. 

66.9 . 2 . 3  Ef f i ci ency 

The theoretical efficiency o f  a thermionic converter i s  limited by emitter and 
collector temperatures. 
seldom attained. 

As i n  any heat engine, the theoretical efficiency is  

The efficiency of the radionuclide-powered ISOMITE bat ter ies  is  less  than 1 7 ~ ~  The 
efficiency of a proposed 5-kWe semiportable power supply was estimated t o  be about 
lo%.’ A thermionic power supply u t i l i z ing  s o l a r  energy had  achieved 12.5% 
efficiency by 1964.’’ The TFE efficiencies’’ range from 10 to  16%, and the thermi- 
onic converters proposed for  use i n  the fossil-fueled steam plant t o p n i n q  cycle 
would operate a t  an efficiency up to  perhaps as h i g h  as 25 t o  352. 8 
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68.9.2.4 Size L imi ta t ions  

Power systems t h a t  u t i l i z e  thermionic converters w i l l  cons is t  o f  i n d i v i d u a l  u n i t s  
connected i n  ser ies and p a r a l l e l  comb nations t o  produce the voltaqe and cur ren t  
requirements f o r  the various app l i ca t  ons. Construction w i l l  be modular, and the 
u n i t  s i ze  se lected w i l l  depend on a number o f  considerations. Thermionic module 
s i ze  i n  the B u l l  Run app l i ca t i on  was se t  a t  22 FlWe.* Consideration i s  c u r r e n t l y  

being given t o  app l i ca t ions  i n  modif ied f o s s i l - f u e l e d  cen t ra l - s ta t i on  b o i l e r s  
w i t h  p l a n t  e l e c t r i c a l  capaci t ies i n  the hundreds-of-MWe ranqe. 

6B.9.2.5 State o f  the A r t  

Although, i n  concept, the thermionic converter i s  a r e l a t i v e l y  simple device, 
b u i l d i n q  long- l i ved  e f f i c i e n t  thermionic converters i s  no easy task. 
electrodes must operate i n  close prox imi ty  t o  one another and a t  hiqh temperature 
so t h a t  the l eve l  o f  power generated i s  s u f f i c i e n t  f o r  p r a c t i c a l  app l i ca t ions .  
Also, the h iqh operatinq temperature leads t o  hiqh e f f i c i e n c i e s .  For example, the 

emi t te r  may operate a t  188OOF and the c o l l e c t o r  a t  91 8OF. 
the theo re t i ca l  e f f i c i e n c y  i s  41%; however, p r a c t i c a l  devices w i l l  never achieve 
t n i s  i dea l  e f f i c i e n c y .  A high po ten t i a l  e f f i c i e n c y ,  as we l l  as the fea ture  of 
having no moving par ts ,  makes thermionic enerqy conversion worthy of f u r t h e r  
considerat ion as a toppinq system wi th  more conventional power cvcles. 

-I__- 

The 

Under these condi t ions 

12 

X i t h  the exception o f  the concept developed f o r  app l i ca t ion  t o  the TVA B u l l  Run coal 
p lan t ,  l i t t l e  has been done, u n t i l  recent ly ,  i n  evaluat inr l  thermionic power systems 
appl ied t o  cen t ra l  s t a t i o n  power, p a r t i c u l a r l y  no t  t o  c o a l - f i r e d  p lan ts  designed t o  
meet EPA p o l l u t i o n  standards. Present program e f f o r t s  are focusing on these app l i -  
cat ions again. The s t a t e  of the a r t  i s  p r i m a r i l y  based on the AEC/NASA program. 

Based on t h i s  work, thermionic devices are techn ica l l y  f eas ib le  bu t  need f u r t h e r  
development t o  extend t h e i r  li fetime. 

6B.9.3 Kesearch and Development 

The experimental work o f  the 1960's i d e n t i f i e d  most o f  the problem areas i n  
conver ter  design and operation except those o f  the economics o f  cen t ra l - s ta t i on  
power app l i ca t ipn .  
cause emi t te r  vaporization, thermal warping, i n s u l a t o r  shor t ing,  and seal  f a i l u r e s .  
For space apn l ica t ions ,  the main problems were concerned w i t h  achievinq the 

f o l  lowino: 

The cesium environment and h ioh operatino temperatures can 

(1) l i f e t i m e  o f  a t  l eas t  5 years; 
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(2 )  rep roduc ib le  and s t a b l e  the rm ion ic  conver te r  performance; 

(3 )  demonstrat ion t h a t  any e l e c t r i c a l  a r c i n a  t h a t  micrht occur  i s  n o t  
d e s t r u c t i v e  t o  the  c e l l  and w i l l  n o t  r e s u l t  i n  excess ive power losses;  

(4 )  q u a l i f i c a t i o n  t o  expected shock and v i b r a t i o n  environments: 

(5 )  s i m p l i f i c a t i o n  o f  f a b r i c a t i o n  methods and lower  cos ts .  

The use o f  chemical vapor d e p o s i t i o n  as a technique f o r  c l a d d i n g  conver te r  e m i t t e r s  

w i t h  tungsten has been successful  i n  e s t a b l i s h i n g  s t a b l e  lonq- term performance. 

Adopt ion o f  f i n e - g r a i n e d  h igh -dens i t y  alumina w i t h  n iob ium s k i r t s  brazed w i t h  a V-60/ 

Nb-40 a l l o y  may e l i m i n a t e  t h e  i n s u l a t o r  p r 0 b 1 e m s . l ~  F i n a l l y ,  t h e  i n t r o d u c t i o n  of 

oxygen i n t o  the  conver te r  may reduce o p e r a t i n g  temperatures and improve t h e  o v e r a l l  

perf0r1nance. l~ Both lower-cost  m a t e r i a l s  and f a b r i c a t i o n  methods a re  requ i red .  

t opp ing  cyc les ,  research i s  focused on ach iev inq  h i q h  e f f i c i e n c y  and lower cos ts  a t  

lower  and more p r a c t i c a l  o p e r a t i n g  temperature ranges. The AEC Subpanel V I  
recommended a c o n t i n u i n g  modest l e v e l  o f  supDort i n  the rm ion ic  diode development 

a p p l i c a b l e  t o  f o s s i l - f u e l e d  power p l a n t s .  

F o r  

15 

6B.9.4 Envi ronn-ental Impacts 

The opera t i on  o f  a the rm ion ic  qenerator  produces no a d d i t i o n a l  p o l l u t a n t s  o t h e r  than 

those no rma l l y  p resen t  f rom the  D a r t i c u l a r  heat  source used. 

note,  however, t h a t  the use o f  t he rm ion ic  toop ina  i n  convent ional  c e n t r a l  s t a t i o n  

power p l a n t s  would increase t h e  o v e r a l l  p l a n t  e f f i c i e n c y .  The topp ina  device,  i n  

p r i n c i p l e ,  u t i l i z e s  a l l  t h e  hea t  s u p p l i e d  t o  i t  w i t h  100% e f f i c i e n c y  because i t s  

r e j e c t e d  heat  i s  a t  a tem7erature above the  normal steam-cycle o p e r a t i n g  temperature. 

Thus, t he  increase i n  o v e r a l l  p l a n t  e f f i c i e n c y  r e s u l t s  i n  l e s s  thermal energy r e j e c t e d  

t o  the surroudings f o r  t h e  e q u i v a l e n t  e l e c t r i c a l  power p roduc t i on .  

I t  i s  imoor tan t  t o  

There a re  no new known environmental  e f f e c t s  i n t roduced  w i t h  a the rm ion ic  conver te r  

system. 

no rma l l y  produced by t h e  enerqy source be inq  used w i l l  be d imin ished f o r  e q u i v a l e n t  

amounts o f  e l e c t r i c a l  energy qenerated. 

With t h e  h i g h e r  e f f i c i e n c y  p r o j e c t e d  f o r  a the rm ion ic  system, the  p o l l u t a n t s  

6B.9.5 Costs and B e n e f i t s  -- 

With t h e  except ion o f  c e r t a i n  t e r r e s t r i a l  and hydrosnace a m l i c a t i o n s ,  t h e  c o s t  o f  

t he rm ion ic  conver ters  f o r  producina power has n o t  been assessed. 

the rm ion ic  conver te r  f o r  a f o s s i l - f u e l e d  p l a n t  can be es t ima ted  based on t h e  

incrementa l  e f f i c i e n c y  oroduced by a t o p p i n q  c y c l e  o p e r a t i n s  w i t h  no deqradat ion of 

t he  steam p l a n t  performance. Using a c a p i t a l  c o s t  of $300 p e r  k i l o w a t t - e l e c t r i c a l  

and a f u e l  cos t  of  50& p e r  m i l l i o n  B t u  f o r  a c o a l - f i r e d  steam n l a n t ,  t h e  purchase 

The va lue o f  a 
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price f o r  each of the therniionic modules could be a s  h i g h  as 15t/We and s t i l l  be 
economically competitive. 
than t h i s ,  and current research i s  directed a t  achieving s ignif icant  cost  reductions. 

Present costs for  these devices are  considerably higher 

The increase i n  plant efficiency and the apparent ease i n  incorporating the thermi- 
onic modules i n  the boiler u n i t  of a fcssil-fueled plant would sungest that  th i s  i s  
a f ru i t fu l  route to follow. 

6D.9.6 Overall rtssessvent of Fole i n  Energ S u p p l y  

A thermionic enerljy conversion systeri has the potential t o  inprcvr fossi l  -fueled 
plant efficiency from the rresent 405 t o  possibly 50%. The system should be 
par t icular ly  adaptable t o  coal plants i n  which the coPSustion charher teriperature 
is  well above the normal workin? temperature c f  the s t e m  turbine. 
studies a re  available t o  establish requirements of thermionic power systems as  
applied t o  new coal plants that  will meet EPA standards. 
re1 iable converters have no t  been developed, and  thermionic t o p p i n ?  cycles for  
coal-fired steam-turbine power plants cannot be jus t i f ied  on an economical basis. 

Insufficient 

A t  present, lowcos t ,  

The AEC-NASA programs have demonstrated the technical f e a s i b i l i t y  of in-core, 
nuclear-heated thermionic fuel elements, b u t  only for  space power systems. These 
space reactor concepts are  prohibitively complex and expensive for  use w i t h  a 
commercial central -station power plant. 
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6B. 10 MAGNETOHYORODY NAMICS 

68.10.1 Introduction 

68.10.1.1 General Descript* 

The magnetohydrodynami c (P4HD) penerator produces electrical  enerqy di rectlv from 
thermal energy; i t  i s  a heat engine t h a t  combines the features of the turbine and the 
generator of the conventional steam plant and  has the potential for conversion 
efficiencies in the range of 50 t o  60%. 

t 

I n  an MHD qenerator the rotating wire conductor of the conventional aenerator 
armature (Fiqure 68.10-1) i s  replaced by an e lectr ical ly  conductive fluid (Fiqure 
6B.10-2). As the workinq fluid flows t h r o u q h  the magnetic f ie ld ,  a voltaqe drop i s  
induced across the stream causinq an electrical  current to flow between the 
electrodes. The electrodes of the YHD oenerator are nenerallv two opposite walls 
of a rectanaular duct to which electr ical  leads are attached (the adjacent side 
walls are electrical  insulators).  The MHD workinq fluid can be ei ther  a plasma 
(e.q., ionized qas)  in an open- or closed-cycle system or a homoqeneous mixture of 
a liquid metal and a n  iner t  qas in a closed-cycle svstem. 

In the open-cycle plasma system, fossil  fuel i s  burned a t  a sufficiently hiqh 
temperature so t h a t  the product gases are ionized. 
further enhanced by "seeding" the qas with readily ionized material ( i . e . ,  s a l t s  
of potassium o r  cesium). The conductive gas i s  expanded through an MHD qenerator, 
thereby producing e lec t r ic i ty .  The exitinq hot qases are further used t o  
generate steam t h a t  i s  used in a conventional steam-turbine energy system. "Seed" 
m u s t  be extracted from exhaust qases f o r  reuse. 

Electrical conductivity i s  

The closed-cycle plasma system ut i l izes  a seeded noble gas heated by an indirect  
heat source ( i . e . ,  nuclear o r  fossil  t h r o u g h  a heat exchanger). 
expands t h r o u g h  an M H D  generator, thereby producing electr ic i ty .  
compressed for reheatincl. 
compressor, and reject  heat can be pumped directly to  the atmosphere. 

The ho t  aas 
The cooler gas i s  

Renenerative exchange i s  normally used prior to  the 

In the liquid metal Y H D  concept, there are two fluid c i rcu i t s ,  the liquid metal and 
an inert gas. 
then the iner t  gas i s  dispersed into the liquid metal. 
being heated by the liquid metal, the two fluids accelerate t h r o u g h  the M H D  

generator--the liquid metal providing the movinq conductor capability. A t  the 
ex i t  of the iYlHD generator, the two f luids are separated. The liquid metal i s  

The liquid metal i s  heated by a fossil  or nuclear heat source, and 
As the gas expands due t o  
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reheated, and t h e  gas i s  cooled and recompressed, ready f o r  m ix ing .  

f rom t h e  gas c i r c u i t  can be used t o  generate steam f o r  f u r t h e r  use o r  be dumped t o  
t h e  atmosphere. 

Re jec t  hea t  

68.10.1.2 H i s t o r y  and S ta tus  

Patents  r e l a t e d  t o  MtiD generators  began t o  appear i n  about 1910, b u t  t h e  f i r s t  
a t tempt  t o  c o n s t r u c t  a l a r g e  plasma genera to r  was n o t  made u n t i l  t h e  e a r l y  1940's. 
Th i s  program was unsuccessful  and f u r t h e r  work was shelved u n t i l  t h e  1950's when 
work on nuc lea r  f u s i o n  l e d  t o  a b e t t e r  understanding o f  plasma phenomena. 
work has r e s u l t e d  i n  an increased l e v e l  o f  i n t e r e s t  i n  !4HD over  t h e  p a s t  decade. 

1 

Th is  
2 

The space programs sponsored by t h e  U S .  and t h e  U.S.S.R. have generated much o f  
t h e  m a t e r i a l s  technology t h a t  made b u i l d i n g  den:onstrat ion u n i t s  poss ib le .  
t h e  two c o u n t r i e s  have chosen d i f f e r e n t  r o u t e s  i n  t h e  development o f  open-cycle 

plasma YHD power p lan ts .  
requ i red  separa te l y .  For  example, seve ra l  generators  have been b u i l t  t o  d e l i v e r  

r e l a t i v e l y  l a r g e  amounts o f  power (18 t o  32 M::'e) f o r  s h o r t  pe r iods  o f  t i m e  (severa l  

minutes) .  
t e s t e d  f o r  r e l a t i v e l y  l o n g  pe r iods  o f  t i m e  a t  low power l e v e l s .  

approached t h e  problem by b u i l d i n g  a complete power p l a n t  desioned t o  d e l i v e r  75 
W!e t o  t h e  Moscow g r i d  (25 MWe f rom t h e  MHL) generator  and 50 Ml!e f rom a steao- 

t u r b i n e  system). 
expected i n  1975, and i n  t h e  meantime, t h i s  system w i l l  be used t o  t e s t  components 

However, 

The U.S. has developed t h e  va r ious  system components 

A t  t h e  same time, a v a r i e t y  o f  e l e c t r o d e  c o n f i g u r a t i o n s  have been 
The U.S.S.R. has 

Operat ion a t  t h e  f u l l - d e s i g n  o u t p u t  o f  t h e  FtHD generator  i s  

as t hey  a r e  developed.' 

Research on l i q u i d  metal  ilhD systems has been conducted on a much s n a l l e r  s c a l e  

than f o r  plasma systems. 
o f  sodium and potassium (IlaK) a t  room ter:peratures.  Generator e f f i c i e n c i e s  up t o  

75% have been measured f o r  a l i q u i d  metal  MtID genera to r  r ! i t h  a measured o u t p u t  o f  

about 1 kWe. 
be ing planned. I n  a d d i t i o n ,  severa l  generators  have been t e s t e d  o r  a r e  planned 
t o  be t e s t e d  a t  temperatures i n  excess o f  10Oi)OF. 

68.10.1.3 Present and Pro jec ted  A p p l i c a t i o n  

A number o f  l a b o r a t o r y  and p i l o t - n l a n t  sca le  plasma N i D  generators  have produced 

s i g n i f i c a n t  amounts o f  power ( seve ra l  'IA'e) f o r  s h o r t  t i m e  per iods:  hov:ever, l a r g e -  

sca le  power p roduc t i on  rer ia ins t o  be der ionst rated.  I lork  i s  c u r r e n t l y  under way i n  

several  l a b o r a t o r i e s  around t h e  w o r l d  t o  b r i m  these concepts t o  f r u i t i o n .  The 

Much o f  t h i s  work has been done w i t h  e u t e c t i c  m ix tu res  

Tests  o f  l a r ? e r  qenerators  o f  5 t o  50 klje a r e  c u r r e n t l y  under way o r  

4 
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technology generated i n  t h i s  work i s  a p p l i c a b l e  t o  c e n t r a l - s t a t i o n  power generat ion,  
b u t  IdHD w i l l  p robably  f i n d  i t s  i n i t i a l  a p p l i c a t i o n  a s  a toppin? c y c l e  f o r  convent ional  
f o s s i l - f u e l e d  steam power p l a n t s .  As t h e  s t a t e  o f  t h e  a r t  evolves,  'NCi svs te rx  c o u l d  
generate e l e c t r i c a l  power i n  c e n t r a l - s t a t i o n  p o w r  p l a n t s  frm e i t h e r  f o s s i l - f i r e d  o r  
advanced nuc lea r  heat  sources. 

68.10.2 Technica l  I n f o r r a  t i on 

68.10.2.1 

A l l  l lHD power genera t i on  system concepts a r e  i n  t h e  develoomental staqe. The 
c o n s t r u c t i o n  and s t a r t u p  o f  new exper imental  ' W D  senera to r  f a c i l i t i e s  i n  t h e  l a s t  

few yea rs  i l l u s t r a t e  s i g n i f i c a n t  advances i n  bo th  s o p h i s t i c a t i o n  and understandinn 
o f  t h e  o p e r a t i o n  o f  FlHD generators .  Advocates o f  t h i s  system b e l i e v e  t h a t  none o f  

t h e  known problems p resen t  an insurmountable b a r r i e r  t o  b r i n 9 i n q  WID c e n t r a l - s t a t i o n  

power genera t i on  t o  f r u i t i o n ,  and they  o p t i m i s t i c a l l y  es t ima te  t h a t  e i t h e r  one o r  
a l l  t h r e e  MHD power s y s t e m  cou ld  be made commerc ia l ly  a v a i l a b l e  by t h e  1980's i f  

s u f f i c i e n t  f und ing  were a v a i l a b l e .  This ,  o f  course, w i l l  depend upon t h e  r a t e  a t  
which t h e  known, and any c u r r e n t l y  unrecognized, t e c h n i c a l  nroblems can be solved. 

Avai  l a b i  1 i ty  

68.10.2.2 Energy Source 

Magnetohydrodynamics power generators  o f  va r ious  designs a r e  under s tudy which would 
be capable o f  o p e r a t i n g  over  a range o f  heat-source temperatures f rom 1000 t o  500OOF 

us ing  e i t h e r  f o s s i l  o r  nuc lea r  f u e l s .  The normal combustion o f  coa l  produces a 
gaseous e f f l u e n t  a t  a temperature o f  -2600°F. 
can be increased t o  5000°F. A lso c u r r e n t l y  under way a r e  programs t o  burn c o a l  i n  
f l u i d i z e d  beds a t  reduced temperatures o f  160OOF t o  reduce t h e  l e v e l s  o f  SO2 and 
NO2 p o l l u t a n t s  produced. 

Wi th O2 enrichment, t h i s  temperature 

The open-cycle plasma system i s  capable o f  producinr l  e l e c t r i c a l  power f rom h igh-  

temperature f o s s i l - f u e l e d  hea t  sources o p e r a t i n g  ove r  t h e  ranae o f  4000 t o  5000OF. 
The c losed-cyc le  plasma system c o u l d  generate e l e c t r i c i t y  f rom t h e  advanced HTCR 

o r  a f o s s i l - f u e l e d  hea t  source o p e r a t i n g  ove r  t h e  range o f  2300 t o  35OOOF. 

t h e  two-phase l i q u i d  metal  MHD system appears t o  be compa t ib le  w i t h  thermal enerrly 
sources o p e r a t i n g  ove r  t h e  range o f  1000 t o  2000°F. 

F i n a l l y ,  

5 

68.10.2.3 E f f i c i e n c y  

Magnetohydrodynamics power systems have h i g h e r  p o t e n t i a l  e f f i c i e n c i e s  than 

convent ional  steam and o t h e r  expansion-type energy-conversion dev ices.  F i r s t -  

genera t i on  open-cycle MHD power p l a n t s  would operate w i t h  an VHD topp ing  c y c l e  on a 
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convent ional  s+.?am p l a n t  and cou ld  be expected t o  q ive o v e r a l l  p l a n t  e f f i c i e n c i e s  

i n  the ranqe o f  46 t o  50%. 

e f f i c i e n c y  i n  the ranqe o f  55 t o  60%. 

These power p lan ts  are p r o j e c t e d  t o  have an u l t i m a t e  
6 

The c losed-cyc le plasma MI1D system appears capable of p l a n t  e f f i c i e n c i e s  i n  excess 

of i, ,L f o r  heat-source temperatures o f  2900°F. 
power systems are pred ic ted  t o  have o v e r a l l  e f f i c i e n c i e s  compet i t ive w i t h  those o f  

modern steam systems when opera t ing  a t  the  same maximum cyc le  temperature and should 

have e f f i c i e n c i e s  approaching 50% a t  1600°F. 

The two-phase l i q u i d  metal MHD 

7 

Proponents envisage t h a t  a high-performance a l l - M H D  b i n a r y  power cyc le  i s  poss ib le  

u t i l i z i n g  t h e  open-cycle plasma and the two-phase l i q u i d  metal MHD concepts. 

such a system an open-cycle plasma MHO aenerator obta ins thermal enerqy from a 

f o s s i l - f u e l e d  heat source and r e j e c t s  waste heat t o  a two-nhase l i q u i d  metal MHD 

qenerator. 
a maximum cyc le  temperature o f  5000°F. 

I n  

This dual c y c l e  i s  p r o j e c t e d  t o  have e f f i c i e n c i e s  i n  excess o f  60% f o r  

6B. 10.2.4 Size L i m i t a t i o n s  

Magnetohydrodynamics generators become more e f f i c i e n t  as t h e i r  s i z e  increases, 

because f r i c t i o n  e f f e c t s  and heat losses become less  s i g n i f i c a n t  as the MHD ducts 

become l a r g e r  ( i  .e. , as the surface-to-volume r a t i o  decreases). 

tu rb ines  i n  which forces a c t i n g  on surfaces are invo lved i n  t h e  enerqy-conversion 

process, 14HD energy conversion i s  a consequence o f  a body ( v o l u m e t r i c )  force.  

Thus, l a r g e  MHD generators should be e a s i e r  t o  design and c o n s t r u c t  and l e s s  

expensive t o  operate than small  ones. The s i z e  l i m i t a t i o n s  f o r  MHD c e n t r a l - s t a t i o n  

power p l a n t s  w i l l  be dependent on the l i m i t a t i o n s  o f  suppor t ing  equipment such as 

pumps, heat exchangers, and the l i k e .  

I n  c o n t r a s t  t o  

68.10.2.5 S ta te  o f  the A r t  

S i g n i f i c a n t  advances have been made i n  the past  ten  years towards the  aoal o f  

b r i n g i n g  t h e  MHD concept t o  f r u i t i o n  i n  c e n t r a l - s t a t i o n  power p lan ts .2  

Deriod the open-cycle plasma system has received considerably  more a t t e n t i o n  than 

t h e  o ther  two conceDts. This has r e s u l t e d  i n  improved understandinq o f  the  main 

phenomena i n  the  open-cycle MHD channel so t h a t  oenerator desiqns can be made and 

the oro jec ted  performance o f  the  MHD duct  can be bracketed. 

ances o f  the  major components f o r  base-load a p p l i c a t i o n s  are beinq approached i n  
the case o f  the l i q u i d  m e t a l  MHO system. 

generator enthalpy e x t r a c t i o n  and e f f i c i e n c i e s ,  i n d i c a t e  t h a t  the  f u t u r e  open-cycle 

I n  t h i s  

The requ i red  perform- 

Pre l im inary  s tud ies ,  us ing  t h e  p r o j e c t e d  
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plasma MHD power systems w i l l  be an economical ly  v i a b l e  means o f  base- load power 

generat ion p rov ided  t h e  ex tens i ve  research and development r e q u i r e d  (see Sect ion 

7.3) can be s u c c e s s f u l l y  performed. 

The c o n s t r u c t i o n  and s t a r t u p  of exper imental  p l a n t s  i n  severa l  coun t r i es ,  i n c l u d i n q  

the  25-MWe p i l o t  p l a n t  i n  the U.S.S.R., represent  s i o n i f i c a n t  mi lestones i n  t h e  

development o f  open-cycle plasma M H D .  
i nc reas in r j  t h e  s e r v i c e  l i f e  o f  the e lec t rodes ,  w a l l s ,  and c e r t a i n  o t h e r  components 

t o  ensure r e l i a b l e  ope ra t i on  o f  t h e  I4HD base-load power s t a t i o n  d u r i n i  a Dredeter-  
mined s e r v i c e  l i f e .  

The emphasis o f  the present  work i s  on 

The c losed-cyc le  MHlj qenerator  has been sliown t o  be f e a s i b l e ,  and s u f f i c i e n t  

exper imenta l  and t h e o r e t i c a l  backqround e x i s t s  t o  Derrni t e x t r a p o l a t i o n  t o  l a r q e  

s i z e s  w i t h  conf idence ( i s e n t r o p i c  e f f i c i e n c i e s  up t o  70% and en tha lpy  e x t r a c t i o n  up 

t o  365). r\n en tha lpy  e x t r a c t i o n  o f  10% has r e c e n t l y  been a t t a i n e d .  These r e s u l t s  

demonstrated t h a t ,  a f t e r  successfu l  scal inq-ur,  t o  a thermal ou tpu t  o f  1000 '1W i s  

achieved, a c losed-cyc le :IHD qenerator  should achieve a Derformance acceptable f o r  

l a r g e  e l e c t r i c  power p l a n t s .  8 

Because t h e  work inq cond i t i ons  o f  the c losed-cyc le  Y t iD  n o n e q u i l i b r i u m  duc t  are much 

less  severe than f o r  the open-cycle system because o f  a c leaner  qas stream and lower  

temperatures,  fewer d i f f i c u l t i e s  are a n t i c i p a t e d  i n  t h e  development o f  l o n q - l i f e  

ducts.  The prospects  o f  t h e  c losed-cyc le plasma MHD systems f o r  base- load power 

generat ion depends upon t h e  development o f  a s u i t a b l e  heat  source. 

Extensive ana ly t i ca l  s tud ie s  of two-phase l i qu id  metal YHD cvc les  have been made 

w i t h  d e t a i l e d  mathematical models o f  a l l  components t o  show t h a t  these systems do 

have t h e  p o t e n t i a l  f o r  e f f i c i e n t  p roduc t i on  o f  e l e c t r i c a l  power. However, 

accurate models o f  t h e  MHD components (i .e., mixer,  qenerator,  and separa to r )  :an 

o n l y  be developed by ex tens i ve  exper imenta l  s tud ies .  

Argonne Fiat ional  Labora to r ies  have shown t h a t  more than 80% o f  t h e  end losses t h a t  

would e x i s t  i f  t h e r e  were an ab rup t  t e r m i n a t i o n  o f  t h e  maqnetic f i e l d  can be 

e l im ina ted .  A proqram i s  c u r r e n t l y  under way t o  t e s t  a mixer-oenerator-separator  

system a t  1000°F. 

phase l i q u i d  metal YHD qenerator  and, i f  successfu l ,  p r o v i d e  s u f f i c i e n t  i n f o r m a t i o n  

f o r  t h e  design and c o n s t r u c t i o n  o f  a hiqh-temperature p i l o t  g l a n t .  

The MI1D generator  t e s t s  a t  

These experiments should document t h e  performance o f  t h e  two- 

5 
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6B. 10.3 Research and Development 

Open-cycle plasma MHD power plants would have t o  operate with a highly erosive and 
corrosive working fluid a t  extremely high temperatures. Experimental studies thus 
f a r  performed have n o t  achieved the required performance levels of the various . 

components. 
development t o  achieve the performance levels required for an efficient plant. 

Thus, the major components of a plasma system require additional 

(9 )  

important of these requirements are: 

Materials t h a t  w i  11 operate for extended periods i n  the hiqh-temperature, 
erosive environment. 
A high-efficiency coal combustor capable of handlins coals hav inq  10% 
or more ash. 
A plasma qenerator t h a t  can extract 20 t o  2593 of the total enthalpy of 
the combustion products; thus far only 8% has been achieved, b u t  scalinq 
laws indicate t h a t  increasing the generator size should help achieve this 
goa l .  Add i t iona l  study of the aforementioned qenerator problems i s  

required. 
A scrubber t h a t  can remove 99.9% of the seed from the spent combustion 
gases; thus far,  99% removal has been achieved. 
An overall isentropic qenerator efficiency of a t  least 70%, while only 
40% has been demonstrated. This goal should also be attained by 
increasing the generator size. 
A diffuser efficiency of 70 t o  80%, while 35% has been reported. 
Superconducting magnets t o  produce the field strenqths desi red. 
The stack gases must be cleaned t o  acceptable levels; recent results 
indicate t h a t  present-day technoloqy should be able t o  meet EPA 

standards . 
Finally, lonq-term tests must be undertaken t o  demonstrate component 
loncrevi ty  once the required performance levels have been demonstrated. 

The closed-cycle plasma system has hasic problem of enthalpy extraction, qenerator 
and diffuser efficiency similar t o  open-cycle plasma systems. 
the generator problems have been encouraging. 

Recent results on 

ilost of the components i n  the liquid metal MHD system are conventional (e.g., gas- 
qas and gas-liquid heat exchangers and compressors) and  require l i t t l e  o r  no 
additional development t o  meet performance requirements. 
i s  required on liquid metal pumps and the primary heat exchanger as well as the 

Additional development 
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development of appropriate insulators and conductors for  the generator walls which 
a re  compatible w i t h  the l iquid metals. Much progress has been made on the problen! 
of  keeping the variation of the re la t ive  velocit ies between the two phases a t  a 
small value. This i s  necessary t o  ensure h i o h  eff ic iencies  for  the generator. 

The FPC Task Force and AEC Suhpanel VI bo th  concluded t h a t  lilt33 systems of fer  
suff ic ient  potential to  warrant the i r  inclusion i n  a balanced eneryy research and 
development program. Because the opewcycle FWD system i s  closer t o  development 
than the closed-cycle plasma systenl, the task force suqoested t h a t  the open-cycle 
system be followed t h r o u g h  a 300- to  500-M:l commercial demonstration. The potential 
for  closed-cycle systems was considered less  promising unless a means could be found 
tha t  would assure a nuclear heat source w i t h  suff ic ient ly  h igh  operating temperature. 

6B. 10.4 Environmental Impacts 

The eff luent  problems associated w i t h  MHD power plants are  those associated w i t h  the 
energy source ( i .e . ,  fossi l  fuel o r  nuclear fuel) .  
the potential to  reduce thermal discharqes and conserve fuel supplies when compared 
w i t h  the pure steam power plants,  because they'are projected t o  have imoroved 
conversion eff ic iencies .  The total  quantity of thermal emissions will be reduced 
i n  inverse proportion to  the improvement i n  efficiency. 

All of the MHD concepts have 

The open-cycle MHD system i s  estimated t o  meet or exceed the EPA requirements for  
SO2 and NO, i n  eff luent  stack gases a t  costs t h a t  are  predicted t o  be below those 
of conventional power plants when 2% sulfur coal i s  burned. Seed material must be 
removed and recovered from effluent gases for  environmental as well a s  economic 
reasons. The seed materials being considered a re  a lkal i  metal s a l t s ,  and t o  
release these t o  the environment as f inely divided par t iculate  would be undesir- 
able. Furthermore, the cost  of these materials dictates  tha t  they must be 
recycled for  economic operation. 9 

Fossil-fueled heat sources for  closed-cycle MHD systems possess the same pollution 
problems encountered w i t h  conventional steam plants. I t  i s  envisaged tha t  the 
fluidized-bed combustor could burn  high-sulfur coal to  supply thermal energy f o r  
the l i q u i d  metal MHD systems w i t h o u t  producing h i g h  NO2 and SO, levels  i n  the 
stack gases. In addition, because the two-phase l iquid metal ?1HD system operates 
on a Brayton-type (gas turbine) cycle, i t  possesses the potential t o  be effect ively 
coupled to  dry cooling towers without paying a s ignif icant  economic penalty. 
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68.10.5 Costs and Benefits 

Although the technical feasibility of MHD power plants has been demonstrated, the 
concept i s  s t i l l  in the developmental stage, and thus very l i t t l e  information has 
been developed on the projected economic benefits t o  accrue from central-station 
MHD power plants. The higher efficiencies projected for the various MHD systems 
must provide sufficient fuel cost savinqs t o  compensate for the capital costs of 
the MHD systems. Most of the economic studies carried out  have been for open-cycle 
plasma-steam systems. The f i r s t  aeneration open-cycle MHT, topping systems for 
electrical generatinq plants may conceivably compete successfully with conventional 
steam stations in areas of hiqh fuel costs. Future nuclear power plants would 
have an economic advantaqe over open-cycle fossil-fueled MHD power plants only 
i n  areas where fossil fuel i s  relatively expensive. 10 

A t  the present stage of development of closed-cycle plasma MHD technoloqy, obtainina 
an absolutely reliable economic evaluation for central-station power applications 
i s  not possible. 
MHD and nuclear gas-turbine plants of the future as well as existing steam-turbine 
power systems. 
on the efficiency, capital costs, and reliability of closed-cycle MHD. 

Some comparisons have been made between nuclear closed-cycle 

The results are not conclusive as there i s  not  enough information 
11 

The results of economic studies carried out  in the U.S.S.R. and the Federal 
Republic of Germany show t h a t  a fossil-fueled steam plant produces electricity 
t h a t  i s  more expensive t h a n  the projected costs for  closed-cycle MHD and qas- 
turbine systems of the same capacity used i n  conjunction w i t h  a steam bottominq 
cycle. These results are based on a theoretical generator-channel model t h a t  
has been proved in small-scale experimental facil i t ies.  11 

There has been an insufficient effort i n  regard t o  in-depth conceptual p l a n t  
designs and economic evaluations t o  make any definitive statements concernina 
the economics of liquid metal H H D .  
i s  improved conversion efficiency. 

The major potential benefit of MHD qenerators 

6B.10.6 averall Assessment of Role in Energy Supply 

Magnetohydrodynamics generators and systems are s t i l l  in a very formulative staqe 
of research and development, and much work is  s t i l l  required. The fundamental 
characteristics of the generator are s t i l l  not  well understood, and the materials 
problems could be extremely siqnificant. 
and the ability t o  use the elevated temperatures available from the combustion of 
fossil fuels are particularly attractive. 

The prospect of h i q h  conversion efficiency 
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Whi le  t h e  economic aspects o f  IIHD have n o t  been s t u d i e d  i n  s u f f i c i e n t  d e t a i l ,  

p r e l i m i n a r y  a n a l y s i s  o f  onen-cycle plasma MtID systems i n d i c a t e s  t h a t  f u t u r e  nuc lea r  

power p l a n t s  may have an economic advantage over  open-c,ycle f o s s i l - f u e l e d  MtlD 
p l a n t s  o n l y  i n  areas where f o s s i l  f u e l  i s  r e l a t i v e l y  expensive. The two-phase 

l i q u i d  metal  ;ItiD system has t h e  p o t e n t i a l  t o  e f f e c t i v e l y  emF1o.y a v a r i e t y  o f  

advanced heat  sources c u r r e n t l y  under developnent i n  t h e  U n i t e d  States.  These 
sources i n c l u d e  t h e  LMFBR, t h e  HTGR, t h e  f u s i o n  r e a c t o r ,  and t h e  f l u i d i z e d - b e d  

combustor. 
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6B. 11 SUMMARY 

The devices discussed i n  this section have been o r  are under current investigation 
f o r  fos s i l  or nuclear e l e c t r i c  power generation application. 
devices i s  shown i n  Table 6B.11-1. 

Comparison of these 

Steam-turbine systems ( t h a t  sometimes use topping cycles) also may have application 
t o  systems that  use other  energy sources (e.g., fusion o r  s o l a r ) .  
u s i n g  low boiling working f lu ids  such as freon and isobutane are  b e i n g  strongly 
considered f o r  use w i t h  geothermal energy sources. The principal environmental 
benefi t  of a l ternat ive conversion devices is  derived from increased conversion 
efficiency, which reduces the amount of rejected heat and waste products a n d ,  i n  
addition, conserves the energy source. 

Turbine systems 

The importance of improved energy conversion and storage devices has recently been 
reemphasized i n  Dr. Dixy Lee Ray's report "The Flation's Enerqy Future."' Althouqh 
each of the systems discussed i n  Section 68 has not been t reated i n  Dr. Ray's 
report ,  the most promising systems f o r  near-term development have been ident i f ied 
and a r e l a t ive  p r io r i ty  established by the recommended 5-year (1975 to  1979) level 
of research and development funding. 
(which was one of 16 panels t ha t  provided basic information t o  Dr. Ray) are shown 
f o r  comparative purposes. These figures represent maximum fundinq f o r  accelerated 
development of each indicated option. 
program balance w i t h i n  a t o t a l  5-year proqram quideline of $10 b i l l i on .  
following items were specif ical ly  detailed.  

2 The recommendations of AEC Subpanel VI 

Adjustments were made t o  provide to t a l  
The 

Conversion System 
Recommended Funding  

( in  mill ions) 

5 --%%I years 
Dr. Ray 
5 years 

High-Temperature Gas Turbines $315 .O 625.0 1000.0 

Potassium Toppf ng Cycle 

Fuel Cells 

Storage 

Advanced Concepts and Enabling Technology 
(MHD and thermionic) 

MH D 

Enabl i ng Techno1 ogy 

68.11 -1 

90 .o 102.2 110.0 

80 .0 131.8 250.8 

50.9 

30.0 

206.0 652.0 

79.0 181.0 

\ 



Table 68.11-1 
ENERGY CONVERSION D E V I C E  SUMMARY 

(T, 
CJ 
4 
4 

I 
N 

Sys tem 
Avail a b i l i t y  Efficiency Application Remarks Devi ce 

Steam Turbines Commercially 35 t o  41% 
avai 1 able 

Internal Combustion Comercial l y  35% 
engines available 

Gas Turbines Commercially 27 t o  38% 
available and 
ASUDa 

Binary Cycles ASUD up t o  55% 

Fuel Cells ASUD Up t o  70% 

Batteries ASUD 60% 
(turnaround) 

Magnetohydro- ASUD Up t o  50% 

Thermionic ASUD Up t o  50% 

dynamics 

Devices 

The rmoel e c t r i  c S u i  t ab l e  6% 
Devices materi a1 s bei n q  

sought 

Predominantly fossi l  and 
nuclear central-s ta t i  on 
base-load 

Small central s ta t ion 
and peaking 

toppinrl cycle f o r  f o s s i l ,  
central  s ta t ion 

Direct cycle fo r  peakinq; 

Potassi um topping cycle 
fo r  fos s i l  central  
s t a t ion  

Central s t a t ion  o r  
dispersed generati on- - 
eneray storage features 

Enerqy storage f o r  load 

Direct or topping cycle 

levelinq and r e l i a b i l i t y  

f o r  central s ta t ion 

Topping cycle on fos s i l  
o r  nuclear central s ta t ion 

Low power only 

High r e l i a b i l i t y  systems a t  modest e f f i -  
ciency. Present efficiency cannot be 
s ign i f i can t ly  improved f o r  d i r ec t  cycle. 

Fossil fuel only. A~p l i ca t ion  limited 
t o  small plants except f o r  emerqency and 
peaki n q  purposes a t  1 arge s t a t ions  . 

High-temperature turbines under develop- 
m e n t  f o r  b e t t e r  cycle eff ic iency ( u p  t o  
45%). Good application t o  gas-cooled 
nuclear plants. 

Basic technology available.  Development 
of large Plants w i t h i n  seven years 
possible. Mercury binary m i q h t  have 
application t o  LMFBR. 

Applicable to  fos s i l  and nuclear central-  
s t a t ion  power plant and hydrogen economy. 
Fossil central s t a t ion  may take f ive  t o  
ten years t o  develop; dispersed gener- 
ation--five years. 

Has potential  f o r  improving e l e c t r i c  
power systems. Prospects fo r  develop- 
m e n t  w i t h i n  f ive years a re  good. 

Potential  f o r  improving eff ic iency of 
central-station power plants b u t  develop- 
m e n t  may require ten years o r  more. 

Has potential  f o r  fo s s i l  application i f  
oroper devices can be developed-- 
probably five t o  ten years. L i t t l e  
potential  f o r  nuclear application. 

Poor efficiency makes unsuitable f o r  
central  -s ta t ion consideration. 

ASUD - Advanced Systems Under Development a 
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SECTION 6C 

CONSERVATION OF ENERGY 



6C.1 INTRODUCTION 

6C. 1 .l Background. 

Energy conservation measures a r e  particularly attractive, because their application 
could measurably extend our  avai 1 able enerqy resources as we1 1 as proportionately 
reduce the environmental damage inherent i n  energy usage. Fossil fuels, which form 
the bulk of the Nation's current energy resources, are f ini te ,  and increasing 
amounts of major components of these resources--oil and gas--must be imported. 
By slowing the growth rate o f  energy demand and by increasing the amount of usable 
energy produced from each unit of fuel used, the availability of these f ini te  
supplies can be stretched. 
foreign energy supplies w i t h  the consequent balance of payment and national defense 

1 imp1 ications. 

Another result would be t o  reduce our dependence on 

T h u s ,  there are both direct and indirect benefits t o  be obtained from conservation 
of energy. 
other costs of implementing specific conservation measures. 
vation must be considered in the context of the whole energy nroduction system, 
rather t h a n  the gross savings of some particular conservation measure considered 
independently of  i t s  Own consequences. For example, the costs of m i n i n g  aluminum 
ore, the electricity required t o  produce aluminum metal, and the production costs 
of fabricating aluminum storm windows and doors must be considered in determining 
the net savings achieved from reduced heatinq losses. 

These benefits must, however, be balanced aaainst the economic and 
The net energy conser- 

Whether o r  n o t  conservation measures eventually do provide some deqree of relief t o  
the energy supply versus demand situation, clearly there is  now a considerable 
amount o f  interest i n  imp lemen t ing  energy conservation, perhaps even t o  the extent 
of establishing i t  as a national goal. 
LMFBR Program Environmental Statement indicated interest i n  t h i s  idea.* For 
example, Or. J.  T. Edsall** of Harvard University noted i n  his le t ter  of April 21, 
1974: 

Several letters comenting on the Draft 

We should also institute a f a r  reaching program of energy conservation, 
and efficiency i n  the use of energy. 

, pp. 42-46; 19, p. 5; 16, P.  2; 24, P. 2; *Comment Letters i-, P. 19; 42 - 
38b, pp. 10-16. 

**=ent Letter 16, p. 2. - 
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Mr. J. Legakes, i n  an April 24, 1974 letter,* suggested t h a t :  

Enormous energy savings can be made w i t h  better insulating of homes and 
buildings and other conservation practices. All government buildinqs, 
schools, supermarkets, shopping centers and the like could greatly reduce 
waste lighting and heating, as they have d u r i n g  the recent "crisis." 

The Natural Resources Defense Council discussed energy conservation a t  some length i n  
i t s  letter** of April 29, 1974. The Council concluded t h a t  energy conservation i s  a 
matter of national policy and suggested several means by which energy savings may be 
obtained, such as better insulation i n  buildings, the use of more efficient heating 
and cooling equipment, and improvements i n  transportation patterns and vehicles. 

The AEC i s  in agreement w i t h  the opinions expressed by these letters and supports a 
vigorous energy conservation program. 
regarding the eventual success o f  widespread conservation practices, and several 
views have been expressed t o  the effect t h a t  conservation should not  be relied upon 
as a long-term solution.' These matters are discussed i n  Section 6C.7. 

However, there are various uncertainties 

6C.1.2 Elements o f  Conservation 

In  a broad sense, conservation of energy as an o p t i o n  for reducing the requirement 
for  alternative energy sources i s  not  represented solely by reduction i n  the produc- 
t ion  and consumption o f  energy. 
the uti1 ization of readily available and environmentally acceptable energy sources 
w i t h  concomitant reduction in the use of scarce or environmentally adverse resources. 
Both characteristics ( i  .e., readily available and environmentally acceptable) must be 
present i f  this procedure i s  t o  be acceptable. An example of a substitution t h a t  did 
not meet both these cri teria,  and therefore i s  being abandoned, has been the use of 

environmentally acceptable oil and gas i n  place of high-sulfur coal. 
availability of oil and gas and the competing demand for  their f inite supplies have 
forced the Nation t o  look elsewhere for the solution to  the environmental problems of  
high-sulfur coal (which happens t o  meet the criteria of being readily available). 
Flue gas desulfurization and coal gasification are being considered i n  this instance. 

I t  can also be interpreted t o  include expansion i n  

The limited 

In addition t o  the procedures di,scussed above, actions taken to  make beneficial 
use of energy t h a t  would otherwise be wasted (e.g., waste heat) are examples of 

- 
*Comment Letter 24, p. 2. 

**Comnent Letter 38b, 'p  1u-16 
TSee, for example;-wrl!ten testimony by Mr. Jack Moore a t  the Public Hearinq 
on the LMFBR Program, April 26, 1974,-p.  4.  
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energy conservation, because the use o f  t h i s  otherwise wasted energy would e l im ina te  

the need t o  produce the energy from other sources. 

Inasmuch as the projected app l ica t ion  o f  the LMFBR i s  f o r  the production of 
e l e c t r i c i t y ,  the discussion i n  t h i s  sect ion w i l l  be d i rec ted  p r i m a r i l y  t o  e l e c t r i c  
power as i t  re la tes  t o  the several categories o f  energy conservation described 

above; t h a t  i s ,  the discussion w i l l  consider the prac t ice  o f  conserving energy as 
a subs t i t u te  f o r  producing power from the several types o f  power plants or sources 

previously discussed i n  t h i s  section. 

The ex ten t  o f  environmental impact associated w i t h  production and consumption o f  
e l e c t r i c i t y  depends on a number o f  fac to rs :  the methods and e f f i c i e n c y  o f  extrac- 

t i o n  o f  the basic energy resources needed f o r  power generation; the methods and 

e f f i c i e n c y  o f  power generation tha t ,  i n  turn,  determine the quant i t y  o f  energy 
resources needed; the quant i t y  o f  power generated; and the quan t i t y  o f  power con- 
sumed. The fo l l ow ing  schematic drawing i l l u s t r a t e s  these categories: 

1 

Conservation o f  energy would r e s u l t  from dropping the height o f  each o f  the bars i n  

r e l a t i o n  t o  the bar on i t s  r i g h t  and a l so  from lowering the l a s t  bar on the r i g h t  

through reduct ion i n  use o f  e l e c t r i c i t y .  
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With the exception of new energy sources (e.q., oil shale, tar sands, geothermal, 
solar,  fusion power) and improved energy conversion devices (such as MHD and fuel 
ce l l s ) ,  a l l  of which are discussed elsewhere in this Statement, this section 
examines and quantifies, insofar as i s  feasible, the principal options for conser- 
vation of energy in each of the categories illustrated above. Comnents are also 
made on the environmental, economic, social, resources, and manpower implications 
of the energy copservation measures considered. These factors are examined in con- 
junction with the energy conservation recommendations of several recent studies, 
among them a five-year, $lO-bill ion Federal energy research and development program 
t h a t  has been proposed t o  regain and maintain the Nation's energy self-sufficiency. 

2 

n 

Also discussed i n  Section 6C.6 (Utilization of Energy) are several approaches to  
energy conservation resulting from studies performed by government agencies and 
private organizations. 
t h a t  might be achieved i f  conservation measures are successful, and they a l so  
examine the uncertainties bearing on the achievement of these savings. These 
uncertainties include the extent t o  which conservation research w i l l  be funded, 
the rate and degree of success in developing energy conservins processes and 
equipment, the extent t o  which the public uti l izes these practices and accepts 
the accompanying changes in l i fes tyle ,  etc. Finally, the amount of e lectr ic i ty  
t h a t  may be saved by conservation measures i s  examined as an alternative t o  the 
construction of additional power plants or t o  the development o f  other energy 
sources such as the LMFBR. 
now be considered as a reliable alternative t o  LMFBR development. Nevertheless, 
there i s  a place and a need for b o t h  energy conservation and new energy sources in 
the solution t o  current and future energy supply problems, and the conclusion i s  
reached t h a t  bo th  approaches should be pursued t o  the maximum extent feasible. 

These studies address the magnitude of the energy reductions 

This section shows t h a t  energy conservation alone cannot 
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6C.2 EXTRACTION OF ENERGY RESOURCES 

The Uni ted  States possesses great resources of coal and uranium (assumins the suc- 
cessful development of a breeder reactor) a n d  substant ia l ,  t h o u q h  inadequate, 
resources o f  o i l .  Historically,  extraction of these resources has been incomplete 
i n  varying degrees. Improvement i n  extraction efficiency would relieve pressure 
on other fuels  and on import requirements. 
o f  resources could be accomplished w i t h  only moderate additional impact on the 
environment . 

Furthermore, more complete extraction 

The principal potential means for broadening the base of extraction of fuels from 
current sources are stimulation o f  petroleum and natural gas production and 
increased production from underground coal mines and from uranium deposits. 
potential means are discussed below. An increase in the efficiency o f  extraction 
o f  fuels  does n o t  affect  the amount of e l e c t r i c i t y  t h a t  must be generated, b u t  i t  
may reduce the need for  new power plants based on other technologies, such as the 
U4F BR . 

These 

6C.2.1 

The role of o i l  and  gas i s  so pervasive i n  the Nation's enerqy economy t h a t  the 
recovery of more o i l  and gas from domestic f ie lds  is  worthy of serious a t t e n t i o n .  
Secondary and t e r t i a r y  recovery methods in existing f ie lds  and release of gas 
from t i g h t  geological formations offer  promise for  immediate and short-term payoff. 
Scrupulous attention t o  environmental r isks must, of course, be ensured. 
'could proceed i n  para1 le1 w i t h  improved extraction techniques on methods t o  prevent 
environmental damage (such as o i l  s p i l l s  and well blowouts) and t o  clean u p  a f t e r  
accidents t h a t  do occur. 

Stimulation of Petroleum and Natu*Gas Production 

Work 

W i t h  current technology, the efficiency of extraction of o i l  i s  only about 30 t o  
35%. 
date,  about 290 bi l l ion bbl remain i n  the ground. 
ra te  would represent an additional 4 bil l ion bbl  o f  proven U.S. reserves, an amount 
equal t o  about two-thirds of current annual consumption. 
improved extraction techniques would make available a substantial amount of o i l  for  
transportation needs, space h e a t i n g ,  chemical feedstocks, and other apnlications. 
Importation of crude o i l  and demands on coal,  gas ,  and nuclear sources could 
correspondingly be reduced. 

T h u s ,  o f  the approximately 425 bi l l ion bbl of o i l  discovered i n  the U.S. t o  
Every 1% increase i n  this recovery 

The developvent o f  
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Oil recovery efficiency has been improving at the rate of about 1/2 of 1% per year. 
At this rate, during the next 20 years between 25 and 30 billion bbl of recoverable 
reserves from known discoveries could be added to domestic s ~ p p l i e s . ~  If this im- 
provement rate is to continue, new technology will need to be developed, and present 
technology must be fully utilized. The National Petroleum Council has ,expressed the 
belief that a recovery rate of 50 to 60% will ultimately be achieved. 

The most significant methods of stimulating recovery are fluid injection (air, gas, 
water, steam, miscible fluids) , earth fracturing by hydraulic pressure, in-situ 
combustion (to reduce oil viscosity and promote flow), and chemical explosives. 
Nearly one million wells have been hydraulically fractured, but there is a lack 
of adequate knowledge of fracture characteristics and the means to make optimum use 
o f  them. 
has not as yet been undertaken commercially in this country. 

The use of nuclear explosives for oil stimulation is a possibility that 

Although in-situ combustion has not been emphasized a s  much as some of the other 
recovery methods, i t  appears to offer considerable promise. 
application in heavy-oil reservoirs. 

It may find wide 
3 

Under the program to increase production of oil and natural gas as outlined in ref. 
2, combinations of four methods for secondary and tertiary recovery of oi 1 would be 
tested in approximately 20 experiments that would include about 15 reservoir types. 
These experiments would determine optimum methods applicable to particular reservoirs. 
A total of $70.4 million would be budgeted over the next five years for secondary and 
tertiary recovery activities. 
reservoirs to determine the potential of massive hydraulic fracturinq and chemical 
explosive fracturing for stimulation of low-permeability formations of oil and 
natural gas. One further nuclear stimulation demonstration i s  also planned. The 
program is designed to determine which stimulation technique or combination of 
techniques is most suitable for given reservoir characteristics. 
$96.3 million for developing stimulation techniques is recommended. 

Seven experiments are planned in three different 

A prnqram totaling 
2 

Potential adverse environmental effects of the several recovery stimulation methods 
include inadequate disposal of brine produced with the oil, oil blowouts and seeps, 
saline water intrusion into fresh water subsurface zones, contamination of surface 
streams or lakes by injected water exiting to the surface, earth motion from 
explosives, and residual radioactivity from possible use of nuclear explosives, 
The refining and combustion o f  the additional oil produced would result in the 
release of sulfur and nitrogen oxides and of hydrocarbons into the atmosphere. 

6C.2-2 

n 



Offsetting this release would be the reduction i n  eff luents  represented by elimina- 
t ion of the need t o  consume fuels that  would be replaced by the added o i l  and 
lessening of the potential for  o i l  s p i l l s  from import tankers. 

A favorable environmental aspect of stimulated production from domestic o i l  wells is  
tha t  the added production would he achieved w i t h  no s iqnif icant  increase i n  the impact 
caused by servicing roads, surface u t i l i t i e s  and equipment, and workers accommodations, 
although some a d d i t i o n a l  works associated with the stimulation methods would be 
required. 

Present projections of the use of o i l  i n  the Uni ted  States already assume a continuing 
increase i n  extraction efficiency. Thus, i f  there i s  t o  be a s t i l l  greater u t i l i za-  
t ion of domestic o i l  resources, research and development e f for t s  will have to  be 
intensified beyond the current level of about $50 million per year. The program 
outlined i n  ref .  2 e n t a i l s  a total  expenditure of $310 million over the next f ive 
years t o  increase the production of both o i l  and natural gas; i t  also includes $127.8 
million for  development of in-situ retorting of o i l  shale and  $15.5 million for  
development of advanced dr i l l ing  techniques. "The Nation's Eneray Future"' includes 
funding of $70.0 million for  improving the current capabi l i t ies  of resource assess- 
ment  fo r  petroleum and natural gas. 

Improving the efficiency of o i l  extraction is  n o t  the same as increasinq the ra te  of 
o i l  extraction from a well. However, the l i f e  of o i l  f ie lds  would be extended and 
more o i l  could be obtained from a given f ie ld  i f  extraction efficiency were improved, 
T h u s ,  by some given year, cumulative improvement i n  extraction efficiency may be 
presumed t o  have b r o u g h t  about a higher national production ra te  because cer ta in  
f ie lds  tha t  otherwise would have been exhausted would s t i l l  be i n  production. How 

much of an impact an intensified improvement i n  extraction efficiency would have is  
d i f f i c u l t  t o  predict  w i t h  reasonable assurance of accuracy, b u t  estimates show t h a t  
i f  the methods proposed i n  r e f .  2 are implemented, secondary and t e r t i a r y  recovery 
could increase the production i n  operating f ie lds  by 200 million bbl/year b y  1985. 
Improved methods for  stimulating the flow of o i l  i n  low permeability reservoirs 
could resu l t  i n  the recovery of an additional 70 million bbl o f  o i l  by tha t  year, 
and successful development of the equipment and procedures for  f a s t e r ,  deeper, and 
more economical d r i l l i n q  could resu l t  i n  the discovery and recovery of 500 million 
bbl o f  o i l  by 1985. 

Less-certain predictions t o  the year 2000 estimate that  the improved extraction 
techniques discussed herein ( n o t  includinq o i l  shale development, the possible 
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results of which are even more uncertain) could result in an increase in annual 
oil production of perhaps 5%, or 0.5 million bbllday (assuming domestic production 
at that time would otherwise be 10 million bbllday.) If all o f  this increase were 
applied to the production of electrical power, about 20 generating plants of 
1000 MWe each could be fueled. 
probably be used for household, commercial, industrial, and transportation needs 
as well. 
petroleum consumption will be for electricity prod~ction.~ At this ratio, the 
application of the increased oil production to power generation would yield the 
equivalent of one or two large generating units, or about 1/10 of 1% of the 
projected national generating capacity for that year. Therefore, the benefits 
of improving oil extraction efficiency, while o f  some importance, will apparently 

In practice, the additional oil produced would 

The Interior Department projects that in the year 2000 about 7% of 

’ not have substantial impact on the electricity supplv situation. 

Natural gas is obtained either from straight gas wells or from combination oil and 
gas wells. 
and 5.2 trillion ft from combination wells. 

3 Gross U.S. production in 1971 was 18.9 trillion ft from straiaht wells 
3 5 

The previous discussion of stimulation of production from oil wells is apDlicable, 
also, to combination wells. 
the recovery efficiency for oil contain program elements applicable to increasing 
the production of natural gas. 

Similarly, the activities just described for improving 

2 

The principal method used for stimulating straight gas wells is induced hydraulic 
fracturing. 
characteristics of earth fractures is needed if the full potential of gas stimula- 
tion is to be achieved. 
feasibility of using chemical explosives to stimulate low-permeability gas-bearinq 
formations. Results range from no improvement to a 14-fold increase in flow rate. 

As with fracturing of oil reservoirs, more understanding of the 

Sample field tests have been made to investiqate the 

The concept of nuclear-explosive stimulation of natural-qas wells is to use the 
rock-breaking power of the explosive to create chimneys of broken rock with 
diverging fractures serving as enlarged we1 lbores. 
experiments have been conducted. All three have demonstrated technical feasibility. 
Gas-recovery rates from the first two experiments are about 7 or 8 times those of 
unstimulated wells in the same areas,3 and the third experiment is in the early 
stages of evaluation. 
nuclear explosives stimulation are ground motion and residual radioactivity. 

Three Government-industry 

Two environmental impacts for consideration with respect to 
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Careful design of the explosive, knowledge of the subsurface region, and control 
methods t o  dispose of t r i t i a t e d  water will  be necessary. 3 

A 1973 report  o f  the Department of the In te r ior  ("Final Environmental Statement for  
the Prototype Oil Shale Leasing Program" ) includes a detailed discussion of nuclear 
stimulation of natural gas reservoirs ( p p .  V-87 t o  V-96) .  

described as follows: 

6 

Potential reserves are  

The resource potential of the t i g h t  gas sands i n  the Rocky Mountain 
region i s  nearly 600 t r i l l i o n  cubic feet ( t c f )  of natural gas; the 
corresponding technical ly recoverable potential reserves have been 
estimated t o  be 300 tcf .  Most of the resources amenable t o  nuclear 
stimulation are i n  the Green River, Piceance, and Uinta Basins. The 
potential  reserves from these three basins correspond t o  about 300 x 10 
B t u  o r ,  on an energy equivalent basis,  t o  about 50 b i l l ion  barrels  of 
o i l .  The r a t e  of recovery is  important when considering the reserve 
potent ia l .  One possible schedule being considered by AEC estimates 
t h a t  the annual production from f u l l  commerci a1 devel opment w i  11 be 
a t  just less than 100 Bcf the f i r s t  year and level out a t  about 3.4 
tcf. 

15 

T h i s  would cause the basins t o  be drained i n  about 80 years. 

In view of the increasingly t i g h t  present and future supply of natural gas i n  re la-  
t ion t o  potentiai  demand from the various consuming sectors ,  the burn ing  of gas f o r  
the generation of e lec t r ica l  power is anticipated t o  drop s teadi ly ,  both i n  actual 
quant i t ies  and i n  proportion t o  other uses. 
valuable fuel f o r  household, commercial, and industr ia l  uses and f o r  chemical feed- 
stock. The Department o f  the Inter ior  projects the U.S.  consumption of natural gas 
for  power production and the total  gas consumption t o  be as follows: 

Gas will  be looked upon as a more 

4 

Power 
Total 

Tri l l ions o f  Cubic Feet 
1975 1980 1985 2000 
3.7 3.5 3.3 2.6 

24.5 26.2 27.5 33.0 

---- 

The program f o r  increasing the recovery efficiency of natural gas as described i n  
"The Nation'ls Energy FutureIt2 includes estimates tha t  i f  secondary and t e r t i a r y  
recovery techniques are implemented as proposed, they could result i n  the produc- 
t ion o f  an additional 700 b i l l ion  f t  of natural gas per year by 1985. 
methods f o r  stimulating the flow o f  natural gas i n  low permeability reservoirs 
could result i n  the recovery of an additional 2.6 t r i l l i o n  f t  of natural gas per 
year by 1985, and the development of improved d r i l l i n g  methods could y ie ld  the 
discovery and recovery of an additional 2.5 t r i l l i o n  f t  annually by tha t  time. 

3 Improved 

3 

3 
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Considering primarily the "conservation" elements of a recovery efficiency improve- 
ment program (i .e., disreqarding future potential discoveries) and extending the 
analysis to the year 2000, an assessment o f  the effects of this proaram would be 
as follows. As mentioned above, nuclear stimulation of natural gas from tiaht 
sands could result in an eventual recovery rate of about 3 . 4  trillion ft /year. 
For purposes of analysis, an additional 2.6 trillion ft is assumed from other 
methods of stimulation, including secondary and tertiary recovery techniques, for 

3 a total of 6 trillion ft of additional natural gas available from domestic 
sources in the year 2000. If all of this quantity were consumed for electrical 
power production, it could fuel about 100 generating units of 1000 MWe each, at an 
average capacity factor of 70%. 
tion to gas used for other purposes in the year 2000 were that shown in the table 
above, then the remaining gas could fuel only about eiqht 1000-Mlre power plants, or 
about 1/2 of 1% of the Bation's total anticipated qeneratinq capacity at that time. 

3 
3 

However, if the ratio of qas used for power produc- 

All indications are that the demand for gas in future years will greatly exceed the 
supply. Therefore, increased production through stimulation of gas wells will prob- 
ably supplement , but not replace, production from other sources, such a s  imported 
LIIG and gasification of coal. 

6C.2.2 Increased Production from Coal Mines 

As of January 1 ,  1967, known or proved recoverable reserves of coal in the U.S.  were 
about 390 billion tons7 (within 1000 ft of the surface and with a cutoff of 28-in. 
seam thickness for bituminous and anthracite and 5 ft for subbituminous and lignite). 
Production and losses since that date represent only a small fraction of the total. 
Estimates in 1967 of total ultimately recoverable resources (including proved 
reserves) were about 1605 billion tons.8 This figure was based on an assumption of 
50% recoverability from a total in the ground of 3210 billion tons. 
by the Bureau o f  Mines, however, show that advances in technology will increase 
national average recoverability to as much as 60 to 63.5%.' Another source states 
that in the production of coal by underground methods, the generally accepted 
recovery rate is 50%. 

Later estimates 

10 

Coal production is currently about evenly divided between underground and surface 
mining. However, the trend toward surface mining has been stronqly upward in 
recent years and downward for underground mining , mainly because of the relatively 
high economic cost of the latter. 
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Different methods of surface mining include area s t r ipo  
auger m i n i n c ~ . ~  (See Section 6R.2.1 for  further discuss 
m i n i n g  methods.) 

-0 np, contour s t r i p p i n a ,  and 
on of coal resources and 

Area stripping i s  performed i n  f l a t  or s l igh t ly  rol l inq terrain (central and 
western U . S . )  where the coal beds are continuous over large areas and are often 
near the surface. 
i s  essent ia l ly  no prospect of increasing t h i s  recovery percentaqe. 

Recovery averages about 80% b u t  can be as h i q h  as 90%. There 

Contour s t r i p p i n g  i s  employed i n  the narrow valleys of the Apoalachian Reqion. 
cuts are  made parallel  t o  the ridges. The extent of recovery of coal from available 
resources varies over a wide range and is influenced by the steepness of the slopes. 
The depth of the bench cut i s  limited by the resultant height of the hiqhwall which, 
i n  turn, is determined by the slope. Contour s t r i p  mines are usually small and 
short-lived. In view of the above circumstances, general improvement i n  recovery 
rates  from contour strip m i n i n g  will probably n o t  take place i n  the foreseeable 
future. 

Bench 

About 3% of current coal production i s  from auger mining. Coal i s  removed from 
exposed coalbeds w i t h  horizontal augers ( rotat inq,  spiral  cuttinq tools from 18 i n .  

3 t o  7 f t  i n  diameter) t h a t  penetrate t o  depths of about 200 f t .  
min ing ,  the ra te  of recovery from auger m i n i n g  i s  variable,  depending larqelv on the 
ground slope and s ize  of coalbeds. Recovery ranqes u p  t o  50% b u t  i s  more usually 20 
t o  25%. 
advanced equipment, b u t  the terrain limitations in Appalachia and the anticipated 
continued minor role of auger m i n i n g  in that  region as compared w i t h  nationwide pro- 
duction would indicate that  improved recovery would have  a re la t ively insiqnificant 
impact. 

As w i t h  contour 

There may be some improvement i n  this ra te  with industrial  development of 

Underground coal m i n i n g  techniques employed are room and p i l l a r ,  longwall, and 
shortwall. 
mined areas t o  provide support for  the overlying rock and s o i l .  
p i l l a r s  and of unminable coal lying under towns, lakes, and highways or  around qas 
and o i l  wells, the average national recovery rate  has been no more than 50 t o  60%. 

In room and p i l l a r  min ing ,  p i l l a r s  of coal are l e f t  i n  place i n  the 
Because of these 

One approach t o  increasing productivity i s  t o  chanqe t o  a different  m i n i n q  system, 
such as the longwall method.” 
w i t h  limited acceptance i n  the United States.  
underground production is  mined by longwall equipment. 

Developed i n  Europe, the longwall method has met 
Only about 2.5% o f  the to ta l  U.S. 
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The longwall method resembles a carpenter's plane or a millinq machine, and it 
comes closer to being a truly continuous technique than any other developed for 
coal mining. 
1500 ft wide and as long as 7500 ft is developed by drivinq tunnels on all four 
sides. One of these tunnels will serve as the beqinninq of the workinq "face." 
The roof of this tunnel is supported by a long line of hydraulically operated 
steel roof supports called "chocks." On the floor and aqainst the face of coal, a 
chain conveyor is installed. 
forth across the face, is the machine that does the job of cuttina away thc coal. 
This machine can be a device with fixed cutting blades called a "plow," or it can 
be a machine equipped with rotating drums, armed with an array of teeth, called a 
"shear." 
gnaws, the cut coal drops to the conveyor below and moves continuously away. The 
chain conveyor dumps its load on a belt at the end of the longwall, and a continuous 
stream of coal begins its journey out of the mine. 

To prepare for "longwalling," a block of coal (called a panel) up to 

Straddlinq the conveyor, and able to move back and 

In either case, the machine moves across the face of coal, and, as it 

After the plow or shear has cut 
supports are moved into the new 
now left unsupported, coll apses 
need for roof bolts. Thus, the 
all the coal that is exposed, w 
the original panel. 

a foot or more into the coal face, the hydraulic roof 
y mined space, and the roof of the oriclinal tunnel, 
Since this collapse is intended, there is no 

face of the longwall moves as the machines mine 
th a yield approaching 85 to 90% of the coal in 

One of the deterrents to the adoption of the longwall method is the substantial 
investment that must be made in equipment and development work before the mininq 
process can begin. Longwall mining equipment costs are on the order of 2-1/2 to 
3-1/2 times the costs of continuous mininq equipment of sirnilar capacit,y. 
ments as large as $1.5 million are required for the longwall equipment for a 
400-ft face (and some systems involve a face of 1500 ft or more). 
portion of this cost is for the hydraulic chocks, called "shields." These shields 
are massive creatures of steel that cost many thousands of dollars each. Each one 
supports a roof area of 3 ft by 10 ft. The 400-ft face would require 133 shields. 
Not all mining companies can tackle a commitment of this size. 

Invest- 

A considerable 

Shortwall mining is described in ref. 3 as follows: 

The shortwall mining method is being introduced into the United States from 
Australia where it has had considerable acceptance. It is very similar to 
longwall mining with the exception that the longwall coal cutter and conveyor 
are replaced by conventional continuous mining machines and shuttle cars. 
This system is expected to find wider acceptance than lonqwall nininrl because 
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i t  i s  somewhat more v e r s a t i l e  and does n o t  r e q u i r e  as l a r q e  a c a p i t a l  i n v e s t -  
ment. Furthermore, except f o r  se l f -advancing props, i t  u t i l i z e s  equirment 
t h a t  most m0der.n mines have on hand. 

12 Longwall m in ing  accounts f o r  o n l y  a smal l  p o r t i o n  o f  U.S. p roduc t i on  today, 
a l though i t  i s  growing as shown i n  Table 6C.2-1. 

Table 6C.2-1 

PRODUCTION FROPI LOllrJlJALL F1INI:IG 
(thousands o f  t ons )  

1366 

1367 
1966 

1969 

1970 

225 1 

3232 
4633 

6344 

7132 

Source: "Bituminous Coal Data, 1971 , ' I  Nat iona l  Coal h s s o c i a t i o n .  
Washington, D.C., 1972. 

The long- term t r e n d  of methods o f  coal  min ing i s  unce r ta in .  

f i r e  because o f  adverse environmental  impacts. Underaround m in inq  i s  becomina 

i n c r e a s i n g l y  expensive and s k i l l e d  l a b o r  more d i f f i c u l t  t o  a t t r a c t .  

of d i scuss ion ,  t h e  assumption i s  made t h a t  expanded adopt ion o f  lonclwal l  and s h o r t -  

w a l l  m in ing  and t h e  establ ishment  o f  standard procedures f o r  t h e  rec lamat ion  o f  

s t r i p p e d  areas w i l l  be such t h a t  by t h e  year  2000, coal  p roduc t i on  w i l l  be e q u a l l y  

d i v i d e d  between su r face  and underground min ing.  

S t r in  m in inq  i s  under 

For purposes 

There i s  one f u r t h e r  p o s s i b l e  breakthrough i n  underground m in inq  technology t h a t  
would m a i n t a i n  t h e  e f f i c i e n t  p roduc t i on  obta ined i n  s t r i p  m in ing  and, a t  t h e  same 

t ime, e l i m i n a t e  much o f  t h e  adverse environmental  impact assoc iated w i t h  s t r i p  
mining. T h i s  m in ing  technique i s  descr ibed i n  r e f .  3 as f o l l o w s :  

... t h i c k  bedded seams o f  coal ,  f o r  which no s a t i s f a c t o r y  underqround minincl 
method has y e t  been devised, m igh t  be s u c c e s s f u l l y  b l o c k  caved by repea ted ly  
u n d e r c u t t i n g  and cav ing  a b l o c k  o f  coal  w i t h  t h e  auqers t h a t  a r e  now 
s u c c e s s f u l l y  and economical ly  used i n  su r face  min ing.  
b e t t e r  e x t r a c t i o n  should be achieved and coa l  measure [ tyoe]  rocks  are 
s u f f i c i e n t l y  r e s i l i e n t  so t h a t  t he  gradual  and c o n t r o l l e d  subsidence should 
n o t  d i s t u r b  o v e r l y i n g  rock  and water t a b l e s  and would s c a r c e l y  be n o t i c e a b l e  
on t h e  surface. I f  t h e  concept were t o  be s u c c e s s f u l l y  demonstrated, l a r q e  
s c a l e  p roduc t i on  cou ld  be achieved i n  a compe t i t i ve  ranne w i t h  su r face  m in ina  
b u t  w i t h  minimum impact on t h e  environment. 

N i n e t y  percent  o r  
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The energy research and development program described i n  ref. 2 includes among i t s  
goals the development and demonstration of more productive, safe ,  and low environ- 
mental-impact coal min ing  technology t o  the point where the mining  industry can 
rapidly incorporate this technology i n  greatly expanded future operations. 
of $325 million would be spent over the next five years towards this objective, 
which could lead t o  the subst i tut ion of coal for  o i l  and gas i n  various applications, 
i n c l u d i n g  pawer production. 
s t ra t ion  of surface mining and of reclamation systems and equipment tha t  would permit 
surface min ing  i n  the western and Appalachian coal f ie lds  a t  m i n i m u m  cost  and 
environmental impact. Par t icular  attention will  be paid t o  demonstration projects t o  
assess the efficacy of the best  present technology and t o  ident i fy  and resolve 
indicated deficiencies . 

A total  

Program elements would i ncl ude development and demon- 

The underground coal mining  program will develop and conduct demonstrations of equip- 
m e n t  systems f o r  high-speed horizontal mine development, improved longwall mining ,  
contS nuous -materi a l s  hand1 i ng systems , improved roof -control sys terns, commerci a1 

extraction of methane from v i rg in  coal and s lag  areas, and novel mining concepts. 
Technology f o r  environmental protection associated w i t h  underground min ing ,  including 
control of subsidence phenomena, control of chemical mine drainage eff luents ,  and 
acceptable methods of waste disposal will  be demonstrated. Work on the mining  of o i l  
shale (see Section 6A.2.3) would also be covered under this program. 

To a t t a i n  energy self-sufficiency, U.S. coal mining capabili ty wil l  have t o  a t  
l e a s t  t r i p l e  i n  this century. In the near term, over 600 million tonslyear of 
additional coal production capacity w i  11 be required by 1985 .2 Coal requirements 
f o r  the production o f  e l e c t r i c i t y  i n  the year 2000 are projected by another source 
t o  be 755 million tons.4 (An additional 308 million tons are forecast  as applied 
t o  the production of synthetic gas.) Under the assumptions adopted, 378 million 
tons each would be extracted from surface and underground sources. As discussed 
e a r l i e r ,  l i t t l e  improvement i n  the efficiency of surface extraction can be 
expected. However, shortwall and longwall underground mining recover 80% t o  95% of 
the coal i n  place as contrasted t o  50% t o  60% for  room-and-pillar mining ,  
assumption tha t  shortwall and longwall mining  will expand t o  50% of underground 
mining  by the year 2000 (189 million tons) ,  extraction of 189 million tons from 
216 million tons of basic resource (87.5% recovery) would be possible, as con- 
t ras ted t o  344 million tons (55% recovery) needed for  the room-and-pillar mining-  
a conservation of 128 million tons. 
viewpoint, i f ,  by the year 2000, advantage is taken of the h igh  recovery r a t e  of 
longwall and shortwall mining  by increasing production from the same quantity of 

On the 

Examining this possibi l i ty  from another 
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coa l  i n  t h e  ground as needed f o r  room-and-p i l lar  m in inq  (364 m i l l i o n  tons) ,  then 
301 m i l l i o n  tons c o u l d  be recovered--an increase o f  122 m i l l i o n  tons ,  At 92% 

coal -process ing e f f i c i e n c y  and 99% t r a n s p o r t a t i o n  e f f i c i e n c y , 1 3  102 m i l l i o n  tons 

would be a v a i l a b l e  f o r  bu rn ing  under power p l a n t  b o i l e r s .  A t  0.9 l b  o f  coal  pe r  
k i l o w a t t  hour,14 t h i s  r a t e  would p e r m i t  t h e  gross generat ion o f  230 b i l l i o n  kWhr, 
o r  about 2% o f  t h e  t o t a l  power generat ion p r o j e c t e d  f o r  t he  y e a r  2000. (P lan ts  of 
h i g h e r  e f f i c i e n c y  r e q u i r i n g  l e s s  than 0.9 l b  o f  coal  p e r  kWhr, as p r o j e c t e d  f o r  t h e  
y e a r  2000, would, o f  course, produce more e l e c t r i c i t y  f o r  t h e  same amount of coa l . )  
A t  an average 70% p l a n t  c a p a c i t y  f a c t o r ,  about 37 b i l l i o n  kW o f  c lenerat inq c a p a c i t y  
would be prov ided.  
kW i n  t h e  y e a r  2000. 

Reference 4 p r o j e c t s  a t o t a l  genera t i nq  c a p a c i t y  o f  1380 m i l l i o n  

P o t e n t i a l l y  adverse environmental  aspects o f  i n c r e a s i n q  coa l  p r o d u c t i o n  by s h o r t w a l l  
and l o n g w a l l  m in ing  would i n c l u d e  added p r o b a b i l i t i e s  o f  subsidence, increased amounts 
of  s o l i d  wastes f rom coa l  process inq,  g r e a t e r  a c i d  water  r u n o f f s  f rom process inq,  
gaseous and p a r t i c u l a t e  e f f l u e n t s  f rom power p l a n t  s tacks,  and f l y  ash from the  

furnaces. 

Conversely, impact on t h e  environment would be lessened t o  t h e  e x t e n t  t h a t  o t h e r  
f u e l s ,  rep laced  by t h e  increased c o a l ,  would n o t  be mined and consumed f o r  t h e  
genera t i on  of e l e c t r i c i t y .  

GC.2.3 

Because t h e  c o s t  o f  power f rom conver te r  r e a c t o r s  v a r i e s  w i t h  t h e  c o s t  o f  m in inq  and 

m i l l i n g  uranium (0.06 t o  0.08 mi l ls /kWhr increase f o r  each $1 per  pounr! r i s e  i n  t h e  
c o s t  o f  U 0 ),  whereas t h e  c o s t  o f  power from breeder r e a c t o r s  i s  i n s e n s i t i v e  t o  

uranium costs ,  a major  o b j e c t i v e  o f  t h e  n a t i o n a l  program t o  b r i n q  t h e  breeder t o  
commercial a p p l i c a t i o n  i s  t o  sever dependence on t h e  l i n i t e d  reserves o f  low-cost  
uranium. 

c o s t  depos i t s  f r e q u e n t l y  r e s u l t  i n  t h e  l o s s  o f  h i i h e r - c o s t  ores l o c a t e d  i n  t h e  same 
o re  body. I f t h e  b e n e f i t  o f  c u r r e n t l y  est imated reserves and p o t e n t i a l  sources i s  

t o  be f u l l y  achieved, measures f o r  conserv ing lower-qrade ores,  as h i s h e r - w a d e  
ores a re  ex t rac ted ,  must be found and implemented. 

Increased Product ion from Uranium Deposi ts 

3 8  

In t h e  i n t e r i m ,  c u r r e n t  p r a c t i c e s  i n  e x t r a c t i o n  o f  uranium from t h e  lower-  

6C.2.3.1 

Uranium resources on January 1, 1973, were est imated by c o s t  o f  p roduc t i on  as shmm 

i n  Table GC.2-2. 

Uranium Resources and M in ing  P r a c t i c e  
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Table 6C.2-2 
URANIUM RESr3URCES (U3C18) 

Potent ia l  ( t ons )  Total ( t ons )  cos t  Reserves ( tons ) 
( 5  l b  u3°8) 

$8 sub to ta l  273,000 450,000 723,000 
$8 t o  10 64,000 250,000 314,000 
$10 subto ta l  337,000 700,000 1,037,000 
$10 t o  15 183,000 300,000 483,000 
$15 subto ta l  520,000 1,0c)0,000 1,520,000 
$15 t o  30 180,000 700,000 880,000 
$30 subto ta l  700,000 1,700,000 2,409,000 

Recovery of uranium i n  the mining and mi l l inq  processes i s  h i q h ,  leaving r e l a t i v e l y  
l i t t l e  room for  improvement. 
va r i a t ions  i n  grade of the ore  i n  a given depos i t  a r e  c o m n ,  as depicted i n  
Figure 6A.1-3. 
i n  the same depos i t s  w i t h  the $8 per pound U308. 
t o  an $8 cu tof f  and then s h u t  down, the low-wade mater ia l  l e f t  behind may be 
recoverable only a t  g r e a t l y  increased cost or not a t  a l l .  

(Mill ing recovers about 95% of the resource.)  Hwever,  

T h u s ,  much o f  the higher-cost  uranium resources l i s t e d  above are 
T h u s ,  when depos i t s  a r e  mined 

6C.2.3.2 Mining Methods 

In the United S t a t e s ,  uran ium depos i t s  a r e  p r inc ipa l ly  i r r e q u l a r l y  t abu la r  ore 
bodies i n  sandstone beds and veins i n  c r y s t a l l i n e  rocks. 

About 55% o f  the reserves will be mined by underqround methods, while 45% are  
s u f f i c i e n t l y  shallow t o  be open-pit  mined. 
uranium i s  more deeply buried, qreater portions will be mined by underqround 
methods. 
4000 f t .  

As d r i l l i n s  extends i n t o  areas where 

Deposits mineable a t  58 per pound U308 have been found t o  depths of  

Open-pit  mining consists of removinq the overlying rock w i t h  l a rqe  earth-moving 
equipment t o  expose the ore horizon and mining the o r e  w i t h  power shovels or 
backhoes. S ix ty  percent o f  1972 production was by this method. 
i s  usual ly  done i n  steps w i t h  waste rock backf i l l ed  i n t o  mined-out a reas .  

Open-pi t  mining 

Underground mining i s  usual ly  accomplished by ver t ical  s h a f t s ,  ore-body development 
from d r i f t s  below the o re ,  and o r e  extraction by room-and-pillar methods. 
mine roofs  i s  held up by roof b o l t s  o r  steel jacks u n t i l  the ore  p i l l a r s  can be 

Rock i n  
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removed. 
mineable due t o  collapse of the mine roof. 

When the ore pillars a r e  removed, adjacent lower-grade ore i s  no lonqer 

6 C  .2.3.3 Percentage Extraction 

Open-pit mining  removes virtually a l l  of the ore w i t h i n  the selected p i t  area. 
Lower-grade ore from the p i t  i s  often stacked for possible future treatment, b u t  
lower-grade ore adjacent t o ,  o r  i n  the vicinity of, the p i t  is le f t  unmined--makina 
i t s  future recovery a less economic proposition. 

Underground mininq  practices recover 80 t o  90% of the uranium ore. 
ore removed may exceed estimates , because development frequently discovers uranium 
not  included i n  o r i g i n a l  estimates. 
technology, chiefly by lowering mining  cost and thereby increasinq the quant i ty  
o f  ore available a t  acceptable cost. 

Sometimes the 

Recovery can be improved w i t h  new mining 

6C.2.3.4 Impact o f  Uranium Mining on the Environment 

The area  disturbed by production of uranium for  a 1000-We LWR w i t h  p l u t o n i u m  
recycle for 30 years using 53% of requirements from open pits and 47% from under- 
ground mines i s  estimated a t  210 t o  290 acres. Disturbed around includes area 
w i t h i n  confines of the p i t  , waste dumps , and bu i  1 dinas ; o p e n 4  t operations account 
for  most o f  the disturbed area. An a d d i t i o n a l  80 acres would be disturbed by the 
treatment p l  a n t  . 
Figure 6C.2-1 compares the re1 ative acreage disturbed by uranium production under 
current practice w i t h  t h a t  fo r  coal and o i l  shale produced t o  fuel a comparable 
power p l a n t .  A large proport ion of the areas of disturbance can be restored and 
p u t  t o  other uses after m i n i n g  i s  completed. 

As the demand for  uranium increases w i t h  the growth o f  nuclear power and w i t h  the 
concomitant reduction i n  reserves of low-cost o r e ,  the economic forces of  the 
marketplace will provide incentive for  mining companies t o  extract the more 
expensive ores, probably as h i g h  as $30 per pound. (Note t h a t  $30 per pound U308 
i s  an AEC estimate of production cost, not price. A price of $30 per pound would 
raise the power cost over present levels by abou t  1.5 mills/kWhr.) However, as 
mentioned above, a considerable quant i ty  of the higher-cost ore  associated with 
lower-cost ore t h a t  has been mined wil l  not  be recoverable o r  will be recoverable 
only a t  qreatly increased cost. 
otherwise wasted resource would require n o t  only improved m i n i n q  technoloqy b u t  

Conservation of a significant portion of this 

n 
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also near-term incentives to  mine and s t o r e  lower-qrade ore f o r  future use o r  t o  
preserve the capabi l i ty  f o r  future m i n i n g  of the lower-qrade ore.  

In F i g u r e  6C.2-2, projections show t h a t  up t o  1990 about 170,000 tons o f  the 
currently known reserves of uranium i n  the $8 t o  $15 range will  be l o s t  by the 
mining  of $8 cut-off uranium. 

For purposes of estimating the potential  f o r  conservation, assumptions are made 
t h a t :  (1) a l l  reserves plus potential  $8 cut-off u r a n i u m  (723,000 tons) will  be 
mined by 1990, w i t h  prospective losses of $8 t o  $15 resources proportional t o  t h  se 
shown i n  F i g u r e  6C.2-2, and ( 2 )  improved minina technoloqy p l u s  the establishment 
of incentives t o  ex t r ac t  the higher-cost ore  wil l  r e su l t  i n  the “savino“ o f  one- 
t h i r d  of the uranium i n  the $8 t o  $15 range t h a t  would othelwise have been l o s t  t o  
use. The resul t ing amount saved i s  about 145,000 tons of U308 by the year 1990. 

In an LWR, a ton of uranium mined wil l  provfde the fuel fo r  the generation of  
about 36 million kWhr. 
have the capabi l i ty  of producing nearly 5.2 t r i l l i o n  kWhr i n  LWRs, or  the o u t p u t  
of about twenty-eight 1000-MWe units operatinq a t  an averaqe 70% capacity f ac to r  
f o r  30 years. 

T h u s ,  the 145,000 tons of potential  resources savinqs could 

6C.2.4 Summation of Potential f o r  Improving Efficiency of Extraction 
of tnergy Resources 

The precedinq discussion h a s  developed the hypothesis t h a t  i f  a l l  available steps 
are taken i n  a timely fashion t o  improve the efficiency of extraction of enerqy 
resources, the r e s u l t i n a  annual  increase by the y e a r  2000 i n  the a v a i l a b i l i t y  f o r  
e l e c t r i c i t y  production of each of the fuels* could be approximately as follows: 

Oil: 13 million bbl  

Gas: 1/2 t r i l l i o n  f t  
Coal: 102 million tons 
Uranium: 3300 tons** 

3 

Application of each of the above quant i t ies  as fuel f o r  power plants operatina a t  
an average o f  70% capacity f a c t o r  and 36% thermal eff ic iency would represent the 
following additional generatinq capacity: 

*Using the proportional application f o r  e l e c t r i c i t y  production as projected by the 
In t e r io r  Department i n  r e f .  4 ;  t o t a l  added a v a i l a b i l i t y  would he about  14 times 
as much f o r  o i l  and 13 times fo r  gas, 

**The 145,000 added tons of U308 extracted t o  the year 1990) extended over 30 years 
of power plant l i f e .  
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O i  1 1,300 

Gas 8,900 

Coa 1 43,800 

28,000 Uranium 

T o t a l  82,000 
~- 

To p u t  t h i s  82,000 YW i n  pe rspec t i ve ,  comparison may be made w i t h  t h e  f o r e c a s t  i n  

Table 6C.2-3. 15 

Table 6C.2-3 

IFISTALLED U.S. GE:IERATIrlG CAPP,CITY FPR THE YEP!? 2000 
( i.1 \,!e ) 

- 

Nuclear  1,090,000 

To ta l  Nuclear and Ron-Nuclear 2,020,030 

iion - N uc 1 e a r 530,000 

Therefore,  t h e  p r o j e c t e d  savings from a successfu l  proqram i n  i n c r e a s i n g  t h e  

e f f i c i e n c y  o f  resource e x t r a c t i o n  would r e s u l t  i n  "producing"  about 4%. o f  t h e  

i n s t a l l e d  U.S.  genera t i nq  c a p a c i t y  p r o j e c t e d  f o r  t h e  yea r  2000. Th is  increased 

f u e l  a v a i l a b i l i t y  would r e q u i r e  s u b s t a n t i a l  investment i n  improv ina e x t r a c t i o n  

e f f i c i e n c i e s ,  and i t  would r e s u l t  i n  va r ious  environmental  impacts above o r  

beyond those associated w i t h  c u r r e n t  resource e x t r a c t i o n  methods (such as ooss ib le  

contaminat ion o f  su r face  streams by water in . iected i n t o  o i l  w e l l s ,  r a d i o l o a i c a l  and 
o t h e r  e f f e c t s  o f  nuc lea r  exp los i ves  t h a t  may  be used in t h e  s t i m u l a t i o n  o f  n a t u r a l  

gas w e l l s ,  increased ground subsidence ove r  coal  mines).  Anv dec i s ions  on imole-  

ment ing increased resource e x t r a c t i o n  methods would have t o  balance t h e  p o t e n t i a l  

p a y o f f  i n  f u e l  a v a i l a b i l i t y  aga ins t  t h e  economic and environmental  c o s t s  associated 

w i t h  each method. 
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6C.3 POWER PLANT ENERGY CONVERSICN EFFICIENCIES 

6C.3.1 Foss i l -Fuel  F i red  Steam-Electr ic P lants  

As noted i n  Sect ion 6A.2, the  e f f i c i e n c y  o f  a tu rb ine  generator genera l l y  increases 
w i t h  increase i n  the temperature o f  the  steam suppl ied t o  the  tu rb ine .  An increase 
i n  generator e f f i c i e n c y  r e s u l t s  i n  more e l e c t r i c i t y  being produced f o r  the same amount 

o f  f u e l  ( o r  the need t o  use l ess  f u e l  t o  produce the needed amount o f  e l e c t r i c i t y )  and 
i s ,  therefore,  an obv ious ly  des i rab le  cha rac te r i s t i c .  
ated costs  o f  temperature- and cor ros ion- res is tan t  ma te r ia l s  a l so  go up as temperature 

(and there fore  e f f i c i e n c y )  increases. The cur ren t  economic balance between e f f i c i e n c y  
and ma te r ia l s  cos t  i s  about 1000°F steam a t  3500 ps ig  pressure and w i t h  1000°F reheat. 
A modern o i l - bu rn ing  u n i t  us ing these steam c h a r a c t e r i s t i c s  can be expected t o  conver t  
about 37.5% of the  heat ing value o f  the f u e l  t o  e l e c t r i c a l  energy r e l i a b l y  and 

economical ly a t  cu r ren t  f u e l  costs .  
burn ing u n i t  i s  about 39%. 
and reheat  temperatures were increased t o  1100°F. The technology f o r  t h i s  process 

does e x i s t ,  and a few u n i t s  a re  i n  serv ice.  Decisions t o  add more u n i t s  a t  1100°F 
w i l l  depend l a r g e l y  on f u t u r e  trends o f  f u e l  costs and ma te r ia l s  costs .  

However, the  necessary associ- 

The corresponding e f f i c i e n c y  f o r  a modern coal -  
The e f f i c i e n c i e s  would be ra ised about 1.5% i f  the  main 

An e f f i c i e n c y  as h igh  as 44% could t h e o r e t i c a l l y  be obtained i f  us inq main and 
reheat  steam a t  1400OF temperatures were p r a c t i c a l .  
been tes ted  i n  t r i a l  i n s t a l l a t i o n s  up t o  1200°F, bu t  none o f  these t e s t s  have 
been continued f o r  a long enough per iod t o  demonstrate acceptable s t a b i l i t y .  
Considerable f u r t h e r  research and development on corros ion-  and eros ion- res is tan t  
mater ia ls ,  on the d i ssoc ia t i on  o f  steam a t  h igh temperatures (phys ica l  breakdown 

i n t o  hydrogen and oxygen molecules), and on the harmful e f f e c t s  o f  steam 
d issoc ia t i on  on p ipe  and tube mater ia ls  w i l l  be necessary. Add i t iona l  t ime 

w i l l  then be needed t o  meet learn ing ,  product ion,  and cons t ruc t ion  requirements. 

Various exo t i c  a l l o y s  have 

Another method f o r  improving the energy conversion e f f i c i e n c y  o f  s team-elect r ic  p lan ts  
i s  steam reheat. Today’s power p lan ts  normal ly  reheat  the  steam partway throuqh the 
turb ine.  
could add another 1%. Each add i t i ona l  reheat  would i nvo l ve  h igher  c a p i t a l  costs and 
more complicated i n s t a l l a t i o n s  w i t h  r e s u l t a n t  r i s k  of reduced r e l i a b i l i t y .  
example, the  pressure would have t o  be increased from 3530 p s i g  t o  about 5500 p s i q  

and heavier-walled vessels, pipes, and tubes would have t o  be used. 

A second reheat could add about 2% t o  the  e f f i c i e n c y ,  and a t h i r d  reheat  

For 

The I n t e r i o r  Department p ro jec ts  t h a t  2840 b i l l i o n  n e t  kWhr o f  e l e c t r i c i t v  w i l l  be 

generated i n  the  year 2000 by foss i l - f ue l -bu rn inq  p lan ts  w i t h  a t o t a l  capac i ty  of 
820,000 Mk’.4 To p r e d i c t  what p o r t i o n  o f  t h i s  capac i ty  w i l l  be from p lan ts  
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incorporating some o r  a l l  of the advanced steam improvements described i n  this section 
i s ,  of course, purely speculative. However, t o  develop an approximate estimate, the 
assumption is  made-that 80% of the generation (or 2270 bi l l ion kWhr) will be from 
large, base-loaded units, tha t  50% of t h i s  (or 1135 b i l l ion  kWhr)  will be from units 
of recent enough instal la t ion t o  be able t o  u t i l i z e  the resu l t s  of research and corn- 
mercial development necessary for  the h i g h  steam temperatures and pressures, and t h a t  
the average increase i n  efficiency of these units will be 5%. 
for  the same heat energy i n p u t ,  the advance-desian fossi l  plants would generate 1190 
bi l l ion kWhr, or  an increase o f  55 bi l l ion kbJhr. This increase i s  abou t  1 /2  of 1% o f  

the total  e l e c t r i c i t y  projected t o  be generated i n  the year 2000. T h u s ,  improvements 
i n  conversion efficiency of the type discussed above will n o t  be o f  ma.ior impact i n  
meeting future e l e c t r i c i t y  requirements. Also important i s  the instal la t ion o f  
higher-efficiency equipment which would mean a greater demand for  exotic alloyinq 
materials, higher capital  costs ,  and the possibi l i ty  of reduced r e l i a b i l i t y  of 
operati on. 

L'nder these assumptions 

Favorable environmental impact aspects from efficiency improvements would include 
reduced waste-heat discharge because o f  the higher plant eff ic iencies  and reduced use 
of stean-electric plants not equipped w i t h  the high-efficiency turbine generators. 

The e f fec t  on manpower requirements should be minor w i t h  some increase, however, for  
the production of metals for  the heavier-walled vessels,  pives, and tubes and f a r  
the shop fabrication of more complex equipment. 

6C.3.2 Nuclear-Fueled Steam-Electric P1 ants 

The probability of s ignif icant  improvement i n  the thermal efficiency of L I P  power 
plants i s  low, primarily because the steam temperatures are necessarily limited t o  
the present low levels (about 600OF) t h a t  are i n  t u r n  dictated by physical l imits 
on the operating temperature o f  the fuel-element claddinq material (Zircalov). 
Other cladding materials (such as s ta inless  s teel  ) could withstand hiqher temnera- 
tures b u t  would cause reduced neutron ut i l izat ion.  

However, additional reheat stages will possibly be added t o  some future LWR plants 
w i t h  a resul tant  modest increase i n  efficiency accompanied by added investment costs 
and potential for  reduced r e l i a b i l i t y .  The relat ive s t a b i l i t y  of fuel costs for  L\Rs 
as  contrasted t o  the foss i l  fuels weakens the incentive of u t i l i t i e s  t o  add reheat 
stages. 
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If, f o r  the  purpose o f  analys is ,  the assumption i s  made t h a t  added reheat  staqes w i l l  

be incorporated t o  the e x t e n t  t h a t  the  averaoe e f f i c i e n c y  o f  LWR w i l l  be increased 1% 

t o  2% by the  year 2000, then f o r  the same heat enerrly i n p u t  an a d d i t i o n a l  49 b i l l i o n  

kWhr, o r  about 1/2 o f  1% o f  t o t a l  generation, would be qenerated by LVPs i n  t h a t  year. 

This f i g u r e  i s  der ived by us ins  the  p r o j e c t i o n  o f  5470 b i l l i o n  kWhr o f  nuc lear  qenera- 

t i o n  i n  2OOOY4 assuming 63% i s  from LWEs, and adding 1.5%. 

case o f  f o s s i l - f u e l e d  p lan ts ,  improvements i n  energy conversion e f f i c i e n c y  are n o t  

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  t o  meeting e l e c t r i c i t y  demands. 

Nevertheless, as i n  the 

GC.3.3 U t i l i z a t i o n  o f  Waste Heat from Power Plants  

On the average, about two- th i rds  o f  the t o t a l  energy output  o f  t h e r m a l - e l e c t r i c  power 

p l a n t s  i s  re leased t o  the environment as waste heat. 

waste heat would b r i n g  about n o t  on ly  some reduc t ion  i n  thermal impact on the env i ron-  

ment, b u t  a l s o  some improvement i n  the e l e c t r i c a l  conversion e f f i c i e n c y  throuqh a n e t  

increase i n  energy use. 

By-product u t i l i z a t i o n  o f  t h i s  

I n  1971, waste heat from thermal power p l a n t s  t o t a l l e d  n e a r l y  10,000 t r i l l i o n  B t i i ,  the  

energy equ iva len t  o f  1.7 b i l l i o n  bb l  o f  o i l .  By the year  2000, w i t h o u t  b e n e f i c i a l  

uses, p r o j e c t i o n s  i n d i c a t e  t h a t  the  t o t a l  w i l l  be i n  the ranqe o f  45,003 t o  63,000 

tri 11 i o n  Btu , 4 y 1 6  o r  the equ iva len t  o f  7.5 t o  10 b i l l i o n  bb l  o f  o i l .  

w i l l  represent  20% t o  30% o f  the Nat ion 's  t o t a l  gross i n p u t  o f  enerqy. 

These q u a n t i t i e s  

4 

Possib le  uses o f  waste heat from power p l a n t s  f a l l  i n t o  the f o l l o w i n q  genera 

ca tegor ies :  

(1) A g r i c u l t u r e  (open f i e l d  c u l t i v a t i o n ,  greenhouses, animal s l i c l t e r s )  

(2 )  
( 3 )  
(4) 

Aquaculture ( s h e l l  and 21; f i s h )  
Space heat ing  and c o n d i t i o n i n g  ( i n c l u d i n g  snow and i c e  mel t inq)  

Low temperature i n d u s t r i  a1 process. appl i c a t i  ons ( i  n c l  uding d i  st i 1 1 a t  i o n  

o f  sewage p l a n t  e f f l u e n t  and m a t e r i a l s  d r y i n g ) .  

While the under ly ing  p r i n c i p l e s  a r e  known and technology e x i s t s  f o r  most o f  the 

p o t e n t i a l  app l i ca t ions ,  there  has been o n l y  minor implementation f o r  a v a r i e t y  o f  

reasons, i n c l u d i n g  the fo l low ing :  

(1) Eccnornic r e s t r a i n t 2 .  For example, t h e  c a p i t a l  investment requ i red  f o r  a 

g iven p r o j e c t  may outweiqh the  b e n e f i t  o f  low-cost enerqy. 
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Seasonal aspects. 
re la t ively h i g h  temperature i n  the summer months when the user does n o t  
need i t  and a t  a low temperature i n  the winter when hea t  is  required. 
Scheduling. 
the power plant is  in a scheduled or unscheduled shutdown. 
provision needs t o  be made for  switching t o  an additional u n i t  a t  the 
power s ta t ion ,  t o  an auxiliary heat supply a t  the user s i te ,  or b o t h .  
- S i t i n g .  
need t o  be conducted adjacent t o  or i n  close proximity t o  the enerqy 
source. 
user may n o t  be feasible.  
Heat quant i t ies  involved. - 
needed for  an individual application i s  only a small fraction of the heat 
rejected a t  a typical central s ta t ion power plant. 
Quality of heat involved. The use of thermal energies fnr  space heating, 
ice removal o r  prevention, and industrial  process applications i s  generally 
a t  higher temperatures than the 100°F or below norrnally associated w i t h  
waste heat.17 
would generally be needed. 
Ut i l i ty  res t ra in ts .  
be required i n  the regulations that  specify how a u t i l i t y  may function 

Coordination requirements. 
as f o r  an urban  energy center,  coordination of plannina and implementation 
among numerous e n t i t i e s  must be achieved t o  a very substantial derlree. 

The power plant may discharge waste water a t  a 

The user may n o t  be able t o  do w i t h o u t  the heated water when 
To compensate, 

Eecause of loss of waste water heat i n  t r a n s i t ,  most operations 

In many instances, location of the power plant near a potential 

For the most p a r t ,  the quantity o f  heat used or 

To compensate, h i g h e r  investment and operating expenditures 

To permit productive use of waste heat, changes may 

as an operating company.6 Complications w i t h  r a te  schedules may ar i se .  18 
For a major potential use of waste heat, such 

8 

Rising fuel costs and intensified public concern w i t h  thermal pollution are apt t o  
inc i te  increased e f for t s  t o  apply power-plant condenser-cool ina water t o  useful 
applications i n  sp i te  of the problems enumerated above. 
u t i l i za t ion  will be i s  impossible t o  predict w i t h  any confidence because o f  the 
complexity of interrelat ions amon? affected par t ies  and the diversity of potential 
users. 
a te  factor  i s  the extent t o  which this waste heat will be used t o  replace enerqy 
tha t  would otherwise be generated from some other source, as opposed t o  us ing  the 
waste heat as a source of energy for  an application or process that  otherwise would 
n o t  be employed. The relat ive amount of "replacement" versus 'hew'' uses for  waste 
heat i s  d i f f i c u l t  to  predict. Some understanding of the questions involved may be 
obtained from the following discussion of some potential waste heat applications. 
The coverage is  necessarily brief because of l imitations of space, b u t  a number of 

Just  how widespread t h i s  

Opinions vary from pessimistic to mildly optimistic. A related indetermin- 
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documents have been p u b l i s h e d  on t h e  s u b j e c t ,  some o f  wh ich  a r e  i n c l u d e d  i n  t h e  

r e f e r e n c e s  l i s t e d  a t  t h e  end o f  t h i s  s e c t i o n .  17-25 

6C.3.3.1 A g r i c u l t u r e  

6C.3.3.1.1 Open-Field C u l t i v a t i o n  

Thermal e f f l u e n t s  f rom power p l a n t s  p o t e n t i a l l y  can be used i n  o p e n - f i e l d  
a g r i c u l t u r e  t o  promote r a p i d  p l a n t  a rowth ,  improve c r o p  q u a l i t y ,  ex tend  t h e  
growing  season, and p r e v e n t  damage due t o  tempera ture  extremes. 
f o r  b o t h  i r r i g a t i o n  and h e a t i n g ,  can be a p p l i e d  th rouoh  n o z z l e s  ( s p r a y  
i r r i g a t i o n )  o r  t h rougn  subsur face  porous p ines .  
f a rm a c t s  as a l a r g e ,  d i r e c t - c o n t a c t  h e a t  exchanqer f o r  t h e  p w e r  p l a n t ,  
w h i l e  t h e  u t i l i t y  p r o v i d e s  i r r i g a t i o n  wa te r  t o  t h e  far,ner.19 

! la te r ,  used 

l l i t h  these systems t h e  

T h i s  a p p l i c a t i o n  has two s i g n i f i c a n t  advantages. 

f low due t o  power p l a n t  shutdowns can u s u a l l y  tie t o l e r a t e d ,  and t h e  c a n i t a l  i nves tmen t  

r e q u i r e d  i s  r e l a t i v e l y  modest. P o t e n t i a l  p rob le r i  a reas  i n c l u d e :  ( 1 )  econov ic  r i s k s  

due t o  undei i ionstrated techn iques  and c rop  y i e l d s  on l a r q e  farms o v e r  ex tended o p e r a t i n o  

t imes ,  (2 )  p o s s i b l e  s i d e  e f f e c t s  r e l a t i v e  t o  p l a n t  d i sease  and p e s t  c n n t r o l .  ( 3 )  t h e  
l i m i t e d  number o f  power s t a t i o n s  l o c a t e d  i n  r u r a l  a reas  where inadequate  r a i n f a l l  

r e q u i r e s  i r r i g a t i o n  o r  where s o i l  warminr: f e a t u r e s  c o u l d  be advantaneous ly  used, 

( 4 )  p o t e n t i a l  r a d i o a c t i v e  c o n t a m i n a t i o n  f rom use o f  w a t e r  f r o m  n u c l e P r  p l a n t s ,  

( 5 )  u n a v a i l a b i l i t y  o f  heated  wa te r  f o r  f r o s t  c o n t r o l  dur inc l  p e r i o d s  o f  Dower p l a n t  

shutdown, ( 6 )  e q u a t i n g  t h e  q u a n t i t y  o f  w a t e r  t h a t  c o u l d  be b e n e f i c i a l l y  u t i l i z e d  w i t h  

t h e  q u a n t i t y  d i scha rqed ,  ( 7 )  wa te r  consumption th rouoh  e v a p o r a t i o n  and t r a n s c i r a t i o n  

( though t h i s  p rob lem would be weiqhed a g a i n s t  t h e  a l t e r n a t i v e  c h o i c e  O F  c o o l i n o  

towers ) ,  and (8 )  l e g a l  r e s t r i c t i o n s  r e s u l t i n g  f rom t h e  comb ina t ion  o f  power produc- 

t i o n  and i r r i g a t i o n .  

Tewporary i n t e r r u p t i o n s  i n  wa te r  

19 

I r r i g a t i o n  wa te r  volume requ i remen ts  v a r y  w i d e l y  depenainq on t h e  t i m e  o f  y e a r ,  t h e  

c rops  b e i n g  grown, and t h e  geograph ica l  l o c a t i o n .  F o r  t h e  U n i t e d  S t a t e s ,  t h e  max imm 

would be abou t  10.6 i n .  d u r i n g  t h e  month o f  J u l y  f o r  such c rops  as c o t t o n ,  peanuts ,  

soybeans, sorghum, and beans." Assuming a 20% deep p e r c o l a t i o n  and e v a p o r a t i o n  l o s s ,  

t h e  amount o f  wa te r  r e q u i r e d  f r o m  t h e  power p l a n t  would t h u s  peak a t  about  12,009 9nd 
p e r  ac re .  S ince  t h e  condenser c o o l i n g  w a t e r  c i r c u l a t i o n  t h r o u q h  a 1000-!l!Je steam- 

e l e c t r i c  g e n e r a t i n g  u n i t  i s  abou t  1 t o  1 - l / ?  b i l l i o n  a ~ d ,  as much as 80,000 t o  120,r)OO 

ac res  wou ld  be needed t o  f u l l y  u t i l i z e  t h e  waste wa te r  f rom t h e  u n i t .  

ments f o r  pumping would be abou t  204,000 horsepower2' o r  t h e  e q u i v a l e n t  o f  152 M!!e. 

Power r e q u i r e -  

Where s o i l  h e a t i n g  i s  a p p l i e d ,  a 1000-l!l:!e p l a n t ,  u t i l i z i n q  a c l o s e d - c y c l e  c o o l i n r l  

system w i th  a 509-acre e v a p o r a t i v e  c o o l i n q  bas in ,  i s  e s t i m t e d  t o  p r o v i d e  t h e  s o i l  

h e a t  f o r  a 5000-acre farm." The FPC p r o j e c t s  t h a t  lGc),@KI Mlz!e o f  s t e a m - e l e c t r i c  
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genera t i ng  c a p a c i t y  ( f o s s i l  and n u c l e a r )  w i l l  be added i n  t h e  western p a r t  o f  t h e  
U.S. d u r i n g  t h e  p e r i o d  1971 t o  1993.21 If t h e  assumption i s  made t h a t  10% o f  t h e  
new p l a n t s  w i l l  be a t  s i t e s  i n  p r o x i m i t y  t o  ex tens i ve  a g r i c u l t u r a l  areas and, 
f u r t h e r ,  t h a t  these areas r e q u i r e  s o i l  heat ,  then t h e r e  would be a p o t e n t i a l  f o r  
t he  a p p l i c a t i o n  of power p l a n t  water d ischarge t o  about 80,000 acres o f  farmland. 

GC.3.3.1.2 Greenhouses 

The p r i n c i p a l  i n c e n t i v e  f o r  t h e  use of power p l a n t  condensate i n  qreenhouses would 

be a r e d u c t i o n  i n  energy c o s t s  t o  t h e  grower. 
(abatement o f  thermal p o l l u t i o n  by means o f  a s u b s t i t u t e  heat  r e j e c t i o n  system and 
a market f o r  waste heat)  would be l i m i t e d  by t h e  s i z e  o f  t h e  qreenhouse i n s t a l l a t i o n .  

B e n e f i t s  t o  t h e  power p l a n t  ope ra to r  

19 Est imates o f  t h e  hea t  consumption i n  greenhouses ran9e f rom 11,000 Etu/min p e r  acre 

t o  80,000 Cctu/min p e r  acre.” For a median va lue o f  45,000 w i t h  t h e  assumption t h a t  
one - fou r th  o f  t h e  hea t  i n  t h e  condenser c o o l i n g  water w i l l  be absorbed i n  t h e  green- 
house be fo re  t h e  water  i s  d ischarged t o  a c o o l i n g  tower,  c o o l i n g  pond, o r  t h e  
o r i g i n a l  source, then 250 acres o f  greenhouses cou ld  use t h e  c o o l i n g  water f rom 400 

MWe o f  genera t i ng  c a p a c i t y  (6824 B tu  o f  waste hea t  i n  t h e  water  p e r  kWhr generated).  
The c a p i t a l  investment  f o r  t he  greenhouses \40Uld approximate $25 m i 1 l i 0 n . l ~  One 
pe rcen t  o f  t h e  p r o j e c t e d  s team-e lec t r i c  genera t i nq  c a p a c i t y  o f  about 1,600,000 M U  by 

t h e  y e a r  2000 c o u l d  thus accommodate 10,000 acres o f  greenhouses. 
o f  greenhouses a re  i n  p roduc t i on  today i n  t h e  U.S. 

About 7000 acres 

P rov i s ions  would be needed f o r  d i s p o s i t i o n  of  waste hea t  durincl summer months. A l t e r -  

n a t i v e s  i n c l u d e  f u l l  u t i l i z a t i o n  o f  t h e  power p l a n t  standard c o o l i n g  system, c o o l i n g  

o f  t h e  greenhouses b y  t h e  use of evapora t i ve  pads, and o p e n - f i e l d  i r r i n a t i o n  i f  s i t i n q  

c i rcumstances p e r m i t  t h e  p r o x i m i t y  o f  l a r g e  f i e l d s  and i f  i r r i g a t i o n  i s  needed. 

The f o l l o w i n g  a d d i t i o n a l  comments a re  found i n  r e f .  19: 

There a re  many unanswered quest ions concerning t h e  use o f  waste heat  f rom 
power p l a n t s .  Chemicals such as chromates used f o r  water t reatment  i n  the  
c o o l i n g  water system migh t  a f f e c t  t h e  p l a n t s  i n  a greenhouse. S i m i l a r l y ,  
t h e  p o l l e n  f rom t h e  greenhouse cou ld  p o s s i b l y  a f f e c t  t h e  c o o l i n g  system. 
The de te rm ina t ion  o f  whether such e f f e c t s  w i l l  occur r e q u i r e s  exper imenta l  
s tud ies ,  I n  t h e  case o f  nuc lea r  p l a n t s  t h e  r e a l  and imagined hazards of 
r a d i o a c t i v i t y  must be considered, and p u b l i c  acceptance o f  products  
produced i n  such greenhouse complexes would have t o  be analyzed. 
sources o f  a c t i v i t y  i n  t h e  c o o l i n g  water  would have t o  be considered and 
measuring devices i n s t a l l e d  t o  con t inuous ly  mon i to r  t h e  water f o r  r q d i o -  
a c t i v i t y .  

P o t e n t i a l  
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The most difficult  questions t o  resolve appear  t o  be those of institutional 
arrangements necessary for the f i n a n c i n g  and operating of such an enterprise 
i n  conjunction w i t h  the operating of a power plant. 
training of the greenhouse operating teams, agreements w i t h  the ut i l i ty  on 
shutdown schedules , provision for  auxiliary heat supply, and protection of 
the power plant coolants from loss o r  fouling are several of the important 
problems. I f  risk insurance i s  common t o  greenhouse operation, the degree 
t o  which i t  m i g h t  be affected by coupling t o  a power plant for heat would 
have t o  be determined, 

The organiza t ion  and 

I 

All of these questions point to the necessity of conducting research or 
studies t o  resolve uncertainties w h i c h  now exist. Although engineering 
questions can be resolved fairly easily, these and the biological and  
economic questions require demonstration projects w i t h  crops i n  a green- 
house facil i ty.  

6C.3.3.1.3 Animal Shelters 

A well-established fact i s  t h a t  knowledgeable control of temperature, humid i ty ,  
and ventilation can significantly increase the feed efficiency (lb gain/lb feed) 
and growth rate of the smaller farm animals.’’ GJaste heat from power plants can 
be used for  animal shelter temperature control (heatina in winter, evaporative pad 
cooling in summer), although this idea has been tested only i n  experimental and 
research projects t o  date. c 

The waste heat from a 1000-MWe plant i s  sufficient t o  brood almost one billion 
broilers annually o r  farrow and finish abou t  10 million hops. 
broiler operation currently produces a b o u t  50,000 birds a year and a larqe hoq 
operation produces a b o u t  5000 pigs a year, the potential for  conservation of 
energy in this application apparently is very minor. 
advantageous prospects of reducing user feed and fuel costs, increasinq food 
product ion,  and reducing or d i s p e r s i n g ,  t o  some extent ,  the environmental impact 
of power plant thermal effluents. 

Because a typical 

However, there are 

There are also some problems associated w i t h  the use of condenser coolina water for 
animal shelter temperature control t h a t  would have t o  be thoroughly investiqated 
before a commitment could be made t o  large-scale waste heat applications. 

6C. 3.3.2 Aquaculture 

Webster defines aquaculture as, “The culture of sea, lake, and river foodstuffs, 
such as fish,  oysters, seaweed, etc. ‘I Among the needs for successful aquaculture 
are temperature control , nutritious b u t  inexpensive feed, fish waste control , and 
adequate oxygen supply. 19 
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Thermal aquaculture involves the use o f  heated e f f luen ts  t o  maintain optimal 
temperatures f o r  growth and t o  produce high y ie lds .  
coolant water has been appl ied t o  aquaculture i n  a few instances (oyster cu l tu re  on 
Long Island, lobs ters  i n  Maine, c a t f i s h  i n  Texas and Tennessee, shrimp i n  Florida, 
and a v a r i e t y  o f  species i n  Japan). Much more experimental and demonstration data 
are needed t o  form a f i r m  basis fo r  commercial expansion. The po ten t i a l  depends 
n o t  only on technical  f e a s i b i l i t y  b u t  also on market condit ions. For example, the 
current U.S. pe r , cap i ta  f i s h  consumption of 10 l b l yea r  (as contrasted t o  Japan's 
100 lb/year)  might increase as a r e s u l t  of the development o f  a new aquacultural 
indus t ry  based on advanced technology. Project ions19 show t h a t  by the year 2000 

as much as 2% o f  heat e f f l uen ts  from U.S power p lan ts  may be appl ied t o  thermal 
aquaculture (assuming 10% o f  the t o t a l  10 lb/year per cap i ta  consumption w i l l  be 
suppl ied by thermal aquaculture). 
15,000 acres (20,000 l b  o f  l i v e  product per acre-year). 

I n  recent years power p l a n t  

Corresponding land requirements would be about 

The use o f  power p lan t  e f f l u e n t s  f o r  aquaculture could present the fo l l ow ing  
problems : 

* 

(1) To assure r e l i a b i l i t y  o f  heat supply, backup sources should be ava i l -  
able i n  the event o f  power u n i t  outages. Capab i l i t y  t o  switch r a p i d l y  
from one source t o  the other i s  essent ia l  t o  prevent sudden temperature 
changes. 

(2 )  Uncorrected ch lo r i na t i on  i n  the coolant water might have t o x i c  e f fec ts .  
(3)  A t  temperatures over 100°F, copper concentrations might occur i n  the 

d i  s c ha rge water . 
(4 )  Water used from nuclear p lan ts  must be f ree  o f  r a d i o a c t i v i t y .  
( 5 )  Provis ion must be made fo r  treatment o f  f i s h  wastes. 
( 6 )  Legal and regu la to ry  requirements (w i th  respect t o  water r i g h t s )  and 

discharge o f  heated water must be met. 

With respect t o  conservation o f  energy, the  p r i n c i p a l  favorable feature o f  using 
power p lan t  e f f l uen ts  f o r  thermal aquaculture would be the e l im ina t i on  o f  the need 
t o  supply the necessary la rge  quant i t ies  o f  heat from o ther  sources. 
be required, however, f o r  pumping purposes and f o r  f i s h  farm u t i l i t y  services. 

Power would 

Thermal aquaculture w i l l  no t  diminish the amount o f  waste heat t o  be re jec ted  from 
a power p lan t .  The amount o f  heat f i n a l l y  returned t o  the water source would, 
however, be reduced t o  the extent of absorption i n  f i s h  ponds, tanks, o r  troughs 
and o f  d ispersion t o  the a i r  during channel f low. Also, reduction i n  adverse 
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environmental impact would take place through elimination of mining , processing, 
transportation, and use of such fuels as would have been used t o  generate heat 
for thermal aquaculture if  power plant waste heat were not used. 

6C.3.3.3 Urban Use 

Energy i n  the form of heat may be applied t o  urban  requirements i n  several major 
categories, such as space heating, water heating, a i r  conditioning, sewage treat- 
ment, and industrial process steam consumption. 

Heat supplied by an electric power plant can be waste heat o r  low-temperature 
heat. Waste heat i s  the heat contained i n  the condenser cooling water and i s  
normally a t  temperatures below 100OF. 
obtained from either an "extraction" turbine or a "back-pressure" turbine. 
extraction turbine, a portion of the steam i s  removed a t  some point along the 
turbine after the steam has generated considerable electricity. W i t h  a back- 
pressure turbine, a l l  o f  the steam is  extracted after i t  has reached some desired 
temperature and before i t s  full energy has been used for the production of 
electricity. Typical temperatures of extraction of back-pressure steam p u t  t o  
beneficial use would be in the range of 200 t o  300°F. Although the efficiency 
of electricity production would be reduced by the extraction o f  steam, overall 
efficiency of energy use would be improved. Thermal and a i r  pollution would be 
reduced, and fuel would be conserved. 

Low-temperature heat occurs in steam 
In  an 

For urban needs the potential for  beneficial uses of waste heat from power plants 
appears to  be quite limited i n  comparison with the potential for  the use of low- 
temperature heat. 
be economically extracted from the fuel, the heat released t o  the environment from 
these plants i s  only a few degrees (10 to 3 O O F )  above ambient temperatures. The 
ability t o  use heat effectively is  a function of the temperature difference t h a t  
is available, and when the difference i s  small, t a k i n g  practical advantage of 
the heat i s  usual Jy expensive and difficult. 

Because modern power plants utilize a l l  the energy t h a t  can 

A possible application would be dis t r ic t  space heating and air conditioning by 
conveying the heated water t h r o u g h  a p i p i n g  system t o  residential and commercial 
buildings. 
be required, which would , in turn, necessitate larger p i  ping capaci ty and pumpi ng 

pouer t h a n  for  an equivalent system usinq low-temperature steam. 
would also be needed t o  minimize temperature loss with increasing distance from 

Because the temperature i s  relatively low, substantial f l o w  volume would 

Heavy insulation 
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the power p l a n t .  The practicality of going  t o  higher temperatures i s  i l lustrated 
by the d is t r ic t  heating installation in the City of Vasteras, Sweden,23 where the 
water emerges from the p l a n t  a t  175 t o  265°F and returns a t  130 t o  150°F; the 
geothermal system a t  Reykjavik, Iceland, with water a t  194°F; and the i4ontreal 
Airport a t  375 t o  400°F.24 The heating of secondary sewage treatment plants during 
the winter with waste heat from steam-electric plants i s  now being seriously 

23 considered for  accelerating the process. 

There are a number of additional potential beneficial urban uses of power plant 
waste heat which, however, represent relatively minor o r  short-term energy usage 
and h i g h  capital costs. 
removal, airport de-fogging, and a i rpo r t  de-icing. 
discharge from a 1000-f4We plant could de-ice over two square miles of runway. 24 

These include city s t ree t  and sidewalk snow and ice 
For example, the thermal 

With respect t o  the beneficial urban use of low-temperature steam from power 
p lan t s ,  the p o t e n t i a l  applications are a l l  those described above f o r  waste heat 
plus a t  least  two significant additions - industrial processing and the dis t i l la t ion 
o f  sewage. The objectives of d i s t i l l ing  sewage would be twofold - demineralization 
and ( i f  needed) enhancement of usable water supply. 
heat requirement of 1.2 million B t u / h r  and a power need of 6 MWe for a dis t i l la t ion 
plant t o  supplement the natural water supply for a city of one million people. 
I f ,  for purposes of arriving a t  an approximate projection of the potential impact, 
the assumption i s  made t h a t  by 2000 an urban population of 150,000,000 will be 
served by such dis t i l la t ion p l a n t s ,  then the total heat energy i n p u t  would be a b o u t  
180 million B t u / h r ,  or ( a t  8000 hr operation per year) the equivalent of 240,000 
bbl of oil  per year. idore significant t h a n  the relatively modest conservation of 
fuel would be the contribution t o  the preservation of the quality of surface waters 
by the removal or reduction from sewage effluent of mineral contaminants such as 
ammonia, nitrates , and phosphates. The concentrated sol i d  waste resul t i  ng from 
dis t i l la t ion can be incinerated for heat recovery or  possibly used as fe r t i l i zer .  
Considerably more research i s  needed, however, t o  overcome potential diff icul t ies  
such as fouling of waste demineralization processes by organics or the control of 
ammonia and other volatiles. 

A model design25 indicates a 

25 

Energy applied t o  industrial processes can be i n  the form of direct  heat, process 
steam, or electricity.  The production of process steam accounts for about 41% of 
industrial fuel consumption o r  17% of total national fuel consumption.26 To 
obtain a significant por t ion  of this steam from the turbines of electric power 
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plants rather than by direct  combustion of fossil fuels under boilers a t  the 
industrial fac i l i t i es  would result in a considerable overall net saving of energy. 
For example, consider the hypothetical case of a turbine fully utilized for 
e lectr ic i ty  production with a thermal efficiency o f  40%. If an equivalent 
extraction turbine i s  used instead, with the p o i n t  of extraction being selected 
so t h a t  the removed steam would have energy equal t o  35% of the heat input t o  the 
turbine, the thermal efficiency of electrical production would drop from 40% t o  35%, 
b u t  the overall efficiency of energy use would be about  70% (35% plus 35%) rather 
than 40%. Similarly, w i t h  a back-pressure turbine designed for 2 5 O O F  exi t  steam, 
the electrical efficiency would drop t o  30% b u t  the overall efficiency of energy 
use could be as high as loo%, depending on how effectively the exit  steam i s  used. 

6, 

The Interior Department projects a t o t a l  energy input t o  the industrial sector in 
the year 2000 t o  be 58,000 t r i l l ion  B t u  (42,000 t r i l l ion  B t u  i f  e lectr ic i ty  i s  
excluded).13 Assuming t h a t  the current 41% share for process steam will also 
pertain i n  2000, there would be a theoretical maximum potential for the application 
of low-temperature steam from central station power plants t o  as much as 24,000 
t r i l l ion  B t u  of industrial processing, or  the equivalent of about  4 billion bbl 
of o i l .  The feasible level of application will be considerably less due t o  a 

factors, including the following: 

The steam source needs t o  be near the user. 
h igher  in i t ia l  steam pressures and temperatures, as well as increased 
capital investment in piping with greater distances. However, as the 
cost of fossil fuels increases, the incentive for capital investment 
i n  low-temperature steam lines w i l l  increase. 
Most individual industrial plant process steam requirements are in 
q u a n t i  t i es  t h a t  are m i  nor compared t o  the steam production capabi 1 i t y  
of a modern power p l a n t .  One of the few exceptions i s  the Midland 
Nuclear Plant, currently under construction, which i s  planned t o  
deliver 4 million lb of process steam per hour t o  the adjoining 
Dow Chemical Company and ,  i n  a d d i t i o n ,  t o  produce 1300 IWe of power 
from two units. 
the capability of producing 1600 MWe of power. T h u s ,  the supply of 
process steam t o  meet the needs of one of the Nation 's  largest chemical 
complexes i s  equivalent t o  only 300 lMe of e lectr ic  power supply. 
Most industrial process steam use i s  concentrated in a few industries. 
Estimates of the percentage breakdown of industrial process steam 
usage i n  1980 are: 

Losses in t ransi t  require 

These units, without extraction of steam, would have 

25 
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Percentage 

Chemicals and a l l i e d  products 39 
Petroleum r e f i n e r y  and r e l a t e d  i ndus t r i es  22 
Paper and a l l i e d  products 18 
Food and kindred products 13 

Other i ndus t r i es  8 '  

(4) The petroleum re f i ne ry  and r e l a t e d  i ndus t r i es  f o r  the most p a r t  u t i l i z e  
i n t e r n a l l y  produced f u e l  f o r  processing requirements. 

exception i s  the l inkage f o r  the past  15 years between the Linden 

Generating S ta t i on  of Pub l ic  Service E l e c t r i c  and Gas Company and the 
Baywater Ref inery o f  Exxon. Designed t o  achieve improved economy o f  
operat ion by prov id ing  ex t rac t i on  steam f o r  re f inery  purposes, the 

system o f f e r s  the  equa l ly  valuable ga in o f  r a i s i n g  the repor ted heat 

e f f i c i e n c y  o f  the generation cyc le  from 39% t o  54%. 
equiva lent  t o  reducing the waste heat burden on the environment by 25%. 18 

A s i m i l a r  s i t u a t i o n  o f  i n t e r n a l  f u e l  generation occurs t o  a l esse r  degree 

i n  the paper and a l l i e d  products indust ry .  

One outstanding 

This increase i s  

With increas ing incent ive  t o  use ex t rac t i on  steam i n  view o f  r i s i n g  f u e l  costs, 

indust ry ,  by the year  2000, might be ob ta in ing  as much as 10% o f  i t s  process steam 
from power p lants ,  i n  s p i t e  of the  r e s t r i c t i o n s  l i s t e d  above. The ac tua l  degree o f  
u t i l i z a t i o n  i s ,  o f  course, impossible t o  p r o j e c t  w i t h  confidence. However, use o f  

on ly  10% would s t i l l  have the energy equiva lent  o f  more than 1 n i l l i o n  bb l  o f  o i l  

per day. 
capaci ty  and the consumption o f  more p o w r  p l a n t  f ue l  t o  compensate f o r  reduct ion 

i n  e f f i c i ency .  

P a r t i a l l y  o f f s e t t i n g  t h i s  gain would be the need fo r  more power F l a n t  

/idvantages accruing t o  a u t i l i t y  as a r e s u l t  o f  f u rn i sh ing  process steani would be 

add i t i ona l  income (Consolidated Edison Company o f  N e w  York repor ted $33 m i l l i o n  

t o t a l  steam sales i n  1972) and disposal o f  waste heat. 
the user would be lower-cost energy. 
o f  f ue l  resources and less thermal impact on the environment. A s i g n i f i c a n t  
reduc t ion  i n  the use o f  e l e c t r i c i t y  i s  an t i c ipa ted  since there are  few examples 
i n  i ndus t r y  o f  process steam being subs t i t u t i ona l  f o r  e l e c t r i c  heat. 

A p r i n c i p a l  advantage t o  
The pub l i c  would b e n e f i t  through conservation 
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f\ 6C.4 GROSS VS NET GENERATION OF ELECTRICITY 

6C.4.1 Steam-Driven Auxi l iary  Equipment 

An e l e c t r i c  power p lant  generates mope e l e c t r i c i t y  (gross production) than i t  sends 
out over the transmission l i n e  (net production). 
required t o  run p lant  aux i l i a ry  equipment o r  f o r  other in-house needs. 
o f  aux i l i a ry  e l e c t r i c  power consumption proves feasible i n  the 1990's and la te r ,  
an added amount o f  useful e l e c t r i c i t y  could be sent out over the l i nes  without 
increasing gross production, and the need f o r  gross generation o f  power from LYFRRs 
(or  other types o f  power plants) could be reduced by a l i k e  amount. 

The di f ference i s  the power 
I f  reduction 

The e f f i c i ency  o f  large turbine uni ts  can be improved by using steam instead o f  
e l e c t r i c i t y  t o  dr ive large power p lant  aux i l i a r i es ,  such as pumps, fans, and a i r  
compressors. Power p lant  designers f o r  some time have been usinq steam turbines 
t o  dr ive b o i l e r  feed pumps on large uni ts.  
use o f  steam aux i l i a ry  drives, the e f f i c i ency  o f  a 1000-MWe u n i t  u t i l i z i n g  3500- 

psig, 1000°F steam can be improved about 1/3 o f  1% by using steam rather  than 
e l e c t r i c  motors t o  dr ive the forced-draft fans.13 By employinq steam dr ive t o  the 
extent technica l ly  feasible f o r  other items o f  equipment as w e l l ,  the overal l  p lant  
e f f i c i ency  could be improved by approximately 1/2 o f  1%. Net qeneration from steam 
plants ( f o s s i l  and nuclear) i n  the year 200012 i s  projected t o  be about 8 t r i l l i o n  
kWhr o f  which about 801, o r  6.4 t r i l l i o n  kWhr, would be from base-load plants. 
A 1/2 o f  1% improvement i n  e f f i c i ency  would thus save about 32 b i l l i o n  kblhr, 
equivalent t o  the output o f  about f i v e  1000-MWe uni ts .  

As an example o f  the possible fu r the r  

Adverse environmental aspects associated wi th  expanded steam dr ive include those 
resu l t i ng  from the mining, processing, fabr ica t ion ,  transportat ion , and i n s t a l l a t i o n  
o f  the steam pip ing required. These e f fec ts  would have t o  be balanced against the 
benef ic ia l  environmental resul ts  associated w i t h  the need t o  bum less fue l  ( e i t h e r  
f o s s i l  o r  nuclear) t o  produce a net  amount o f  e l e c t r i c i t y ,  i f  aux i l i a ry  e l e c t r i c  
consumption i n  power plants were reduced. 

6C.4.2 Energy Demands f o r  Pol lu t ion Abatement and Environmental Control 

Actions taken t o  preserve o r  improve the q u a l i t y  o f  the environment and t o  hold 
i n  check potent ia l  po l l u t i on  o f  the land, water, and atmosphere w i l l ,  i n  some 
instances, require added energy (mostly e l e c t r i c a l  ) and therefore increased 
consumption o f  f ue l  resources. 

o f  the quant i ty o f  addi t ional  energy that  w i l l  be required and, second, explore 

This subsection w i l l  f i r s t  develop an estimate 
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the extent t o  which this energy might be conserved through a1 ternative approaches, 
less stringent standards, o r  tradeoffs by such measures as recycling of materials. 

An obvious method of conserving a substantial portion of the energy required for 
environmental control would be limitation, voluntary o r  otherwise, i n  the total 
amount of energy consumed for this purpose. One surveyz7 showed t h a t  in 1971 a 
group o f  large industrial and commercial users o f  electr ic i ty  used 8.8 billion 
kWhr for  pollution control. 
electrical  requirements i n  t h a t  year. By 1977, this figure i s  expected t o  r ise 
t o  about  10% of annual needs. 

This use represented 7.3% of their  total annual 

The 1970 FPC National Power Survey2’ forecast of growth i n  electrical generating 
capacity reflected t o  some extent consideration of power needs for environmental 
protection, b u t  the acceleration o f  concern w i t h  the environment t h a t  has occurred 
since the survey was made will result  i n  the need for more capacity t h a n  was 
projected. 
fo  1 1 owi ng : 

Among the factors t h a t  will contribute t o  the increase are the 

(1)  Control of a i r  and water pollution from electr ic  generating plants, 
power t o  operate control equipment and reduced plant efficiency. 

( 2 )  Electrical energy demands for  widespread sewage disposal improvement. 
(3 )  Electrical energy demands for meeting water pollution control standards 

i n  industrial processes. 
(4)  Where apartment buildings, commercial establishments, and factories 

are now using direct  combustion of fossil fuels for space heating and 
process heating, a significant number may convert t o  e lectr ic i ty  because 
of restrictions on the emission of particulates and the oxides of sulfur 
and nitrogen. 

I n  the transportation sector, additional significant use of electrical energy may 
occur i n  place of the direct combustion of fossil fuels, w i t h  the dual objectives 
of conserving scarce resources and of a t t a i n i n g  better control over environmental 
pollution by concentrating power generation i n  relatively few central station 
plants rather than b u r n i n g  fuel i n  a multitude of small units. Such applications 
could include the successful development and utilization of battery-powered auto- 
mobiles and trucks, electrif ication of railroads, and the installation o f  additional 
metropolitan area rai 1 rapid transit  sys terns. 
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The amounts of  e l e c t r i c i t y  t h a t  will  be r e q u i r e d  f o r  the l i ke ly  and possible a p p l i -  
cations l i s t e d  above and the potential  f o r  reducing these energy needs f o r  pollution 
control purposes are discussed below. 

6C.4.2.1 Electr ic  Generation P1 a n t s  

To s a t i s f y  the environmental standards f o r  a new 1,000-MWe qeneratinq p l a n t  
will  r e q u i r e  on the averaqe an estimated increase of about 7.1% i n  the gross t o t a l  
energy i n p u t  over the energy i n p u t  f o r  the same plant without par t iculate  cleanup, 
sulfur oxide removal, and w i t h  once-throuqh coolinq. 
a heat r a t e  (without environmental controls) of 9500 Btu/k!dhr ,  an estimated 
additional energy i n p u t  o f  600 Btu/kWhr f o r  environmental controls (mechanical 
d ra f t  tower, two-staqe scrubber fo r  859 SO2 removal, and a 992 e f f i c i e n t  e lectro-  
s t a t i c  p r e c i p i t a t o r ) ,  and the equivalent of about 61) Btu /kWhr  t o  represent the 
energy required t o  manufacture the equiment used t o  control pollution. 
i n  energy has  been assigned t o  nitrogen oxide removal o r  disposal of any so l id  wastes 
t h a t  migh t  be created. 
requirements* reports t ha t  the su l fu r  removal systems currently being advocated wil l  
add a t  l e a s t  20% t o  production costs.  
t o  date is  an indicator ,  su l fu r  removal will  be achieved only a t  an enormous penalty 
i n  plant eff ic iency,  i n  much hiqher operatina cos t s ,  and perhaps most important, in 
the to t a l  qual i ty  of the environment. 

10 

T h i s  difference is  based on 

No increase 

A second and less  opt imist ic  estimate of pollution control 

T h i s  estimate concluded tha t  i f  experience 

The Department of the In t e r io r  projects4 an enerqy i n p u t  of 25,200 t r i l l i o n  R t u  f o r  
fuel b u r n i n g  power plants i n  the year 2000. 
preceding paragraph, about 1800 t r i l l i o n  B t u  of this t o t a l  would be  armlied t o  onsi te  
environmental control.  
(depending on progress made i n  improvinq plant thermal eff ic iency)  t h e  equivalent 
e l e c t r i c  power production i n  the year 2000 f o r  environmental control would t h u s  
be about 180 t o  200 b i l l i on  kWhr o r  the output o f  27 t o  30 qeneratinq units o f  
1000 We each, operatinq a t  a 75% plant factor .  

On the basis of the values given i n  the 

W i t h  a heat r a t e  i n  the ranqe of 8900 to  10,200 P,tu/kl4hr 

The projected energy i n p u t  f o r  nuclear plants i n  the year 2009 i s  49,230 t r i l l i o n  
B t u  from a m i x  of LWRs, HTGRs, and f a s t  breeder  reactor^.^ Because the combustion 

*Testimony of Thomas A.  S t ee l e ,  Manager, Environmental Department, Dairyland Power 
Cooperative Co., before the Senate Public Works Conanittee on The Clean Air Act, 
May 13, 1974. 
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process i s  no t  involved, no energy f o r  pa r t i cu la te  o r  oxide removal would be 
needed. Assuming an average thermal e f f i c i e n c y  (without environmental controls)  o f  
36% o r  9500-Btu/kWhr heat rate,  the addi t ional  energy input  requirements with a 
mechanical-draft cool ing tower and equipment t o  l i m i t  release o f  radioact ive 
e f f l uen ts  would be about 350 Btu/kWhr o r  4%. 
duction i n  the year 2000 f o r  environmental control  a t  nuclear p lan ts  would be about 
200 b i l l i o n  kWhr o r  the equivalent o f  the output o f  t h i r t y  1000-MWe un i t s  operat ing 
a t  a 75% p lan t  factor.  

Thus, the added e l e c t r i c  power pro- 

The above discussion shows tha t  conservation o f  energy by reducing energy needs 
f o r  power p lan t  environmental control  could be achieved i n  two p r inc ipa l  ways. 
One would be t o  increase the proport ion o f  power generated by nuclear p lan ts  and 
decrease t h a t  generated by f o s s i l  -fueled plants.  For each 1000-MWe capacity switch 
there would be an annual saving of about 210 m i l l i o n  kWhr. The second conservation 
measure would obviously r e s u l t  from a re laxa t ion  o f  standards establ ished f o r  
atmospheric and water e f f l u e n t  l i m i t s .  The reduct io ad absurdum would be the 
e l im ina t lon  o f  a l l  controls,  thus saving up t o  400 b i l l i o n  kWhr i n  the year 2000. 

Whatever relaxat ion,  i f  any, t h a t  i s  ac tua l l y  placed i n t o  e f fec t  would be the 
r e s u l t  o f  soc ia l ,  p o l i t i c a l ,  technical , and economic considerations stemning from 
such factors as sca rc i t y  of ce r ta in  fue l  resources and escalat ing fue l  costs. 

6C.4.2.2 Sewage Disposal Improvement 

During the next decade, anywhere from $10 b i l l i o n  t o  $80 b i l l i o n  w i l l  be spent on 
the construct ion o f  improved sewage disposal f a c f l i  t i es .  

e l e c t r i c a l  power f o r  these f a c i l i t i e s  w i l l  depend on the methods of waste 
treatment adopted. 
e l e c t r i c i t y  requirements f o r  p o l l u t i o n  control  purposes. 
E l e c t r i c  I n s t i t u t e  ( E E I )  ind ica ted  tha t  sewage disposal used about 1 b i l l i o n  kWhr 
i n  1971 and 1.3 b i l l i o n  i n  1972, and E E I  p ro jec ts  use o f  about 3.6 b i l l i o n  kWhr 
annually by 1977. 
b r i ng  the annual requirements by 1990 t o  as much as 40 b i l l i o n  kWhr and by the 
year 2000 t o  50 b i l l i o n  kWhr. The po ten t i a l  f o r  reducinq these requirements i s  

d i f f i c u ? t  t o  assess bu t  would, as i n  the case of e l e c t r i c a l  power plants,  be 
dependent upon technical and economic factors i n  the development o f  more e f f i c i e n t  
equipment and on soc ia l  and p o l i t i c a l  a t t i t udes  toward modif icat ion o f  p o l l u t i o n  

standards . 

The requikments f o r  

Current sewage treatment methods use about 50% o f  t h e i r  
A survey by the Edison 

Subsequently, g rea t l y  increased f a c i l i t i e s  i n s t a l l a t i o n  could 
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6C.4.2.3 Industrial Water Pollution Control 

As noted above, the EEI surveys i n  1971 and 1972 indicated that  about 7% of current 
industry e l e c t r i c  power use is  s t r i c t l y  for  pollution control,  b u t  this figure does 
not re f lec t  future increases that  may resul t  from recently enacted water-quality 
legis la t ion.  
be 4.6 t r i l l i o n  kblhr. 
continued, would require a t  that  time 0.46 t r i l l i o n  kblhr.  

t o  the new water pollution control standards may increase this  f igure by as much 
as 50% t o  a total  o f  up to 0.7 t r i l l i o n  kWhr. 
output of over 100 1000-fIWe units operatinq a t  75% plant factor.  
of conservation could be substant ia l ,  b u t  the likelihood of the i r  achievement and 
possible maanitude are a t  th i s  time d i f f i c u l t  to  predict. 

Reference 4 projects industrial  use of e lec t r ica l  power i n  2000 will 
The anticipated 10% application t o  pollution control,  i f  

However, conformance 

T h i s  to ta l  would represent the 
Aqain, the benefits  

6C.4.2.4 Conversion of Direct Fuel B u r n i n q  t o  Purchased Electr ic i ty  

There i s  no readily apparent method of determining what might be a reasonable 
additional capacity figure t o  represent the future requirements i n  this category, 
e i t h e r  from usage of e l e c t r i c i t y  rather than direct  combustion of foss i l  fuels for  
space heating i n  buildings or  from the transportation sector,  where a s imilar  s h i f t  
o f  fuels may be contemplated for  vehicular transportation. 
use of centrally generated e l e c t r i c i t y  as a less pollutinq source of energy will  be 
countered t o  some extent by the fact  that  i t  is a much less  e f f ic ien t  means of 
energy u t i l i za t ion .  
heating, about 2 B t u  of gas (or coal, o i l ,  nuclear) would have t o  be burned to  
produce e l e c t r i c i t y  for  transmission to  a home and used i n  an e lec t r ica l  resistance 
heater t o  produce the same heating value as the gas. 
s ignif icant ly ,  the relat ive environmental and economic character is t ics  of different  
fuel u t i l i za t ion  mechanisms takes on a different  meaning. T h i s  fac t ,  coupled w i t h  
potential future changes i n  the technical f e a s i b i l i t y  o f  powering vehicles by 
e l e c t r i c i t y  on a large scale ,  indicates that  i n  the future fuel u t i l i za t ion  and 
economics would take on added importance re1 at ive to  environmental characteris t ics,  
thereby apparently lessening any s h i f t  toward conversion t o  central ly  qenerated 
e l e c t r i c  heat rather than direct  combustion of fossi l  fuels .  

The pressures towards 

For example, for  every B t u  of gas burned i n  a home for  space 

W i t h  fuel costs increasing 
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6C.5 TRANSMISSION AND DISTRIBUTION 

In discussing the conservation of resources as affected by  the plannina and opera- 
t i o n  of e l e c t r i c  u t j l i t y  transmission and distribution systems, note t h a t  the 
opportunities f o r  savings i n  th is  sector are n o t  larqe relat ive t o  those i n  other 
parts of the overall e l e c t r i c  u t i l i t y  system. A total  of 1465 b i l l ion  net kG!hr 
of e l e c t r i c  energy was qenerated and received by the privately owned class A and B 
e l e c t r i c  u t i l i t i e s  i n  the U.S. i n  1971.28 O f  this,  103.3 b i l l ion  kMhr was l o s t  
i n  transmission and distribution (not counting distribution losses for 209 bi l l ion 
kWhr sold a t  wholesale). 
the total  of transmission and distribution losses on the systems of these class A 

and B u t i l i t i e s  is  about 7.6% of total  net  energy generated and received o r  8.3% 
of the total  energy ut i l ized.  
transmission and d i s t r i b u t i o n  systems. 

Assuming 4% d i s t r i b u t i o n  losses for the wholesale enemy, 

These losses are about evenly s p l i t  between the 

The 8% o r  so of transmission/and distribution losses is small re la t ive t o  the 60% o r  
greater losses experienced i n  the energy-conversion (qeneration plant)  stage o f  
e l e c t r i c  u t i l i t y  system operation. However, about 27,000 M W  of u t i l i t y  power were 
generated solely t o  cover the transmission and distribution losses associated w i t h  
meeting the 337,000-f.1W 1973 U.S. sumner peak load; e f for t s  t o  reduce these losses 
merit at tent ion.  

Losses i n  transmission and d i s t r i b u t i o n  systems consist  of load losses and no-load 
losses. The load losses occur as heat nroduced by current flow throuah the 
e lec t r ica l  resistance of the l ine  conductors and  are proportional to  the resistance 
and t o  the square o f  the current ( I  R ) .  These losses consti tute the principal 
losses i n  transmission systems. I n  cables, load losses can also  occur due t o  

currents induced i n  cable shields and metall ic conduits. No-load losses occur 

2 

whenever there is  voltage on the transmission and d i s t r i b u t i o n  systems and consist  
of magnetizing losses i n  transformers, s h u n t  reactors,  and other iron core equipment; 
d ie lec t r ic  losses i n  capacitors and cables; and corona losses due t o  h i q h  potential 
ionization of the insulating medium. 

6C. 5.1 Transmission Systems 

The primary function of the transmission system is t o  transport bulk e l e c t r i c  
energy from generation s ta t ions to  the main substations servinq load areas. 
transmission system consists o f  (1) overhead transmission l ines  and underqround 
cables operated a t  69,000 volts (69 k V )  o r  higher; ( 2 )  terminal equipment consistina 
of h igh  voltage transformers, converters, switchqear, lightnino arrestors ,  inductive 

The 
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reactors, and capacitors and (3)  con t ro l  and metering systems, inc lud ing  meters, 
re lays,  communications equipment, and computers. 
mission w i t h i n  i nd i v idua l  u t i l i t y  serv ice  areas, transmission systems a lso genera l ly  
in terconnect  adjacent e l e c t r i c  u t i l i t y  systems t o  achieve b e t t e r  operat in? 

economics and r e l i a b i l i t y  o f  serv ice.  

I n  add i t i on  t o  p rov id ing  t rans-  

A t  present, overhead transmission predominates i n  the  U.S. 

Nat ion 's  e l e c t r i c  power transmission l i n e s  are i n s t a l l e d  u n d e r a r ~ u n d . ~ ~  Largely 
responsible f o r  t h i s  s i t u a t i o n  i s  the  fact  t ha t  the i n s t a l l e d  costs o f  underqround 
cable are 5 t o  20 times greater  than those of overhead l ines,30 denendino on 

c i r c u i t  vo l tace and area condi t ions.  This s i t u a t i o n  i s  l i k e l y  t o  continue through 

the r e s t  o f  t h i s  decade, w i t h  some small percentage qain i n  cable i n s t a l l a t i o n s ,  

p r i n c i p a l l y  f o r  extendinq high power capaci ty  transmission i n t o  m t r o p o l i  tan load 

centers.31 
1970's i s  expected t o  occur i n  extra-hiqh-voltaae overhead l i n e s  (345 kV t o  765 kV), 

as shown i n  Figure 6C.5-1. 

Less than 1% o f  the 

The greatest  increase i n  transmission c i r c u i t  c a p a b i l i t y  dur inq t h e  

29 

I?ew technological approaches t o  transmi ttincr e l e c t r i c  enerqy, namely h i g h - v o l t q e  
d i  rec t -cur ren t  overhead l i n e s  and compressed gas cable, have been in t roduced i n  the 
l a s t  few years bu t  are no t  expected t o  make any s i g n i f i c a n t  impact i n  t h i s  decade. 
These innovat ive technologies are discussed l a t e r .  

There are a number o f  methods f o r  reducing transmission losses, p r i n c i p a l  among 
which are the  r a i s i n g  o f  transmission voltages, the  reduct ion o f  l i n e  currents ,  and 

the  reduct ion o f  l i n e  resistances. 
extra-high and u l t ra -h igh  voltage a l te rna t ing-cur ren t  (AC)  transmission systems; 

high-vol tage d i rec t -cur ren t  systems; various innovat ive cable systems, i nc lud ing  

cryogenic systems; and power system con t ro l .  

are discussed i n  tu rn .  

Invo lved i n  developing these options are: 

The s ta tus  and prospects o f  these 

Several o f  these methods are c i t e d  as being j u s t i f i e d  o f  research and development 
support i n  the  na t iona l  energy research and development program ou t l i ned  i n  r e f .  2. 

The qoal o f  these program elements would be t o  conserve enerqy by developinq more 
e f f i c i e n t  and r e l i a b l e  means o f  t ransmi t t i nq  and d i s t r i b u t i n p  enerqy t o  meet f u t u r e  
demands i n  a safe, environmental ly acceptable way. Approximately $80 m i l l i o n  would 

be spent on enerqy transmission and d i s t r i b u t i o n  i n  the  nex t  f i v e  years under t h i s  
program, s p e c i f i c  elements o f  which are discussed i n  the fo l l ow inq  sections. 
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6C.5.1.1 High Voltage AC Systems 

The r e l a t i o n s h i p  between overhead t ransmiss ion- l ine  vo l tage and l i n e  losses i s  
shown i n  F igure 6C.5-2.32 Obviously, the' t rend t o  ext ra-h igh-vo l tage (345 t o  765 kV) 
overhead t ransmiss ion l i n e s  w i l l  a s s i s t  apprec iab ly  i n  reducing t ransmiss ion losses. 
The magnitude o f  t h i s  t r e n d  per  t ransmiss ion vo l tage and c i r c u i t  c a p a b i l i t y  i n  
gigawatt*-miles (GW-miles) i s  shown i n  Table 6C.5-1. 
g igawat t -mi les f o r  each vo l tage i n  t h e  t a b l e  i s  m u l t i p l i e d  by the  corresponding 

r e l a t i v e  loss from Figure 6C.5-2 and the  products s u n e d  f o r  a p a r t i c u l a r  year, t h e  
r e s u l t  i s  a measure o f  t h e  t ransmiss ion losses t h a t  cou ld  be expected f o r  t h a t  y e a r  

f o r  f u l l  load ing  o f  the  i n - s e r v i c e  c i r c u i t  c a p a b i l i t y  o f  t h a t  year. D i v i d l n g  t h e  

r e s u l t  by t h e  t o t a l  i n - s e r v i c e  c i r c u i t  c a p a b i l i t y  f o r  t h a t  year  o f  the voltages 
considered y i e l d s  t h e  s p e c i f i c  l o s s  of t ransmiss ion f o r  t h a t  year. Comparison of 
the  s p e c i f i c  loss f o r  one year  w i t h  t h a t  o f  the  preceding year  gives a measure o f  
the  r e d u c t i o n  i n  overhead transmission losses t o  be expected from t h e  t r e n d  t o  h i g h e r  
voltages shown i n  Table 6C.5-1. 

Pable 6C.5-2. 

If the  c f r c u i t  c a p a b i l i t y  i n  

The r e s u l t s  o f  such a comparison are shown i n  

Table 6C.5-2 shows the  gains i n  more e f f i c i e n t  t ransmiss ion as voltages are 

r a i s e d  are  n o t  g rea t ;  the sav ing i n  losses t o t a l s  35 b i l l i o n  kWhr over the  seven- 
year  p e r i o d  1974-80. 
t h a t  t ime by a baseload generat ing u n i t  r a t e d  a t  approximately 760 MW. 

incremental gains i n  loss reduc t ion  are expected t o  be less  w i t h  vo l tage r i s e s  i n t o  
the  u l t r a - h i g h  range (F igure 6C.5-2), t h e  pains i n  overhead AC t ransmiss ion 
e f f i c i e n c y  are n o t  expected t o  have s i g n i f i c a n t  impact on conservation o f  energy. 
High vo l tage l i n e s  w i l l  be i n s t a l l e d  p r i m a r i l y  t o  t r a n s m i t  o rea ter  b locks o f  power 
economical ly w i t h i n  l a n d  usage cons t ra in ts .  

This amount o f  e l e c t r i c a l  energy cou ld  be generated over 
A s  t h e  

2 I R losses f o r  a given length  o f  l i n e  can be reduced by i n c r e a s i n g  the  s i z e  o f  t h e  

conductor, thereby reducing i t s  res is tance.  
reduces I R losses p r o p o r t i o n a t e l y  f o r  t ransmiss ion o f  a q iven amount o f  power. 
However, inc reas ing  conductor s i z e  i s  p r a c t i c e d  p r i m a r i l y  t o  increase c i r c u i t  power 
c a p a b i l i t y ,  as i n  t h e  reconductor ing o f  e x i s t i n g  l i n e s ,  r a t h e r  than t o  reduce losses 

and i s  n o t  expected t o  r e s u l t  i n  smal le r  losses p e r  u n i t  o f  power t ransmi t ted.  

Reduction i n  conductor res is tance 
2 

2 I R losses i n  AC t ransmiss ion l i n e s  can be reduced by i n c r e a s i n g  the power f a c t o r  of 
t h e  l i n e .  
i n s t a l l e d  i n  t h e  system p r i m a r i l y  t o  supply the  nonpower cur ren ts  requ i red  by t h e  

I n  t h i s  case synchronous condensers o r  banks o f  s t a t i c  capaci tors  are 

*Gigawatt = 1000 megawatts. 
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Table 6C.5-1 
OVERHEAD TRANSMISSION CIl?CU IT CAPAGIL ITY IN-SERV ICE, 

I N  GIGAFATT- MILES^ 
(Survey Sample Adjusted t o  National T o t a l s )  

AC (kV) Difference 
Year 1 1  5-1 61 230 34 5 500 765 800-kV DC To ta l  (G1J-miles) 

1957 
1958 
1959 
1960 

1961 
1962 
1963 
1964 
1965 

1966 
1967 
1968 
1969 
1970 

1971 
1972 
1973 
1974 
1975 

1976 
1977 
1978 
1979 
1980 

9,791 
10,226 
10,487 
10,842 

11,310 
11,650 
12,121 
12,398 
12,753 

13,089 
13,482 
13,847 
14,221 
14,533 

14 ,a95 
15,347 
15,741 
16,157 
16,500 

16,776 
17,085 
17,401 
17,685 
17,997 

3,969 9 GO 0 
4,303 1,240 0 
4,579 1,289 0 
4,931 1,534 0 

5,658 1,694 0 
6,166 2,159 0 
6,657 2,772 0 
7,472 2,977 0 
7,845 3,023 766 

8,812 4,471 2,086 
9,511 5,471 4,693 

10,162 6,533 7,291 
10,744 8,344 8,020 
11,183 9,816 9,506 

11,823 11,192 11,018 
12,576 12,779 12,751 
13,290 14,023 14,186 
14,170 15,499 16,027 
14,978 17,227 17,410 

15,883 18,802 18,797 
16,540 20,456 20,640 
17,379 21,808 22,054 
17,934 22,476 26,218 
18,561 23,838 28,967 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 
0 0 
0 0 

0 . o  

0 0 

0 0 
0 44 0 

165 879 
978 1,343 

1,743 1,343 
2,573 1,343 
2,905 1,343 
3,443 1,343 
3,593 1,343 

4,000 1,343 
5,963 1,343 
6,996 1,343 
8,538 1,343 
9,520 1,343 

14,728 702 
15,769 1,041 
1 G ,805 58 6 
.17,807 1,002 

18,862 1,355 
19,975 1,313 
21,530 1,575 
22,847 1,297 
24,984 2,437 

28,458 3,474 
33,463 4,705 
38,273 5,110 
42,484 4,211 
47,419 4,985 

52,014 4,595 
57,369 5,355 
61,488 4,119 
66,639 5,151 
71,051 4,412 

75,691 4,550 
82,029 6,428 
86,983 4,954 
94,244 7,261 

100,226 5,982 

aSource: "Third Eiennial  Survey o f  Power Equipment Requirements of  the U.S. 
E l e c t r i c  Uti1 i t y  I n d u s t r y ,  1971-80," National E l e c t r i c a l  Manufac tu re r ' s  
Assoc ia t ion ,  1972. 
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Table 6C.5-2 

PROJECTED ENERGY CONSERVATION THROUGH HIGHER OVERHEAD TRANSWSSION 
VOLTAGES FOR THE PERIOD 1974-1980 

Savings i n  
Loss U t i l i t y  b Losses (kWhr) 

Year Reduction ( % ) a  Generation (kblhr)  t o t a l  from 1/1/74 
~ 

1974 

1975 

1976 

1977 

1978 

1979 

1980 

TOTAL 

~ ~~ 

1.39 

0.47 

0.47 

2.84 

0.98 

2.96 

1.52 

2000 lo9 7.77 lo9 

2140 x lo9 2.40 lo9 

2290 x lo9 2.15 lo9 

2450 x lo9 11.12 lo9  

2620 x lo9 3.09 lo9 

2800 x lo9 6.64 lo9 

3000 lo9 1.82 x 10 9 

34.89 x lo9 

:Loss reduct ion per  aigawatt-mile compared w i t h  previous year .  
Projected a t  7.02 annual r a t e  of i nc rease  over 1747 b i l l i o n  kWhr qenerated 
by U.S. e l e c t r i c  u t i l i t i e s  i n  1972 (Federal  Power Commission). 

t ransmission l ine and the e l e c t r i c a l  loads connected t o  i t ,  thereby decreasinq the 
nonpower currents t h a t  otherwise would have t o  be sumlied by the clenerators and 
reducinq l ine cu r ren t s  and losses  i n  the process .  
ready employed ex tens ive ly  f o r  o t h e r  more urqent purposes,  such as  increased power 
loadina o f  generators  and lines, system vol tage  regula t ion  , and reduced investment 
i n  system f a c i l i t i e s .  
t ransmission f a c i l i t i e s  and i s  no t  expected t o  be an option f o r  conservinq enerqy. 

Power f a c t o r  co r rec t ion  i s  a7- 

T h i s  cor rec t ion  i s  expected t o  keep pace w i t h  increases  i n  

Another way t o  reduce t ransmission lo s ses  is t o  shorten transmission l i n e s .  
Shortening the l i n e s  phys ica l ly  i s  dependent on system plannino,  p a r t i c u l a r l y  the 
s e l e c t i o n  of s u i t a b l e  qenerat ion si tes.  In such planning,  concern about system 
losses is usua l ly  secondary t o  economic, environmental , r e l i a b i l i  t.y, and publ ic  
acceptance cons idera t ions .  

Generation i n  n m t  U.S. e l e c t r i c  u t i l i t y  svstems i s  f a i r l y  well dispersed t o  match 
load c e n t e r  l cca t ions ,  so t h a t  the  opportuni ty  i s  small f o r  shorteninrl  l i n e s  and 
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reducing losses i n  future bulk power system expansion relat ive to  the present 
s i tua t ion .  
opposite situation--1onq l ines  from large rine-mouth qeneratino s ta t ions t o  
dis tant  load centers--is afforded by the data i n  Table 6C.5-3. 
from the rlorth Central Power Study, shows how system losses increase from 3.3% for  
3000 MW t o  6.66% for  43,000 MW transmitted from a single generation s i t e  t o  load 
centers varying from 200 t o  815 miles dis tant .  

An appreciation of the e f fec t  on transmission system losses of the 

This table ,  taken 

Table 6C.5-3 
ENERGY INPUT AND SYSTEi! LOSSES 

Generation Energy Generated System Loss Sys tem Losses 
Capacity ( M w )  (FIb!-years/year) (MW) (%I (?M-years/year) 

EAST 
3,000 2,550 100 3.30 76 

10,000 9,100 51 1 5.11 435 
20 , 000 18,400 1,266 6.33 1,100 
40,000, 36,800 2,704 6.76 2,360 
43,000 36,500 2,864 6.66 2,500 

WEST 
- 1,000 850 9 0.90 

3,000 2,745 36 1.20 
10,000 9 , 200 183 1.83 

7 
31 

159 

n 

aEnergy for  pumping was obtained from the qeneratina complex d u r i n q  offpeak periods 
and would be about 1000 MW-yearslyear. 

Electrical  losses of l ines can be reduced by the introduction of se r ies  capacitors 
i n  the l ines  t o  counteract t h e i r  inductance. 
from low-capacity, high-loss l ines i n  the network into the mare e f f i c i e n t ,  hiqher 
voltage 1 ines having the ser ies  capacitor compensation, w i t h  consequent reduction 
in total  network losses.32 
capacitor ins ta l la t ions  over the 1973-1980 period.29 To estimate how much this may 
reduce losses without computer studies of the systems involved i s  not feasible;  
however, the e f fec t  is not expected t o  be s ignif icant  i n  terms of national energy 
r e q u i  renents. 

This action tends t o  s h i f t  power away 

U t i l i t i e s  are planninq t o  double present se r ies  

The no-load losses of transmission l ines ,  principally corona losses, are small 
compared t o  I R losses. 
conditions b u t  on the average are s t i l l  only on the order of a few percent of l ine  
load losses. Corona losses are generally higher for  ultra-high voltage l ines  than 
f o r  lower voltage transmission, and this factor  is s ignif icant  i n  the economics for  
select ing optimum transmission voltage. 

2 Corona losses become worse on AC overhead l ines d u r i n g  rainy 

n 
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Economic dispatch of e l e c t r i c  energy i n  bulk power systems is beinq implemented 
widely i n  U . S .  e l e c t r i c  u t i l i t i e s .  
scheduled i n  such a way as t o  minimize the overall cost of delivering e l e c t r i c  energy 
t o  the consumer. As cost i s  direct ly  related to fuel consumption, including energy 
generated t o  supply transmission losses, the e f fec t  i s  to  minimize fuel consumption 
i n  generation-transmission systems. 

The output of the generators on the system is 

Although placing transmission l ines underground is  n o t  expected to  be extensive i n  
the near future because of economic reasons, cable systems are a means of 
saving on transmission energy losses. Conventional h i g h  pressure, o i l - f i l l e d  
pipe-type high-voltage cables are very e f f ic ien t  conductors of e l e c t r i c  energy. 
Over a distance of 10 km, fo r  instance, the total  losses ( I  R losses and 
d ie lec t r ic  losses) a t  full-load current amount t o  as l i t t l e  as 0.2 to  0.3% of the 
power transmi tted.33 Because very few cables carry fu l l  load continuously and 
because the conductor loss i s  proportional t o  the square of the transmitted power, 
cable losses are generally even less than the percentages mentioned. 
is enforced on the conventional self-cooled cable systems by the d i f f i c u l t i e s  
encountered i n  dissipating the heat ( losses)  generated i n  the cable t o  the 
surrounding soi 1 and eventually t o  the atmosphere. 

2 

This low loss 

The main opportunity for  new appljcation of transmission cables should be the i r  
extension through high-density suburban and urban areas t o  feed new loads. 
For this service,  conventional self-cooled high-pressure o i l - f i l l e d  cables a t  
345 kV (paper insulation) and 500 kV (synthetic insulation) would have permissible 
total  losses about two-thirds those of overhead l ines of the same voltage rating 
and equi valent conductor si zes . 

If 75% of the new load between 1973 and 1980 is  assumed to  be supplied from urban 
main substations and 50% o f  this i s  supplied equally over new 345-kV and 500-kV 
h i g h - p r e s s u r e  o i l - f i l l e d  cables averaging 10 miles i n  length, the saving i n  trans- 
mission losses i n  1980 would be only about 30 i4W compared t o  serving the new urban 
load only by overhead l ines .  
placing l ines  underqround probably will be met w i t h  the advanced cable systems 
discussed la te r .  

Despite what appears t o  be only llmited potential for  direct  conservation of enerqy 
through improvements i n  high-vol t age  AC transmission technology, some research i n  
this area i s  j u s t i f i e d ,  as noted i n  re f .  2 .  
or improved technoloqy for  AC (and  D C )  bulk power transmission systems would be 

In the following decades, the requirements for  

Thus, under the proposed proqram, new 
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developed t o  provide the c a p a b i l i t y  t o  double the present capaci ty  (w i th  f u r t h e r  

eventual increase t o  4 t o  10 times present capaci ty)  economically and wi thout  
enbironmental degradation. The need f o r  t h i s  c a p a b i l i t y  i s  underscored by the 

p ro jec t i on  t h a t  cur ren t  technology appl ied t o  the an t ic ipa ted  need f o r  e l e c t r i c  
power i n  1985 and 2000 would r e s u l t  I n  a doubling and quadrupling, respect ive ly ,  
o f  power 1 i nes and auxi 1 i ary f a c i  1 i t i e s  . The research object ives , i f  a t ta ined , 
would a l low the  transmission and d i s t r i b u t i o n  o f  the  power w i t h  fewer, h iqher  

capaci ty  l i nes .  
1100-kV AC overhead transmission l i n e s  and a lOO-Mb! DC terminal demonstration p ro jec t .  
While these a c t i v i t i e s  would, as noted above, be implemented n r i v a r i l y  f o r  o ther  
than energy conservation object ives , some sp in -o f f  advantaaes i n  t h i s  regard may 

be expected. 

Program elements dur ing the next  f i v e  years would inc lude prototype 

n 

6C.5.1.2 High Voltage, D i rec t  Current Systems - 

‘High-vol tage d i rec t - cu r ren t  (HVDC) systems are rece iv ina  increased a t ten t i on  
f o r  both overhead and underqround transmission because o f  t h e i r  abi 1 i ty  t o  t ransDort  
more e l e c t r i c  energy per  u n i t  w idth o f  r ight -of -way (greater  eneray densi ty)  than 
w i t h  an equiva lent  AC l i ne .34  Because o f  the absence o f  AC reac t ive  (nonpower) 
currents  and the  res is tance- increas ing sk in -e f fec t  experienced w i t h  AC transmission , 
the  I R load  losses o f  HVDC systems are less than tha t  o f  extra-high-voltage AC 
l i n e s  fo r  transmission o f  a given amount o f  power, as are the no-load losses due 
t o  the p r a c t i c a l  e l im ina t i on  o f  AC-induced d i e l e c t r i c  losses. 

h igh voltage overhead l i n e s  are b u i l t  w i t h  the same i n s u l a t i o n  l e v e l  and conductor 
s i ze  and operated a t  voltages t h a t  produce equiva lent  e l e c t r i c a l  s t ress in?  o f  the 

i n s u l a t i n g  medium (500-kV AC vs 800-kV OC, f o r  instance) the RVDC-line losses would 
32 be about 65% of the AC-line losses f o r  transmission o f  a qiven amount o f  power. 

This advantaqe i n  l i n e  losses w i l l  be p a r t i a l l y  o f f s e t ,  however, by losses i n  

the HVDC conversion terminals, which are on the order  o f  4-1/2 times those r e s u l t i n a  

from AC transformation. 
800-kV DC), the HVDC overhead l i n e  would have t o  exceed 300 t o  490 miles i n  lennth 

before i t s  losses, i nc lud ing  those o f  t he  conversion equinment a t  i t s  terminals, 
would be less than those o f  an extra-hinh-voltaoe AC l i n e  w i t h  voltaqe t ransformat ion 

a t  i t s  terminals. 

2 

I f  HVDC and ex t ra -  

A t  the  comparison voltaqe leve ls  mentioned (500-kV AC vs 

The economics o f  HVDC systems favor  i t s  use instead o f  extra-hiqh-voltaqe AC systems 

fo r  la rge  amounts o f  power t ransmi t ted over long d is tances-- in  excess o f  300 t o  400 
mi les f o r  overhead l i n e s  and 30 t o  50 mi les f o r  underqround cables.34 These distances 

correspond t o  d i s tan t  generation s i t e s  (hydro s ta t ions ,  mine-mouth thermal p lants ,  

and nuc lear  power parks), where HVDC overhead l i n e s  might be used, and lonq runs 
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n through populated o r  n a t u r a l  beauty areas, where underground DC t ransmiss ion  m igh t  

be approp r ia te .  The f u t u r e  pro1 i f e r a t i o n  o f  such d i s t a n t  genera t i on  i s  p rob lemat i c  
and t h e  magnitude o f  underground DC t ransmiss ion  i n t o  heavy l o a d  areas may be smal l  
compared w i t h  t h a t  o f  AC t ransmiss ion.  The choice o f  AC vs DC w i l l  be made on a 

case-by-case b a s i s ,  
i n t r o d u c e d  i n t o  U.S. systems and what t h e  e f f e c t  m i v h t  be on t ransmiss ion  losses i s  
d i  ff i c u l t  . 

To know a t  present  how e x t e n s i v e l y  HVDC systems w i l l  be 

6C.5.1.3 I n n o v a t i v e  Underground Transmission 

Research and development i s  b e i n q  conducted on new means o f  t ransmi t t i n q  b u l k  
e l e c t r i c  energy underground so as t o  i nc rease  c i r c u i t  c a p a b i l i t i e s  and operate a t  

vo l tages  compat ib le  w i t h  overhead systems w h i l e  ach iev ina  b e t t e r  economics. 
P r i n c i p a l  among these approaches a re  fo rced  cool  i n q  o f  convent ional  h iqh-pressure 
o i l  - f i l l e d  cables,  compressed-qas cable systems, cryogenic  cable systems (bo th  

c r y o r e s i s t i v e  and superconduct ing) ,  and microwave (waveguide) systems. 

3 u r i n g  t h e  1980's, t h e r e  i s  l i k e l y  t o  be i n c r e a s i n g  demand f o r  h i g h e r  c a p a b i l i t y  
c i r c u i t s  (up t o  5000 HW by 1990) t o  c a r r y  e l e c t r i c  power i n t o  suburban and urban 
l o a d  cen te rs .  
c r y o r e s i s t i v e  cab le  systems w i l l  p robably  share t h i s  a p p l i c a t i o n .  
need w i l l  grow f o r  even q r e a t e r  c i r c u i t  c a p a b i l i t i e s ,  perhaps 10,000 MW and 

greater,30 w i t h  t h e  a b i l i t y  t o  t r a n s m i t  e l e c t r i c  energy w i t h  ve ry  low loss f o r  
cons ide rab le  d is tances,  perhaps hundreds o f  m i l e s .  Superconductino cab le  would be 

expected t o  f i l l  t h i s  r o l e .  

Forced c o o l i n g  of convent ional  cable and compressed gas and 
Beyond 1990 t h e  

The cho ice  o f  cable system f o r  each underground a p D l i c a t i o n  would most l i k e l y  be 

determined Rore by c o n s i d e r a t i o n  o f  economics, space and r o u t i n g  requirements,  and 
r e l i a b i l i t y  than b y  losses.  
i n n o v a t i v e  systems are shown i n  Table 6C.5-4. 
forced-cooled cables and f o r  t h e  microwave systems than losses o f  n a t u r a l l y  cooled 
convent ional  cables.  Therefore,  t h e  o n l y  sav ing i n  e l e c t r i c  energy losses t o  be 
expected would be from s u b s t i t u t i o n  o f  superconduct ing cab le  systems f o r  o the rs  

a f t e r  1990 o r  so. 

Operat inq oarameters" ' r ) y 3 5 3 3 6  o f  t h e  va r ious  t,ypes o f  
Xote t h a t  losses are g r e a t e r  f o r  

A p r o j e c t i o n  o f  e n e q y  conserva t i on  u s i n g  superconduct ing cables f o r  t h e  p e r i o d  
1990-2030 i s  shown i n  Table 6C.5-5.35 
i n d i c a t e d  i n  Table 6C.5-4, about 700,900 MWhr would be saved i f  t h e  underground 

c i r c u i t  a d d i t i o n s  ove r  t h e  p e r i o d  1990-2000 were i n  superconduct ino AC cable r a t h e r  

Eased on t h e  r e l a t i v e  eneray d i s s i p a t i o n s  
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Table 6C.5-4 

POWER LOSSES IN UWDERGROUND POWER SYSTEW 

Sys tern Power Loss rzlaximuni R a t i n g  
Power ( %  per mile) 
( W A )  

High-pressure, Oil-f i l led Cables (345 k V )  
Naturally cooled 
Forced-cool ed 

Compressed-Gas Cable (500 k V )  
Naturally cooled 
Forced-cool ed 

Cryores i s  ti  ve Cab 1 e 
Nitrogen cooled (500 k V )  
Hydrogen cooled (500 kV) 

Superconducting Cable 
AC 
3C 

Mi crowa ve (wave gu i de) 

450," 3.1 x 101; 
1,020 4.3 x 10 

b 2 ,2OOb 
6,500 

3,500; 
3,500 

3,000; 
10,000 

1.3 x lo-; 
4 . 5  x 10- 

5.6 x 10:; 
4.3 x 10 

5 1 0 - ~ - ~  
4.5 x 10 

10,C)0Ob 6 x 

Source: "Cryoqenic Transmission," Task Force on Technical Aspects (E. B.  Forsvth, 
Chairman) of the Technical Advisory Commi t t e e  on Conservation of EnerGy, Federal 
Power Commission, f o r  updating of 1970 National Power Survey, Table 1 ,  p .  12.  

A .  D. L i t t l e ,  Inc., "llnderqround Power Transmission ,'I Electr ic  Research 
Council, October 1971, Table 4.1, p .  4.5. 

"Resistive Cryogenic Cable," Phase B Report, General Electric Co., f o r  
E E I  Project RP 78-6, May 1970, Table 4 ,  p. 30. 

a 

bSource: 

'Source: 

than conventional self-cooled cable. 
output of a generator rated a t  approximately 10 Mb!. 

the  superconducting cable were selected t o  rep1 ace compressed-qas cable. 
Nevertheless, f o r  economic and aesthet ic  reasons as well as conservation qoals , 
underground transmission is oenerally considered worthy of fur ther  investigation 
and support. 
of underground transmission sys terns capable of matching future overhead systems 
i n  both power capacity and voltage w i t h  as low a cost  different ia l  between 
overhead and underground as possible. snecif ic  a c t i v i t i e s  to  be pursued under 
th i s  program w i t h i n  the next f ive years include developinq and completing four 
improved types of underqround cables for commercial use and conductina model t e s t s  

This savings i s  equivalent to  the 10-year 
The savina would be less  i f  

"The Fiation's Energy Future"' therefore proposes the development 

n 
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on superconducting cables. 
ground transmission of a substantial portion of the electr ical  power produced toward 
the l a s t  decade of this century. 

If successful , these e f for t s  may result i n  the under- 

6C. 5.2 D i  s t r i b u t  i on Sys terns 

The distribution system takes the e l e c t r i c  energy from the transmission system ( a t  
the low voltage side of the l a t t e r ' s  bulk-power receivincl substations) and trans- 
ports i t  t o  poin ts  of u t i l i za t ion .  The typical U.S. d i s t r i b u t i o n  system consists 
of subtransmission l ines (usually ranging from 69 t o  138 k V ) ,  primary distribution 
substations, primary distribution l ines (2.4 t o  34.5 k V ) ,  distribution transformers, 
secondary distribution l ines (120 t o  240 V ) ,  and service l ines  t o  residential  and 
commercial customers. Laroe commercial and industrial  customers usually are 
supplied a t  primary distribution or even subtransmission voltages. 

Distribution systems may be constructed as overhead systems, underwound systems, 
o r ,  as i s  usually t h e  case today, a combination o f  bo th .  The trend i s  toward p u t t i n o  

more l ines  underground, particularly for  the primary and secondary distribution 
systems feeding suburban loads.37 For many years, these systems have been designed 
t o  operate w i t h  m i n i m u m  losses consistent w i t h  the economic use of material and 
w i t h i n  environmental and mechanical l imitations.  Some of the research and development 
on underground transmission systems as described above i n  Section 6C.5.1.3 would be 
applicable also t o  underground d i s t r i b u t i o n  systems and may be expected t o  
improve the technology for  the l a t t e r .  

Losses i n  d i s t r i b u t i o n  systems consist  of load losses and no-load losses, as 
explained previously. The proportions of these losses w i t h i n  the overall system 
are approximately as fol lows : 

( 1 )  Subtransmission System 0.4875 
( 2 )  Distribution Substations 0.47% 
( 3 )  Primary Distr ibut ion System 0.82% 
( 4 )  Dis t r ibu t ion  Transformers 2.04% 
( 5 )  Secondary Distribution System 0.157 
(6)  Service Lines t o  Customers 0.03% 

Total Distribution 3.99% 
(Approximately 4.0%) 

Obviously, the ?reatest  losses occur i n  the d i s t r i b u t i o n  transformers, fol 
by the primary d i s t r i b u t i o n  l ines  feedina these transformers. 
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Losses i n  d is t r ibut ion transformers can be reduced by optimizinq their loading. 
The relationship of transformer losses to  transformer loading is  shown i n  
Figure 6C.5-3 for  transformers of present designs.38 The losses are higher for  
l ight ly  loaded transformers because i n  t h a t  range the i r  approximately constant no- 
load losses are higher per uni t  of load. 
from the point of view of losses would be from about 160% t o  200% for  distribution 
transformers and 140% t o  2304: for  primary d i s t r i b u t i o n  s ta t ion transformers. 
Transformers are usually loaded up t o  the lower end of these ranges t o  prevent 
excessive system voltage drops and shortening of transformer service l i f e .  
to  emphasize energy conservation, consideration could be given t o  increasinq trans- 
former loading when i t  i s  below the optimum for  losses. 

The optimum range for  loading transformers 

However, 

37 

A measure of the conservation of energy t h a t  could be achieved by optimizinq the 
loading of d i s t r ibu t ion  transformers is  estimated as follows. 
of distribution transformers is  assumed t o  averaqe 120% of u n i t  ratinq.38 I n  
Figure 6C.5-3, this value corresponds t o  annual losses for  a 50-kVA transformer of 
1.75% of  energy carried. Assume further that  the loadinq of the dis t r ibut ion 
transformers on the system is progressively increased a f t e r  1975 a t  5.79% per 
annum until  160% average peak loading i s  achieved by 1991, a f t e r  which the loading 
is  held a t  this p o i n t  t o  achieve near m i n i m u m  transformer energy losses. 
160% peak loading, the annual losses for  the 50-kVA transformer of Figure 6C.5-3 
are 1.59%, 0.16% lower t h a n  for  120% peak loadinq. If the annual reductions i n  
50-kVA d i s t r i b u t i o n  transformer losses are taken as the average for  U.S. systems 
tha t  can be achieved by the increased loadinq assumed and these reductions are 
multiplied by the corresponding annual e l e c t r i c  energy projected t o  be carried by 
a l l  d i s t r i b u t i o n  transformers i n  the U.S., the loss savings shown i n  Table 6C.5-6 
are the resul t .  
1986 through 2000 would be almost 65 bi l l ion kl4hr.  

saving i n  losses would be approximately equivalent to  the generatinq capacity of 
an 1100-MWe turbine generator. 
suggested that  most u t i l i  t i e s  already maintain average transformer loadinos a t  about 
160%. 
"optimizing" the loadinq of distribution transformers as reported above will be too 
h i g h ,  and a lesser  savings, i f  any, will resul t .  

In 1985, peak loading 

A t  160% 

The total  savings i n  distribution transformer losses for  the years 
By the year 2000 the annual 

Notwi thstandinq the above discussion, i t  has been 

I n  such instances, the estimates of energy savinqs that  can be achieved by 

The only s ignif icant  losses i n  overhead primary distribution power l ines are the 
load losses,  They may be reduced by decreasing the current or the resistance. 
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Table 6C.5-6 

SAVINGS I N  DISTRIBUTION TRANSFORMER ENERGY LOSSES 

Transformer Loss D is t r i bu ted  Energy’ Saving Saving b 
Year Peak Load Saving (Residential and i n  Losses i n  Capacity 

Comnerci a1 ) ( b i l l i o n s  o f  (Mw)  
( b i l l i o n s  o f  kWhr) kWhr) 

(%)  ( % I  

1985 

1986 

1987 

1988 

1989 

1990 

1991 

1992 

1993 

1994 

1995 

1996 

1997 

1998 

1999 

2000 

120.0 

126.9 

134.2 

142.0 

150.2 

158.9 

160.0 

160 .O 

160 .O 

160 .O 

160 .O 

160.0 

160 .O 

160 .O 

160 .O 

160.0 

0.04 

0.07 

0.1 1 

0.13 

0.16 

0.16 

0.16 

0.16 

0.16 

0.16 

0.16 

0.16 

0.16 

0.16 

0.16 

1820 

1925 

20 36 

21 54 

2279 

241 1 

2551 

2699 

2855 

30 20 

3195 

3380 

3576 

3783 

400 2 

4235 

Total 

0.77 

1.43 

2.37 

2.96 

3.86 

4.08 

4.32 

4.57 

4.83 

5.11 

5.41 

5.72 

6.05 

6.40 

6.78 

64.66 

- 

- 

127 

237 

392 

490 

6 39 

675 

71 5 

756 

799 

845 

89 5 

9 46 

1001 

1059 

1122 

aAssumes 50% of t o t a l  U.S. u t i l i t y  e l e c t r i c  eneray sales. 

b A t  75% p l a n t  capacity f a c t o r  and 8% losses i n  transmission and d i s t r i b u t i o n  

These sales are 
assumed t o  increase a t  a yea r l y  compounded r a t e  o f  5.79%. 

sys terns. 
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As indicated in the discussion of transmission systems, current in a power line can 
be reduced by increasinq the line voltaqe or  by raising the system power factor. 
For distribution of a given amount of power, the saving in line losses will be 
proportional t o  the square of the reduction in line current. However, primarily t o  
maximize the power capability of distribution lines and improve system economics, 
ut i l i t ies  have been converting t o  higher distribution voltages37 and have installed 
many power factor correction capacitors t o  raise distribution system power factors. 
A secondary benefit has been a reduction i n  d i s t r i b u t i o n  line losses. To achieve 
the primary benefits stated, ut i l i t ies  will continue t o  raise the voltage of indi- 
vidual distribution lines and install more capacitors, w i t h  consequent reduction i n  
1 ine losses; such action will not  constitute an independent option for conservation 
of energy. 

Reduction i n  conductor resistance reduces load losses proportionately. 
t r i b u t i o n  circuits, this reduction can be achieved by chanqinq the conductor material 
or increasing the conductor size. 
most used for conductors i n  distribution systems, based on physical characteristics 
and economics. 
aluminum's position. 
resistance is t o  increase the conductor size. 
on system economics considering projected load increases, provision for load 
transfer d u r i n g  line outages, maximum-allowable voltaqe droo,  and installation and 
loss costs and i s  limited by current-carrying capacity and ecological a n d  
mechanical considerations. The effect of these factors has resulted in a conductor 
size generally larger t h a n  t h a t  necessary t o  carry the normal load, w i t h  the result 
t h a t  resistance losses i n  existing distribution systems tend t o  be relatively low 
and installing s t i l l  larger conductors will further reduce energy losses only t o  a 
1 imi ted degree. 

For dis- 

In recent years, aluminum has been the mater ia l  

Other materials are available b u t  are n o t  expected to  challenge 

Conductor size normally i s  based 
For distribution purposes, the practical way t o  reduce the 

38 
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6C.6 UTILIZATION OF ENERGY 

Conservation o f  energy a t  the p o i n t  o f  end-use has u n t i l  recent  years received 

l i t t l e  a t t e n t i o n  i n  comparison w i t h  t h a t  given t o  conservation i n  energy supply and 
conversion processes. 
generate e l e c t r i c i t y  o r  t o  burn f o s s i l  f u e l s  has been extensive, programs t o  conserve 

energy i n  the manufacture o f  goods and the p r o v i s i o n  o f  serv ices f o r  residences and 
commercial b u i l d i n g s  have been r e l a t i v e l y  i n s i g n i f i c a n t  u n t i l  r e c e n t l y ,  desp i te  the  

magnitude o f  the  p o t e n t i a l  f o r  energy savings. 

Whereas research and development on more e f f i c i e n t  ways t o  

Energy economics i n  the  Uni ted States have been l a r g e l y  responsib le  f o r  t h i s  i n a t t e n -  
t i o n  t o  conservat ion o f  energy i n  i t s  end uses. 
n a t i o n a l  product  has been wedded t o  cheap, abundant enerpy. E l e c t r i c i t y ,  f o r  

instance,  over the l a s t  several decades became an i n c r e a s i n g l y  b e t t e r  bargain f o r  

U n t i l  very  r e c e n t l y  the gross 

the  produc t ion  o f  goods and serv ices,  
p r i c e  trended upwards, l a r g e l y  due t o  
environmental impacts. This a v a i l a b i  
o t h e r  components o f  product ion cos t  d 
b u i l d i n g s ,  equipment, and processes. 
supply a t  low pr ices ,  the t r a d e - o f f s  
investment r a t h e r  than more e f f i c i e n t  

and on ly  i n  the  l a s t  several years has i t s  
f u e l  and equipment costs  r e l a t e d  t o  min imiz ing  

i t y  o f  ener9.y t h a t  was inexpensive r e l a t i v e  t o  
scouraged investment i n  more e n e r g y - e f f i c i e n t  
Where energy was i n  e s s e n t i a l l y  u n l i m i t e d  
n economic j u s t i f i c a t i o n  favored low i n i t i a l  

Now, w i t h  r i s i n g  less  c o s t l y  operat ion.  
energy costs  and sometimes l i m i t e d  suppl ies o f  f u e l s ,  purchasers a re  becoming 
i n c r e a s i n g l y  aware o f  the l i f e t i m e  opera t ing  costs  and energy consumption o f  the 

products purchased, as w e l l  as t h e i r  i n i t i a l  costs. Technological and managerial 

steps t o  f o s t e r  more e f f i c i e n t  u t i l i z a t i o n  o f  energy a t  the  p o i n t s  o f  end-use w i l l  
reduce opera t ing  costs  and extend f u e l  a v a i l a b i l i t y .  

6C.6.1 Approaches t o  Energy Conservation 

This s e c t i o n  on u t i l i z a t i o n  o f  energy examines severa l  s tud ies  t h a t  have been per-  
formed on approaches t o  eneray conservat ion (most o f  which emphasize conservat ion 
i n  end use), looks a t  some o f  the more f r u i t f u l  areas f o r  achiev ina s u b s t a n t i a l  

energy savings, and es tab l i shes  the bas is  f o r  the  conclusions on energy conservat ion 
which f o l l o w .  

Energy consumption by end-use i n  the Un i ted  States as determined i n  one author  
study3' i s  shown i n  Table 6C.6-1. During t h e  i n t e r v a l  1960-1968, the  Nat ion 's  
annual consumption o f  t o t a l  energy increased from 43.1 t o  60.5 q u a d r i l l i o n  B tu  

growth r a t e  (compounded) o f  4.3% per year. The annual growth r a t e  i n  e l e c t r i c  

t a t i v e  

a t  a 

t Y  
The i n d u s t r i a l  s e c t o r  accounted f o r  usage d u r i n g  t h i s  per iod  was approximately 6%. 

the g r e a t e s t  use o f  energy, 41.2% o f  the n a t i o n a l  t o t a l  i n  1968, w h i l e  the commercial 
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Table 6C.6-1 

CONSUMPTION IN THE UNITED STATES BY END-USE 

T r i l l i o n s  of  B t u  and Percent per Year) 
1960- 1968 

ENERGY 

Percent of 
Consum t i o n  Annual Rate National Total 

Sec tor  and End Use --lm+m- 8 of Growth (%) 

Residenti  a1 
Space heat ing 
Water hea t ing  
Cooling 
Clothes drying 
Ref ri ge r a t1  on 
A i  r condi t ioning 
Other 

4,848 6,675 
1,159 1,736 

5 56 6 37 
93 208 

569 69 2 
134 427 
809 1,241 

7,968 11,616 

-- 

4.1 
5.2 
1 .7  

10.6 
8.2 

15.6 
5.5 

4.8 

3.8 
2.3 
4.5 
2.9 
8.6 
3.7 

28.0 

5.4 

3.6 
5.3 
4.8 
2.8 
6.1 
6.7 

3.9 

4.1 
0.4 

4.1 

4.3 

11.3 
2.7 
1.3 
0.2 
0.9 
0 .3  
1.9 

18.6 

11 .o 
2.9 
1.1 
0.3 
1.1 
0.7 
2.1 

19.2 Total 

Commercial 
Space heat ing 
Water hea t ing  
Cooking 
Refr igera t ion  
Air condi t ioning 
Feedstock 
Other 

3,111 4,182 
544 653 
98 139 

534 670 
576 1.113 

7.2 
1.3 
0.2 
1.2 
1.3 
1.7 
0.3 

3.2 

7.8 
7.4 
1.1 
2.9 
3.2 
0.3 

6.9 
1.1 
0.2 
1.1 
1.8 
1.6 
1.7 

4.4 

6 .7  
7.9 
1.2 
1 .5  
3.6 
0.3 

734 9 84 
145 1,025 -- 

5,742 

7,646 
3,170 

486 
5,550 
1,370 

118 

Total 8,766 

Indus tri a1 
Process steam 
E l e c t r i c  dr ive  
E l e c t r o l y t i c  processes 
Direct heat  

0,132 
4,794 

70 5 
6,929 
2,202 

198 - -- 
Feedstock 
Other 

Total  

Transportat  
Fuel 
Raw mater 

Total  

1 8,340 24,960 42.7 41.2 

on 

a1 s 
25.2 
0.3 

24.9 
0.3 

10,873 15,038 
141 146 

11,014 15,184 25.5 25.2 

43,064 60,526 100.0 100.0 National t o t a l  

1 
Source: Stanford Research I n s t i t u t e ,  usinq Bureau o f  Mines and o the r  sources .  

n 
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sector ,  the smallest ,  used only 14.4%. 
a t  5.4% annually, while the former was the slowest growing, a t  3.9%. 

However, the l a t t e r  was the f a s t e s t  growing, 

A re la t ive ly  small number of energy applications consti tute the greatest  market for  
energy i n  the U.S. ,  as indicated for  1968 in Table 6C.6-2. The twelve applications 
shown account for  a l l  b u t  approximately 3% of total  U.S. energy consumption. Their 
re la t ive shares of the energy market are not changing rapidly despite the somewhat 
slower growth rates  of the larger applications. Industrial uses, transportation, 
and space heating const i tute  for  the foreseeable future the largest  targets  for  
conservation i n  the u t i l i za t ion  of energy. 

A number of recent studies have been dedicated t o  examining ways i n  which the 
consumption of energy can be reduced. 
October 197Z40 by the former Office of Emergency Preparedness ( O E P ) .  
of t h i s  study was the suggestion of programs that  would e i ther  improve the 
efficiency w i t h  which energy i s  consumed o r  minimize i t s  consumption, while 
providing the same or similar services t o  the consumer, 
suggested deal primarily w i t h  the u t i l i za t ion  of energy. in the major consuming 
sectors:  

Among these i s  the study published i n  
The objective 

The conservation measures 

indus t r ia l ,  transportation, res ident ia l ,  and commercial. 

The study concludes tha t  f u l l  implementation of the measures suggested could reduce 
projected U.S. to ta l  energy demand i n  1980 of 96 quadrillion B t u  by 15 t o  17% and the 
1990 demand of 140 quadrillion Btu by 23 t o  25%. Implementation of the program would 
reduce the annual growth r a t e  i n  e l e c t r i c i t y  consumption from 6% t o  4 1/2%. Graphical 
representation of idealized projections of total  U.S. energy consumption based on 
p u t t i n g  the suggested energy conservation measures i n t o  practice is  shown in Figure 
6C.6-1. 

The most s i  gni  f i cant energy conserva ti  on measures suggested to  achieve these reduc- 
t ions are  the ins ta l la t ion  of improved insulation i n  new and o l d  homes, the use of 
more ef f ic ien t  space heating and cooling equipment, the introduction of more 
e f f i c i e n t  industrial  processes and equipment, and the s h i f t  t o  more e f f i c i e n t  modes 
of transportation. 
these measures are  l i s ted  by sector  and end-use i n  Table 6C.6-3, which is a 
compilation of the potential savings reported i n  the OEP Study. 
savings indicated i n  the table  are  expressed i n  terms of primary source energy i n p u t s  
before conversion t o  the energy fi>rms ultimately ut i l ized.  
the average e l e c t r i c  generating plant conversion r a t e  of 9000 Btu/kWhr projected 
for  1990, the 32 t o  35 quadrillion B t u  savings estimated possible for  tha t  year are 
equivalent t o  an e l e c t r i c  generation of 3560 t o  3890 b i l l ion  kWhr, which i n  turn i s  
equivalent t o  540 t o  590 GW of baseload generating capacity. 

The possible energy savings corresponding t o  implementation of 

Note tha t  the 

T h u s ,  when divided by 
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Table 6C.6-2 

SIGNIFICANT END-USES OF ENERGY IN THE U.S. 
(1 968) 

~ ~~ ~ 

Percent 
of  

Appl i ca t ions  Total  Uses 

Transportat ion (fuel ; excludes lubes and greases)  24.9 

Space Heating ( r e s i d e n t i a l ,  commercial) 17.9 

Process Steam ( i n d u s t r i a l )  16.7 

Direct Heat ( i n d u s t r i a l )  11.5 

Electric Drive ( i n d u s t r i a l )  7.9 

t r anspor t a t ion )  5.5 
Feedstocks, Raw Mater ia ls  ( c o m r c i a l  i n d u s t r i a l  

Water Heating ( r e s i d e n t i a l ,  comnercial)  4.0 

Air Conditioning ( r e s i d e n t i a l  commercial) 2.5 

Refr igera t ion  ( r e s i d e n t i a l ,  commercial) 2.2 

L i g h t i n g  ( r e s i d e n t i a l ,  c o m r c i a l )  1.5 

Cooking ( r e s i d e n t i a l  commercial) 1 .3  
I 

E l e c t r o l y t i c  Processes ( i n d u s t r i a l )  1.2 
Total 97.1 
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Table 6C.6-3 

POSSIBLE ANNUAL ENERGY SAVINGS 
BY SECTOR AND END USE 

Sector and Savings i n  Gross Energy Input 
End-Use (1 015 Btu) 

1980 1990 - - 
Indus tri a1 

Process Steam 
Di rec t  Heat 
E l e c t r i c  Dr ive 
E l e c t r o l y t i c  Processes 
Other 

Res i dent i a 1 
Space Heating 
Water Heating 
A i r  Condit ioning 
Ref ri gerat  i on 
Cooling 
Other, Including L igh t ing  

0 

4.5 t o  6.4 9.0 t o  12.0 
5 n c l  uded above 
i n c l  uded above 
included above 
i ncl uded above 
included above 

3.6 
2.2 
0.25 
0.50 
0.10 
0.05 
0.50 

15.0 

C o m r c i  a1 a 1.5 

Transportation 4.8 8.0 

To t a l  14.4 t o  16.3 (15-17%)d 32.0 t o  35.0 (23-25%) 

1440 t o  1630 3560 t o  3890 b 9  Equivalent Generation (10 kWhr) 

Equivalent Baseload 
Generating Capacity‘ (GW) 220 t o  250 540 t o  590 

aConnnerci a1 end-uses. 
b A t  the e l e c t r i c  u t i l i t y  generation bus, assuming average p l a n t  heat rates o f  

10,000 Btu/kWhr i n  1980, 9000 Btu/kWhr i n  1990, and 8000 Btu/kWhr i n  2000. 
‘At 75% generating p l a n t  capacity factor.  
dPercentage savin s r e f e r  t o  the t o t a l  p r o j  t ions  o f  U.S. energy consumpt n i n  

1980 o f  96 x 1012 Btu, i n  1990 o f  140 x lotS Btu, and i n  2000 o f  190 x 1018 Btu 
considered i n  “The Nation’s Energy Future ,‘I USAEC Report WASH-1281, December 1973. 
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Another view o f  the  savings t h a t  may be achieved by reducing end-use consumption o f  
energy i s  presented i n  a study by the Ford Foundation's Energy P o l i c y  Pro jec t .  
This study considered several a l t e r n a t i v e  fu tures,  o r  scenarios, each based on 
d i f f e r e n t  assumptions regard ing the energy growth pat terns our soc ie ty  might ado@ 
f o r  the  years ahead, and the p o l i c i e s  and consequences t h a t  each would e n t a i l .  
These fu tu res ,  which are summarized below, were no t  presented as pred ic t ions ,  bu t  
as t o o l s  f o r  r igorous  th ink ing .  

41 

No one scenario was advocated over another. 

The f i r s t  scenario, c a l l e d  h i s t o r i c a l  growth, assumed t h a t  the use o f  energy w i l l  
continue t o  grow much as i t  has i n  the past. This scenario assumes t h a t  the Nation 
w i l l  n o t  d e l i b e r a t e l y  impose any p o l i c i e s  t h a t  might a f f e c t  our ingra ined hab i ts  o f  

energy use, bu t  w i l l  make a s t rong e f f o r t  t o  develop supplies a t  a r a p i d  pace t o  
match r i s i n g  demand. 

I n  t h i s  scenario, the use o f  ener'gy w i l l  continue t o  increase a t  about 3.4% per 
year, the average r a t e  o f  the past  20 years, and would amount t o  185 q u a d r i l l i o n  
Btu i n  the year 2000. The scenario assumes no de l ibera te  conservation p o l i c i e s  
and would requ i re  the aggressive development o f  a1 1 poss ib le  suppl ies- -of f -shore 
o i l  and gas, coal, o i l ,  shale, and nuc lear  power. High energy p r i ces  o r  government 
subsidies w i l l  be needed, as w e l l  as o ther  p o l i c i e s  favor ing  expansion o f  energy 

supplies, b u t  o i l  imports could be kept t o  a modest l eve l  and the remaining 
increases i n  production obtained from domestic resources, poss ib ly  a t  a h igh  

environmental cost .  42 

The second scenario, o r  " technica l  f i x , "  o f f e r s  the op t ion  o f  reducing energy 
demand s u b s t a n t i a l l y  below h i s t o r i c a l  growth rates.  
by making consumption e f f i c i ency ,  ra the r  than increased supply, the foca l  po in t  o f  

energy po l i cy .  

This reduc t ion  i s  accomplished 

The scenario under discussion was developed by apply ing economically f eas ib le  
energy-saving " technica l  f i x e s "  t o  the end uses o f  energy i n  the h i s t o r i c a l  growth 
scenario. 

growth scenario, b u t  the standard o f  l i v i n g  i s  no t  reduced and l i f e s t y l e s  are no t  
changed s i g n i f i c a n t l y .  I n  t h i s  scenario, the use o f  energy w i l l  increase a t  on ly  
h a l f  the h i s t o r i c a l  ra te ,  amounting t o  118 q u a d r i l l i o n  Btu i n  the year  2000. The 

scenario assumes sweeping app l i ca t i on  o f  energy-saving technologies and o ther  
conservation p o l i c i e s  designed t o  reduce demand, b u t  a lso assumes t h a t  economic 

growth would no t  be af fected and t h a t  consumer choices would no t  be r e s t r i c t e d .  

Major savings would come from the use o f  heat pumps and b e t t e r  i nsu la t i on ;  smaller, 

As a r e s u l t ,  energy demand grows a t  h a l f  the 3.4% r a t e  i n  the h i s t o r i c a l  
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more efficient cars; and more efficient production of process steam i n  industry. 
In consequence, only one major domestic source of energy would have t o  be aggres- 
sively developed. 
The resulting flexibility could be used t o  severely limit, for environmental or 
security reasons, the role of nuclear energy, of coal, or of imported fuels i n  the 
nat ional  energy mix. Adjustments i n  t a x  and subsidy policies, federal research 
and development efforts , and new regulatory policies w i  11 a1 1 be needed. 

(Again, no preference i s  expressed; several options are explored.) 

The t h i r d  scenario, t i t led zero energy growth, i s  different. 
according t o  the study, a real break w i t h  our accustomed way of doing things. 
Under this approach, the use of energy will grow only slightly, leveling off a t  
about 100 quadrillion Btu/year i n  2000. The scenario assumes widespread concern 
w i t h  the social and environmental costs of energy growth, adoption of an "enough 
is best" ethic, and a switch t o  production of more durable items. Cities and 
transportation systems would be redesigned, and economic growth, a l t h o u q h  not 
stopped, would be concentrated i n  the provision of services rather t h a n  i n  
manufacturing. 
i t  does not  assume austeri ty--air conditioners, automobiles, and other appliances 
would be available to a l l  consumers. The report does not  spell out  the fu l l  l i s t  
of policies t o  accomplish this goa l ,  b u t  i t  does suggest t h a t  h i g h  prices and 
government actions to maintain f u l l  employment will be needed. 
of the effects on society and likelihood of implementation of a conservation 
program, such as zero energy growth, t h a t  would have significant impact on l ife- 
styles i n  this na t ion ,  i s  provided later i n  Section 6C.7, wherein the views of 
several persons who commented on the Draft Statement i n  "support" of lifestyle 
changes are addressed. Several views indicating t h a t  lifestyle changes will n o t  
be broadly accepted are also discussed i n  t h a t  section. 

I t  represents, 

While some changes i n  lifestyle are foreseen i n  this scenario, 

Further discussion 

An important p o i n t  t o  be noted w i t h  regard t o  the term zero energy growth i s  t h a t  the 
term "energy" refers t o  to t a l  overall consumption of all  forms of energy, not  just 
electricity. Even i f  zero total energy growth were t o  be achieved, the demand for 
electricity is 1 i kely t o  s ti 11 increase, as economic and envi ronmental factors tend 
t o  increase the fraction of our energy consumption which i s  i n  the form of electricity. 
Also i n  this respect, the areas of energy usage w i t h  the greatest potential for 
savings, e.g., space heating and transportation, are among those which rely less 
heavily on electricity, and thus are not  prime targets for reduced electricity usage. 

Yet another view o f  how conservation measures i n  end use of energy may be used to 
achieve a better balance between energy supply and demand is t h a t  expressed i n  the 

6C.6-8 



Half and Half Plan by the Council on Environmental Quality.43 The major elements 
of this plan are:  

(1) The target  for  gross energy consumption i n  the year 2000 should be 121 
quadril l ion B t u ,  an increase of 49 quadrillion B t u  over the 1972 
consumpti on of 72 quadri 11 ion B t u .  This increase represents an annual 
growth r a t e  of 1.8%. 

( 2 )  T h i s  target  is  based on growth i n  net per capita energy consumption of 
0.7% per year and on a continuing conservation e f f o r t  tha t  would, through 
improved efficiency and elimination of waste, save energy a t  a rate of 
0.7% per year. T h i s  program--half growth and half conservation--would 
provide an effect ive increase i n  usable energy of 1.4% per year,  equal 
t o  the average ra te  of growth experienced from 1347 t o  1972. 

The implications for  energy demand from implementation of the Half and Half Plan 
are : 

(1) In terms of increased i n p u t s ,  per capita net energy consumption i n  the 
year 2000 would be 25% above present per capita levels i n  the residential  
and commercial sector ,  35% above present per capita levels i n  the 
industrial  sector ,  and 10% above present per capita levels in the trans- 
porta t i  on sector.  
In terms of effect ive energy, t h i s  increase would be supplemented by 
energy saved t h r o u g h  energy conservation i n  the resident ia l  and comer- 
cia1 sector ( t h r o u g h  such means as more e f f i c i e n t  appliances, be t te r  
insulation, and more energy-conscious architectural  desi a n )  , i n  the 
industrial  sector  (through more recycling of materials and more 
energy-conscious process d e s i g n ) ,  and i n  the transportation sector  
( t h r o u g h  smaller, more e f f i c i e n t  cars ,  increased use of mass t r a n s i t ,  
and more rational land use). 

( 2 )  

In addition t o  emphasizing energy conservation, the Half and Half Plan recognizes 
that  p a r t  of the burden of providing a balance between energy demand 
must f a l l  on the energy supply process. In this respect,  the Plan c 
following implications for  energy supply: 

(1) Major reliance must be placed on coal and nuclear f iss ion 
increase from 12.6 quadrillion B t u  i n  1971 t o  33.4 quadri 
2000; nuclear power from 0.4 t o  35 quadrillion B t u .  
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Over 42% of to ta l  energy i n p u t s  will be used t o  produce e lec t r ic i ty .  
T h i s  action will resu l t  i n  substantial conversion losses--as much as  
30.7 quadrillion B t u  i n  2000. 
Limited petroleum resources must increasingly be reserved for  transporta- 
t ion uses. 
Major research and development should be carried out on new energy 
resources such as nuclear fusion and solar  and geothermal energy. 
w i t h  a major e f f o r t ,  however, the CEQ believes tha t  we cannot reasonably 
expect t o  meet more than 3% of our total  needs from these new sources by 

the year 2000. 

Even 

In summary, the Plan includes several proposals for  national action: 

( 1 )  A long-term national program t o  conserve energy must be undertaken and 
given h i g h  pr ior i ty .  
t o  identify opportunities f o r  energy conservation and t o  develop patterns 
of incentive and regulation which will encourage more e f f i c i e n t  and less  
wasteful use of energy supplies. 
Planning for the development of energy supplies must be undertaken on a 
long-term basis and be premised on an effect ive national energy conserva- 
t i  on program. 
Previous major advertising campaigns t o  promote the use of energy must 
be replaced w i t h  campaigns t o  promote conservation of energy. 

This program should include research and analysis 

( 2 )  

(3)  

A somewhat broader approach t o  s t ra tegies  for reducing national energy demand i s  
presented i n  a report on Energy Conservation Strategies by the Environmental 
Protection Agency.44 T h i s  report holds tha t  ra te  revisions and internalization of 
environmental costs t o  users a re  two basic measures for  promoting reduced usage of 
energy. I t s  basic f i n d i n g  is  that  i f  the government should w i s h  t o  t a k e  an 
a c t i v i s t  position on behalf of energy conservation, a market-based s t ra tegy appears 
a t t ract ive.  
l i t t l e  cost;  such energy savings would not ca l l  f o r  changes i n  l i f e s t y l e ,  cessation 
of national growth, o r  s ignif icant  economic dislocations. 
energy uses ( o r  wastes) are not eliminated, maintenance (much less improvement) of 
environmental quali ty will become f a r  more d i f f i c u l t .  T h u s ,  the process of 
allocating environmental costs t o  energy suppliers (and through them t o  users) i s  
par t  of the solution t o  the energy problem, n o t  part of the problem i t s e l f .  In 
more d e t a i l ,  a number of the specif ic  areas where such savings are economically 
viable have been ident i f ied,  and additional government actions,  i f  any, which 

Large amounts o f  energy go for  uses tha t  could be eliminated a t  very 

If  such low-priori ty 
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m i g h t  be taken t o  ensure a sound market i f  this approach should be adopted, have 
been considered. 

More specif ical ly ,  the EPA report  c i tes  the following s t ra tegies  as worthy of fur ther  
i nvesti gati on and/or implementation : 

(1)  Overall 
Dual s t ra tegy,  u s i n g  both  market and regulation 
Broad research on energy use and conservation 

Discriminatory pricing 
Highway and aviation subsidies 
Depletion a1 lwances 

Sulfur emissions tax 
Auto emissions t a x  
General costs of compl i ance 

( 4 )  Assisting market w i t h  se lect ive actions 
Insulate new dwellings (regulation and labeling) 
Insulate old dwellings (subsidy or  labeling) 
Control trends t o  energy-wasteful products, processes 
Improve automobile energy efficiency 

(2)  Review and revision of energy-wasteful Government policies 

(3)  Internalization of environmental costs t o  users 

The potential savings by 1990, assuming successful implementation of the above 
s t ra teg ies ,  would be as follows: 

22% of residential/comnercial - - 8 Q B t u *  o r  6% 
34% of industrial  - - - - - - - -24 Q B t u  o r  17% 
27% o f  transportation - - - - - - 9 Q B t u  or 7% 

National- - - - - - - - -41 Q B t u  o r  30% 

The nationally projected savings of 30% by 1990 are not inconsistent w i t h  the 
conclusions of other conservation studies as reported i n  this section. 

A further national overview of the role of conservation i n  balancing energy supply 
and demand is provided i n  several publications of the Federal Energy Administration 
( F E A ) ,  w h i c h  has the responsibil i ty of establishing overall government policy 
regarding energy c o n ~ e r v a t i o n . ~ ~ ~ ~ ~ ~  The FEA, i n  out1 ining the program f o r  achieving 
U.S. energy independence by 1980,46 has cited a ser ies  of major conservation programs 

*Quadri 111 on British thermal uni  ts . 
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designed t o  create an energy conservation e th ic  and t o  reduce the growth rate  i n  
energy consumption from 3.6% t o  2% per year. 
those discussed i n  more detai l  l a t e r  i n  th i s  section, include improved efficiency i n  
household and comercial  heating, reduction i n  energy use by appliances, changes i n  
transportation modes and patterns,  industrial  conservation, and changes i n  pricing 
policies.  T h i s  l a s t  mechanism includes significant increases i n  the prices of a l l  
forms of energy between 1974 and 1985 and change i n  the peak-load pricing for  
e lec t r ic i  ty ,  thereby sh i f t ing  industrial  schedules so as t o  reduce the percentage 
increase i n  e l e c t r i c i t y  demand. 

These programs, w h i c h  are similar t o  

One other comprehensive study of the savings that  may be achieved by reducing end- 
use consumption of energy and improving the management o f  our  energy resources and 
policies i s  provided i n  "The Nation's Energy Future,"' which outl4nes a five-year, 
$210-million program aimed a t  achieving these goals. 
interagency government panel , established two principal areas for  reduced 
consumpti on--end-use conservation and improved management. Under the former task , 
the program goal would be t o  conserve energy and energy fuels  by reducing the r a t e  
of growth i n  consumption and t o  achieve this reduction while maintaining an accept- 
able standard of l iving and environment, under conditions of minimal social and 
economic dislocation. The goal o f  improved management would be t o  conserve energy, 
energy sources, and energy research and development resources by p r o v i d i n g  analytic 
tools for  comparative analyses cf al ternat ive energy s t ra tegies  that  will  a s s i s t  
energy policy makers and energy research and development policy decision makers i n  
establishing pol i cies . 

This report, prepared by an 

More specif ical ly ,  the objectives of the program i n  end-use conservation are as 

To maximize specif ic  energy efficiency i n  buildings by developing and 
demonstrating improved design, construction techniques and practices , 
operational methods and maintenance practices,  and use o f  materials tha t  
require less  energy for  production. 
To reduce energy consumption i n  industrial  processes by developing and 
demonstrating improved design, construction techniques and practices , 
operational methods and maintenance practices , and use of materials that  
require less  energy for  production. 
To increase the energy efficiency of transportation systems by developing 
and demonstrating more e f f i c i e n t  u t i l i za t ion  of a l ternat ive modes, 
patterns of t r a f f i c  flow, coordination of systems t o  urban growth patterns,  
and use of local regulations. 
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(4 )  To demonstrate the energy eff ic iencies  t o  be derived from integrated 
u t i l i t y  services from a single plant. 

(5)  To develop appropriate information and data , w i t h  cross-energy-sector 
applications , for  analysis of the implications of demographic trends, land 
use al ternat ives ,  and new technologies i n  terms of the i r  impact on energy 
demands. 

The object1 ves of improved management are : 

Develop and maintain an adequate base of information and d a t a  on and improve 
existing and develop new quantitative models of the U.S.  energy system i n  
order t o  provide the analytical tools required for  analyses o f  al ternat ive 
energy policies or management concepts. 
Conduct assessments , including evaluation of environsental , economic, and 
social factors ,  of emerging energy technologies a n d  integrate the resu l t s  o f  
those assessments into evolving national energy policies and s t ra tegies .  
Develop evaluation c r i t e r i a  for  the selection of energy research and develop- 
ment strategy alternatives and identify the trade offs  implicit  t o  these 
a1 terna ti  ves . 
Develop recommendations for  systematic management of energy research and 
development including ident i f icat ion of total  resource needs and the 
allocation of those resources among competing programs , taking in to  
consideration the appropriate roles f o r  Federal and private funding. 

If these a c t i v i t i e s  are successful, the report estimates several areas i n  which 
reduced consumption would be achieved. 
are analyzed as follows: 

In end-use conservation , potential savings 

The potential savings available through the application of conservation 
measures are obviously very large and d i f f i c u l t  t o  predict. 
by 2000 i s  a conservative estimate. 
the United States are modified so tha t  the i r  heating and cooling loads 
are  reduced 40% and 30%, respectively, a savings of 3% o f  the present 
to ta l  annual energy used will be realized. 
I f  50% of the new buildings b u i l t  each year incorporate energy conserva- 
t ion design features tha t  resu l t  i n  a 40% savings i n  consumption, a 
total  savings o f  15% o f  the present U.S.  consumption would be realized 
a t  the end o f  10 years. 

A 20% savings 
If 30% o f  the existing buildings i n  
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Ultimately a 30% reduction i n  primary fuel requirements for  industrial  
thermal processes is  a real i s t i  c goal ,, through improved thermal processes 
and waste energy ut i l izat ion.  
Improved transportation efficiency, especially improved auto occupancy and 
improved management of f re ight ,  could reduce projected transportation 
demand by about 5% by 1978 and 10% by the year 2000. 
Market analysis shows tha t  modular integrated u t i l i t y  systems (combina- 
t ions of various u t i l i t y  services i n  a s ingle  f a c i l i t y )  can be ut i l ized 
t o  service 16% of a l l  new construction. Based on this estimate, energy 
requirements f o r  space heating, hot water, a i r  conditioning, and 
e l e c t r i c i t y  i n  new construction can be reduced 35% by 1986--a reduction 
o f  8.5% of total  energy requirements for  residential  u t i l i t i e s .  

Further i n s i g h t  in to  the projections and conclusions i n  The Nation's Energy Future 
is  to  be gained from consideration of the report of the Subpanel XII, Conservation, 
which  provided the i n p u t  on w h i c h  "The Nation's Energy Future" was based. 
a national program i n  energy conservation, as seen by the subpanel, would be t o  de- 
crease overall growth r a t e  of demand f o r  energy and specif ic  fuels consonant w i t h  
maintenance o f  a social ly  acceptable standard of l i v i n g  and environmental qual i ty ,  
under conditions of m i n i m u m  social and economic dislocations. The subpanel noted 
tha t  the greatest  opportunities for  effecting s ignif icant  conservation of energy i n  
this regard would be i n  the end-use (u t i l i za t ion)  phase and therefore focused their 
attention i n  this area. 
i n  this section, this conclusion i s  shared by most, i f  not a l l ,  organizations 
evaluating energy conservation and i s  also the focus of the conservation discussion 
i n  this Environmental Statement.) The subpanel also noted, however, tha t  diverse 
approaches must be used t o  achieve the projected savings i n  end-usage of energy. 
Current research programs i n  several government agencies strongly focus on techno- 
logical opportunities (such as improved insulation i n  new houses), as  will  be 
discussed i n  detai l  i n  Sections 6C.6.2.1 through 6C.6.2.6. On the other hand, 
studies sponsored by the National Science Foundation, Counci 1 on Environmental 
Qual i ty  , Environmental Protection Agency, and the Energy Pol icy Project of the Ford 
Foundation, most of which have been discussed i n  th i s  section, emphasize systems 
analysis, socioeconomic and inst i tut ional  research, and pol icy studies.  Obviously, 
there i s  merit i n  both approaches, and both will be needed t o  achieve the necessary 
savings. 

47 

The goal of 

(As may be seen from the other conservation studies reviewed 

With regard t o  research on and expertise i n  energy conservation, Subpanel XI1 found 
tha t  these are currently minimal and can be expanded only a t  a f i n i t e  ra te .  The 
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l imitation t o  funding seems to  be a shortage of available experts, rather than the 
scope of conservation opportunities. The subpanel also found tha t  estimates of 
potential conservation methods need a firmer basis before massive investment i n  
development. 
plex, is  less  costly than the k i n d  of research required for  new supply technology. 

They d i d  note, however, that  the required research, while highly com- 

The recomnendations and conclusions of Subpanel XI1 are especially noteworthy i n  
tha t  they represented a broad overview o f  a1 1 other conservation studies completed 
up t o  t h a t  time ( l a t e  1973) and an attempt t o  s e t  the direction f o r  a national re- 
search and development program i n  energy conservation. 
research and development approaches t o  achieving conservation goals and described 
them as m i n i m u m ,  orderly, and maximum programs i n  terms o f  the funding and e f f o r t  
tha t  would be devoted t o  each. These programs amounted t o  5 ,  7 ,  and lo%, respec- 
t ively,  of the overall $10-billion, five-year e f f o r t  on energy research examined 
i n  "The Nation's Energy Future." These levels of funding were believed capable of 
f a c i l i t a t i n g  respective reductions i n  energy demand o f  15, 30, and 40% of the 
predicted to ta l  demand i n  the year 2000. The subpanel also expressed the opinion 
tha t  even the 10% level ,  i f  allocated only t o  end-use energy conservation, could be 
considered as the minimum appropriate e f f o r t  i n  this area. However, the Subpanel 
pointed out tha t  the allocation t o  end-use studies i s  currently about 2% of total  
energy research and development, up from less  than 1% a year ago. 

The Subpanel outl ines three 

As t o  the meaning and impact of the three proposed programs, the subpanel reported 
as noted above t h a t  the minimal conservation program i s  designed t o  conserve 
roughly 15% of the energy assumed t o  be used i n  the year 2000 and takes account of 
implementation lags d u r i n g  the intervening years. 
corresponds t o  implementation of those savings measures that  would be cost-effective 
a t  1973 energy costs,  using technology tha t  i s  e i ther  available or  easi ly  forseeable. 
With the exception of a moderate decrease i n  the demand for  industrial  process heat, 
a l l  of the savings resu l t  from changes i n  the efficiency of various processes, rather 
than from any forces acting d i rec t ly  on demand. 
would minimize the second-order impacts o f  demand s h i f t s  as they are reflected t h r o u g h  
the r e s t  of the economy. In general, the efficiency changes would be embodied i n  
a l terat ions of capital  equipment which had not yet  been instal led i n  1973, rather 
than i n  massive changes 
different  products requiring different  i n p u t s  and generating s ignif icant ly  different  
pol 1 utants . 

This level of conservation 

For th i s  reason, such a program 

t o  existing capital  stocks or  i n  substi tution of dras t ica l ly  
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Such a program would be expected t o  have a very favorable impact on both resource 

use and on the environment, because the saved energy i s  j u s t  the marginal energy t h a t  
would otherwise be the most cos t l y ,  i n  t e r m s  o f  both resources and maintenance o f  

environmental q u a l i t y ,  f o r  the Nation t o  provide. The minimal t a rge t  conservation 
program, combined w i t h  emission cont ro ls  on new energy converters, could al low, 

according t o  the subpanel, fo r  approximate maintenance of present a i r  q u a l i t y ;  bu t  

even t h i s  program would requ i re  considerable p r i v a t e  and pub l i c  investment ( f o r  

emission cont ro ls ) ,  and environmental improvement would be much more cos t ly .  

The subpanel Is orde r l y  ( o r  adequate) conservation program i s  designed t o  conserve 
roughly  30% o f  the 

t o  the approximate 
pr ices i n  the year  
p ro tec t i on  and are 
The subpanel chose 
reductions i n  f i n a  

energy assumed t o  be used i n  the year 2000. This l e v e l  corresponds 
l e v e l  o f  conservation t h a t  would be cos t -e f fec t i ve  a t  l i k e l y  energy 
2000, i f  those pr ices r e f l e c t  the cos t  o f  adequate environmental 
a lso  adjusted t o  r e f l e c t  a moderate (10%) premium f o r  sca rc i t y .  
t o  model t h i s  program by adding t o  the minimum program a ser ies  o f  
demand, most o f  which r e f l e c t  various product o r  process changes 

t h a t  would become cos t -e f fec t i ve  a t  such a se t  o f  p r ices .  

v i sua l i ze  such measures ii5 gasoline r a t i o n i n g  ( o r  p r o h i b i t i v e  taxat ion,  beyond 
moderate environmental charges) o r  forced changes i n  consumer 1 i f e - s t y l e s  such as 

de l i be ra te l y  keeping houses less  comfortable. The adequate program w i l l ,  i n  the 

subpanel's opinion, probably have the impact o f  pe rm i t t i ng  the Nation t o  achieve 
e i t h e r  f u l l  se l f - su f f i c i ency  o r  a h igh  l eve l  o f  environmental r e s t o r a t i o n  w i thout  
massive expenditures fo r  energy supplies and w i thout  massive governmental in te r fe rence 
i n  consumer choices . 

The subpanel d i d  no t  

The maximum conservation program i s  designed t o  reduce the "adequate" program by y e t  

another 15%, so t h a t  consumption o f  energy would be down 40% from pro jec t ions  o f  use 
i n  the system f o r  the year  2000. The subpanel modeled t h i s  program through added 
cons t ra in ts  on demand, t h i s  time i n t e r f e r i n g  w i t h  consumers' market choices so as t o  
force reductions o f  i n d u s t r i a l  e l e c t r i c i t y  and process heat, r e s t r i c t i o n s  on auto 
t rave l ,  and a small l e v e l  o f  d iscomfor t  i n  dwell ings. The subpanel noted t h a t  such 
a program appears t o  co inc ide w i t h  a worst-case need t o  become s e l f - s u f f i c i e n t  even 
i n  the presence o f  environmental const ra in ts .  The s t ra ins  such a proqram would 

place on the economy g ive  some measure o f  the urgency o f  research on e i t h e r  the 
expansion o f  domestic energy supplies o r  the development o f  h igher - leve l  technology 

f o r  energy conservation. 

One f i n a l  repo r t  t h a t  should be considered i n  assessing po ten t i a l  reduct ion i n  end 

usage o f  energy as a r e s u l t  o f  conservation prac t ices  i s  "Nuclear Power Growth, 
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1974-2000,"48 which was prepared independently of the above studies by the AEC 
Office o f  Planning and Analysis. 
and e l e c t r i c  generating capacity a t  various future dates as a means of planning 
AEC a c t i v i t i e s  i n  uranium enrichment services,  plutonium recycle, and other 
a c t i v i t i e s .  These forecasts are  presented in Table 6C.6-4 for  the year 2000 i n  
terms of four separate cases representing various assumptions as t o  the growth of 
energy usage, the ra te  of economic g rowth ,  the extent t o  which conservation measures 
are implemented, and other factors.  These forecasts are made n o t  t o  predict precise 
points i n  the future ,  b u t  rather t o  predict a range of values w i t h i n  which the future 
i s  l ikely t o  be. Of greatest  in te res t  for  purposes of th i s  discussion i s  the extent 
to  which conservation of energy i s  ut i l ized and how th is  affects  to ta l  energy 
consumption i n  each case. 

This report offers forecasts of energy consumption 

Table 6C.6-4 

FORECASTS OF E N E R G Y  COI6UMPTIOtI  I N  GENERATING CAPACITY 
IN THE UFIITED STATES If4 THE Y E A R  2000 

Case A Case 6 Case C Case D - - -  
Energy Consumed, Mi 1 lion 6 t u  per capita 499 719 737 642 

Total Energy Consumpti on ,a quadri 11 ion 
B t u  135 195 200 174 

Fraction of Energy Used for  Electr ic  
Genera ti on 0.51 0.50 0.54 0.50 

Total Electr ic  Generating Capacity per 

Total  Electric Generating Capacity,  

capi ta ,  kW 

Thousands of Mk' 

5.81 8.13 9 .22  7.45 

1575 2200 2500 2020 

aBased on an assumed population i n  the year 2000 of 271 mil lion persons. 

Case B represents a projection of energy growth that  assumes a continuation of the 
past relationship between energy consumption and gross national product, together 
w i t h  a further increase in the importance o f . e l e c t r i c i t y  as a secondary energy 
source. 
3.6% annual compound rate.  
this  projection also implies tha t  the declining long-term trend in energy i n p u t s  
required t o  produce a dol lar  of output will  continue. 
indicates tha t  the share o f  to ta l  primary energy required by the year 2000 for  
e l e c t r i c i t y  generation will nearly double, as i t  has for  a similar time period in 
the past. 

On th is  basis ,  to ta l  energy consumption was projected t o  increase a t  a 
Thus, while per capita energy use i s  expected t o  grow, 

Furthermore, the projection 
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Case B inherently assumes t h a t  factors historically impor t an t  in shifting the 
pattern of energy use in favor  of electricity will influence future demand. 
Electricity i s  expected t o  remain a useful, convenient, and inexpensive form of 
energy relative t o  available substitutes. Technological innovation will proceed 
so t h a t  the rate of introduction of devices, processes, and other end uses for 
electricity will not  change from past experience. 

Case C may be characterized as being based on a continuation of the same qeneral 
long-term historical trend in total energy consumption as Case B b u t  w i t h  a different 
means utilized t o  satisfy demand. In this case e1ectricit.y is  assumed t o  rewain 
cheap relative t o  oil and natural gas, b u t  energy prices on the whole are not  assumed 
t o  change significantly relative t o  other commodities. 
shif t  t o  electricity i s  expected t o  occur where technically feasible. 
the case assumes t h a t  all new houses added beyond 1377 are all-electric homes, t h a t  
electricity i s  substituted for heating and cooling i n  the comnercial sector and in 
certain industrial end-uses particularly for process heat, and further t h a t  electric 
vehicles and electric transportation constitute an important fraction o f  transporta- 
t i o n  needs by the end of the century. 

As a result, a more r a p i d  
Specifically, 

Case D considers the sitsation where total consumption of all forms of energy i s  
reduced through conservation measures, b u t  where these measures are n o t  so 
stringent as t o  limit improvements i n  standard of l i v i n q  or  economic development. 
I n  this view, all end-use energy demands are m e t ,  b u t  fewer enerqy resources are 
consumed because higher energy prices relative t o  other commodities cause industrial 
and other energy consumers t o  improve the efficiency with w h i c h  the.y use energy. 

Efficiency improvements are expected t o  take place primarily in space heating and 
air-conditioning uses, in industrial process heating and steel making, as well as 
in bo th  private and public transportation modes. 
utilization efficiencies for  these end uses in 1985 and 20% for the year 2000 result 
i n  annual savings i n  total energy consumption of 10% per year compared w i t h  Case B. 
This difference is equivalent t o  an annual savings of 20 quadrillion B t u  by the 
year 2000. These factors reduce electrical energy requirements as well as total 
energy consumption. 

Average increases of 10% in 

Case A i s  characterized by a slower rate of economic growth owing t o  a decreased 
emphasis on the production o f  goods, coupled w i t h  higher energy prices relative t o  
other commodities. Maximum efforts are made t o  conserve energy by increasinq 
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u t i l i z a t i o n  e f f i c i e n c i e s  i n  a l l  sectors  i n c l u d i n g  r e s i d e n t i a l  and commercial space 

heat ing  and cool ina,  a i r  and ground t r a n s p o r t a t i o n  ( o i l ) ,  i n  s t e e l  makino ( c o a l ) ,  
aluminum produc t ion  ( e l e c t r i c i t y )  , and i n d u s t r i a l  nrocess heat. Actual reduct ions 
i n  demand a l s o  occur i n  several sectors, no tab ly  i n  petrochemical requirements and 

process heat  use, as a r e s u l t  o f  a slower r a t e  o f  economic qrowth. High enerqy 

costs  r e s u l t  i n  l e s s  demand f o r  heat ing  and coo l ing  i n  homes through adjustments i n  
temperature and expenditures f o r  more household i n s u l a t i o n .  I n t e r n a l i z a t i o n  o f  

p o l l u t i o n  c o n t r o l  costs, coupled w i t h  e l e c t r i c  r a t e  s t r u c t u r e  r e v i s i o n s  t o  
discourage peak use, are expected t o  a f f e c t  e l e c t r i c i t y  consumption. 
the  h i g h  energy costs  assumed i n  t h i s  case w i l l  cause s h i f t s  away from i n e f f i c i e n t  

t r a n s p o r t a t i o n  modes such as p r i v a t e  vehic les and a i rp lanes  and increase the use o f  
buses and ra i lways .  
i n  the  y e a r  2000 by 302 from t h e  p r o j e c t i o n  i n  Case B .  

S i m i l a r l y ,  

This combination o f  f a c t o r s  reduces t o t a l  energy consumption 

From t h e  severa l  conservation s tud ies  t h a t  have been examined above, there  are 
e v i d e n t l y  many o p p o r t u n i t i e s  f o r  conservation i n  the  u t i l i z a t i o n  o f  energy i n  
indus t ry ,  commerce, and residences. 
energy savings shown i n  Tab19 6C.6-3. 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  and b u i l d i n o  

sectors  h o l d  s u b s t a n t i a l  p o t e n t i a l  f o r  eneray reduct ions.  The f o l l o w i n g  d iscuss ion 
deals w i t h  some o f  the  means f o r  achiev ing t h e  savinas discussed above i n  each o f  
these sectors ,  i n c l u d i n g  some q u a n t i t a t i v e  estimates o f  t h e i r  magnitude. 
the  na ture  o f  t h e  act ions and processes t o  be examined, the d iscuss ion w i l l  be from 

the  v iewpoint  o f  t o t a l  enerqy conservation, r a t h e r  than from on ly  p r o j e c t e d  
e l  e c t r i  c i  ty savings . 

This expectat ion i s  b road ly  r e f l e c t e d  i n  t h e  

3ue t o  

6C.6.2 Conservation Actions 

6 C .6 .2.1 I n  dus t ry  

The i n d u s t r i a l  processes l i s t e d  i n  Table GC.G-l--process steam, d i r e c t  heat, e l e c t r i c  
d r i v e ,  and e l e c t r o l y t i c  processes--accounted f o r  37.3% o f  t h e  Nat ion 's  energy consump- 
t i o n  i n  1968. Of  t h i s ,  t h e  i n d u s t r i a l  thermal processes alone, process steam and 

d i r e c t  heat, t o t a l  28.2% o f  U.S. energy requirements, about the  same as t h a t  r e q u i r e d  
t o  support a l l  r e s i d e n t i a l  and c o m e r c i a l  serv ices.  

The average heat  t r a n s f e r  e f f i c i e n c y  o f  i n d i v i d u a l  equipment used i n  d i r e c t  heat o r  
process steam operat ions i s  n o t  high--approximately 30%. 
iency o f  heat t r e a t i n g  furnaces i s  a l s o  about 308, due t o  t h e  loss  of approximately 

50% o f  combustion heat  i n  the  s tack gases.49 The o v e r a l l  e f f i c i e n c y  o f  thermal 
process ing p l a n t s  (e.q. , heat t r e a t i n a  f a c i l i t i e s ,  paper m i l l s ,  glass f a c t o r i e s )  i s  

The heat t r a n s f e r  e f f i c -  
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even lower than the  nominal e f f i c i e n c i e s  of the  i n d i v i d u a l  devices, sometimes as low 

as 51,50 because p lan ts  are n o t  commonly operated as systems making optimal use o f  

energy. 
operat ions t o  govern such th inqs  as the  s t a r t u p  and shutdown o f  furnaces and t h e i r  
i d l i n g  temperatures can reduce furnace f u e l  requirements by 25%. 

For  example, computer c o n t r o l  of fuel management i n  h o t  s t r i p  s t e e l  m i l l  

Subs tan t ia l  conservation o f  energy should be poss ib le  through design o f  equipment 
t h a t  consumes l e s s  energy f o r  a q iven product ive output  and the a p p l i c a t i o n  o f  con- 
t r o l  f o r  more e f f i c i e n t  management o f  systems and processes. 

Xecommendation o f  s p e c i f i c  measures f o r  more e f f e c t i v e  energy u t i l i z a t i o n  i n  indus- 

t ry i s  more d i f f i c u l t  than i n  the  case o f  r e s i d e n t i a l  and commercial heat ing,  f o r  
example, because o f  the  many and v a r i e d  processes employed i n  i n d u s t r y .  

i n d u s t r i a l  process research i s  almost always p r o p r i e t a r y .  However, c e r t a i n  
examples can be mentioned w!iere a p p l i c a t i o n  o f  new technology would conserve s i g n i f -  
i c a n t  amounts o f  energy. For example, gas- f i red vacuum furnaces have r e c e n t l y  been 
developed f o r  i n d u s t r y ;  and, together  w i t h  well-designed vacuum i n s u l a t i o n ,  heat 
p i p e  technology, and modern heat t r a n s f e r  and combustion techniques, these furnaces 

operate w i t h  25% o f  the  t o t a l  f u e l  consumption o f  previous vacuum furnaces. 

Also, 

51 

The a p p l i c a t i o n  o f  f l u i d i z e d - b e d  processing* t o  cement k i l n s  and s i m i l a r  apparatus 
o f f e r s  t h e  prospect o f  considerable savinss i n  i n d u s t r i a l  f u e l  u t i l i z a t i o n  (cement 

product ion accounts f o r  about 2% o f  U.S. f u e l  consumption). 
design o f  f lu id ized-bed equiDment may increase the  heat t r a n s f e r  e f f i c i e n c y  t o  
approximately 50X, i ns tead o f  t h e  present  302. 
of the  r e a c t i o n  t ime i n  the  k i l n  may be reduced s u b s t a n t i a l l y ,  w i t h  consequent 

improvement i n  the  p r o d u c t i v i t y  o f  cement making. 

Recent advances i n  

I n  a d d i t i o n ,  t h e  t ime f o r  completion 

49 

The heat  p ipe ,  a device t h a t  permi ts  r a p i d  and h i g h l y  c o n t r o l l a b l e  heat  t r a n s f e r  
over long d is tances w i t h  minimal drop i n  temperature, can be app l ied  t o  reduce f u e l  

requirements. Heat p ipes can be used as heat  sources f o r  vacuum furnaces, and 

* In  a f lu id ized-bed,  a stream o f  f l u i d  ( u s u a l l y  gas) i s  fo rced up through a bed o f  
small  p a r t i c l e s .  The f l u i d  drag on the  p a r t i c l e s  overcomes the g r a v i t y  force, and 
the e n t i r e  bed o f  p a r t i c l e s  can be made t o  f l o w  and t o  e x h i b i t  o t h e r  mechanical 
p r o p e r t i e s  s i m i l a r  t o  those o f  a t r u e  f l u i d .  I n  thermal reac tors ,  the  h o t  gaseous 
products of combustion may be used t o  f l u i d i z e  a bed. 
rounding i n d i v i d u a l  p a r t i c l e s ,  heat  t r a n s f e r  t o  the s o l i d  takes p lace e f f i c i e n t l y  
and r a p i d l y .  

With the h o t  f l u i d  sur -  
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prospects appear good f o r  t h e i r  app l i ca t ion  t o  glass furnaces. 
a lso be used t o  e x t r a c t  heat from stack gases, thereby us ing heat t h a t  would other-  
w i  se be wasted. 

Heat pipes could 

49 

Various o ther  methods and processes are being found t o  conserve energy as i ndus t r y  
a c t i v e l y  pursues a conservation e th i c .  
o f  s tee l  i s  made today w i t h  15% less energy than was requi red a year  ago.52 Much 
o f  t h i s  saving i s  the  r e s u l t  o f  new furnaces and cas t inq  machinery t h a t  improve 
e f f i c i ency .  

b o i l e r  e f f i ~ i e n c y ,  burn waste mater ia l ,  and r e c i r c u l a t e  heat i t  once pumped out  a 
smokestack w i l l  r e s u l t  i n  ove ra l l  savinqs o f  $450,000 per year. By reusinq ho t  
a i r  from huge dryers, t h i s  company already has cu t  by 31% i t s  gas consumption, and 
a 40% reduct ion i s  expected when the  energy-conservation proaram i s  completed. 

U.S. Steel, f o r  example, repor ts  t h a t  a ton 

A carpet company i n  Georgia estimates t h a t  company e f fo r ts  t o  increase 

Raytheon, a d i v e r s i f i e d  e lec t ron i cs  manufacturer, found one way t o  save energy i n  
l a rge  open tanks conta in ing ho t  l i q u i d s  by f l o a t i n g  p l a s t i c  spheres--similar t o  
tab le- tennis  ba l l s - -on  top  o f  the l i q u i d .  The b a l l s  keep i n  the  heat wh i l e  s t i l l  

a l low ing  access t o  the vats f o r  measurements and processing. I n  addi t ion,  Raytheon 
has a 131-step campaign under way t o  save energy a t  i t s  45 U.S. f a c i l i t i e s .  During 
the  winter ,  t h i s  campaign cu t  use o f  heat ing o i l  by 30% below l a s t  yea r ' s  l eve l  and 
e l e c t r i c a l  consumption by 202. 

One reason indus t r y  has pursued conservation measures so aggressively i s  cost. Even 

w i t h  these cuts i n  the usage o f  energy, many f i r m s  w i l l  s t i l l  pay more f o r  energy i n  

1974 than i n  1973. 

The growing r e a l i z a t i o n  t h a t  f ue l  costs are l i k e l y  t o  continue r i s i n q  has s t imu la ted  
a b r i s k  business f o r  a d i v i s i o n  o f  a 
Energy Management Services o f f i c e  i s  
a l l  types o f  f ue l  consumption. More 
have h i r e d  t h i s  company t o  study the 
only  t o  companies w i t h  an annual fue 

n a t i o n a l l y  known chemical corporation. I t s  

s e l l i n a  the company's exper t i se  on how t o  reduce 
than 70 o f  t he  Nat ion 's  l a r g e s t  corporations 
r enerqy u t i l i z a t i o n .  

52 b i l l  o f  more than h a l f  a m i l l i o n  do l l a rs .  

The serv ice  i s  o f fe red  

Other i n t e r n a l  i ndus t r y  conservation e f f o r t s  used by various f i rms inc lude recyc- 

l i n g  o f  mater ia ls  and waste heat (see Section 6C.3.3), burnina as fue l  mater ia ls  
p rev ious ly  wasted, and improved maintenance ( lead ing  t o  lowered energy losses) on 
energy-intensive equipment such as bo i l e rs .  
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One source5' has estimated t h a t  approximately 30% of the enerqy used i n  industrial  
processes could be saved th rough  the application of exis t ina techniques and that 
the use of these. techniques would be economically j u s t i f i a b l e  a t  present fuel 
prices.  
probable value would be 20% when the costs of making the changes are taken i n t o  
account. In e i t h e r  event, as fossi l  fuel prices increase, the employment of these 
techniques becomes increasingly a t t rac t ive .  
devices and processes and the application of bet ter  waste heat manaqement may be 
expected t o  yield savings exceeding the 20% or 30% mentioned. 

Other sources m i g h t  suggest that  this f i y r e  i s  too  h i g h  and  t h a t  a more 

The development of more e f f ic ien t  

6C.6.2.2 Commerce 

I n  some respects commercial conservation practices may be considered as extensions 
of those discussed above for  industry o r  of these discussed l a t e r  for  residences. 
However, there are a few measures that may be considered t o  belonn primarily i n  the 
marketpl ace, and these are br ief ly  reviewed below. 

The establishment of "energy management" proarams bv businesses i s  one means for  
b r i n g i n g  the need for  conservation t o  the attention of large numbers of people and 
for identifyina areas i n  which substantial  eneroy savinos ray be achieved. Eneray 
manaqement, as proposed by the Department of Commerce,53 i s  the application of the 
same basic techniques t o  the use of energy resources that  one would apply to  admin- 
i s t r a t i o n ,  finance, marketing, wrchasinq, o r  production i n  any soundly r u n  business 
endeavor. Imp1 ementation of energy managentent programs i n  business may take various 
forms, such as the appointment of a top-level energy coordinator t o  spearhead the 
company conservation program throughout the corporate s t ructure .  , A l ine  s t a f f  of 
ful l  - o r  part-time people t o  implement proposed conservation measures, supported by 
t o p  management, is i n  many instances believed t o  be an economical use o f  manpower. 
ather approaches include the establishment of energy consultant groups for a1 1 cor- 
porate a f fa i r s  and the use of energy audits on much the same basis that  financial 
audits are conducted. The goal o f  such exercises,  of course, i s  t o  firmly 
establish the conservation ethic  and t o  reduce the usage of energy t o  a r,iinimum. 

Other ways i n  which business decision can be translated i n t o  enerqy savinos include 
the use of rec,ycled materials when available rather than virain tnaterials (vhich 
may require u p  t o  20 times more enerqy t o  produce) , the use of natural materials 
rather than synthetics,  tile use of materials requirincl less maintenance, and 

0 

n 
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p l a n n i n g  o f  new f a c i l i t i e s  such as s t o r e s  and o f f i c e s  t o  cons ide r  t h e i r  energy 

requirements.  

reduc t i ons  i n  energy usage. 

The bene f i t s  t o  be achieved show up i n  c o s t  savings, as w e l l  as i n  

6C .6.2.3 Resi d e n t i  a1 Appl i c a t i  ons 

The consumer i s  bombarded almost d a i l y  w i t h  e x h o r t a t i o n s  t o  reduce h i s  energy usage, 

and these suggest ions a re  o f ten  coupled w i t h  p r o j e c t i o n s  o f  t h e  savings t h a t  w i l l  

occur  f rom t h e i r  implementat ion.  
beg inn ing  t o  be e f f e c t i v e ;  severa l  u t i l i t i e s  have r e p o r t e d  reduced demand f o r  
e l e c t r i c i t y  i n  t h e  f i r s t  few months o f  1974 o f  up t o  5% ove r  e a r l i e r  p r o j e c t i o n s .  
Whi le n o t  a l l  these reduc t i ons  can be a t t r i b u t e d  t o  r e s i d e n t i a l  usaqe, consumers 

a re  c l e a r l y  u s i n g  l e s s  e l e c t r i c i t y  as w e l l  as o t h e r  forms o f  energy. 
t h i s  t r e n d  w i l l  con t i nue  i s  a m a t t e r  o f  specu la t i on  and i s  examined f u r t h e r  i n  
Sec t i on  6C. 7. 

There can be l i t t l e  doubt t h a t  such measures a re  

Whether o r  n o t  

What a re  t h e  s p e c i f i c  measures t h a t  can be employed? 
b u t  a few o f  t h e  more obvious o r  a t t r a c t i v e  measures, many o f  which are a l s o  

a p p l i c a b l e  t o  o t h e r  sec to rs  o f  t h e  economy, are as f o l l o w s :  

The l i s t  i s  a lmost  endless, 

54-56 

( 1 )  Heat inq and c o o l i n g  
I n  w i n t e r ,  l ower  thermostats  t o  68" d u r i n q  t h e  day and 60" 

I n  summer, s e t  a i r  c o n d i t i o n i n a  a t  78'. 
I n s t a l l  shades, v e r t i c a l  louvers,  o r  awninas over  windows f a c i n q  

Draw d raper ies  and shades i n  sunny windows i n  s u m e r ;  keep them 

Close o f f  unoccupied rooms, and t u r n  o f f  t h e  hea t  o r  a i r  c o n d i t i o n i  

a t  n i q h t .  

south and west f o r  sumnertime shadinq. 

open i n  w i n t e r .  

Run a i r - c o n d i t i o n i n g  equipment o n l y  on r e a l l y  h o t  days. 

Clean a i r - c o n d i t i o n i n g  f i l t e r s  a t  l e a s t  once a month. 
Use v e n t i l a t i n g  fans i n t e r m i t t e n t l y  and o n l y  as needed. 

Use exhaust  fans t o  p u l l  hea t  and mo is tu re  re leased i n  k i t c h e n s  and 

Keep o u t s i d e  doors c losed  d u r i n a  h e a t i n a  and c o o l i n g  seasons. 
Se rv i ce  t h e  o i l  bu rne r  once a year, p r e f e r a b l y  each f a l l .  

Clean o r  r e p l a c e  t h e  f i l t e r  i n  h o t  a i r  h e a t i n a  system monthly.  

Open windows 
f o r  f r e s h  a i r  c o o l i n g  i n s t e a d  o f  us ing  t h e  u n i t ' s  f an .  

l a u n d r i e s  d i r e c t l y  t o  t h e  ou ts ide .  
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( 2 )  L i g h t i n g  
Remove one bulb permanently. Replace i t  w i t h  a burned-out bulb for  

safety. Replace half of the others w i t h  bulbs of the next lower 
wattage. 

Concentrate l ighting i n  the reading and working  areas of the home; 
reduce l ighting i n  other areas. 

Use higher lumen/watt 1 i g h t  sources--a fluorescent lamp, for  instance, 
i s  three times as e f f i c i e n t  i n  energy use as  an incandescent b u l b .  

Use fluorescent l igh ts  f o r  kitchen, bathroom, and yard l ighting. A 
single long tube i s  more energy-efficient and economical t h a n  two 
shorter bulbs 

and less  e f f i c i e n t  than ordinary bulbs. 
One 100-watt 

incandescent lamp, f o r  example, produces more l i g h t  than two 60- 
w a t t  1 amps. 

Do n o t  use long-life incandescent lamps; they're more energy-consuming 

Use one large bulb rather than several smaller ones. 

T u r n  off a l l  l igh ts  when they are  n o t  needed. 
Keep lamps and l ighting f ixtures  clean. 
Never use a r t i f i c i a l  l i g h t s  s t r i c t l y  for  decorative effects .  

( 3 )  All L i v i n g  Spaces 
Use l i g h t  colors f o r  walls, rugs, draperies, and upholstery t o  

Unplug quick-on television s e t s  when they are  n o t  i n  use. 

T u r n  off a l l  radio and television s e t s  when not  i n  use. 
Use manual w i n d  clocks rather than electr ical  clocks, or reduce 

reduce the amount of a r t i f i c i a l  1 i g h t i n g  required. 

when the screen i s  black, these s e t s  use energy. 
Even 

use t o  j u s t  one e l e c t r i c  clock i n  a convenient location. 

(4) Kitchen and Laundry 
Set water heater a t  100 OF. Higher temperatures are  n o t  

necessary, and the lower set t ing will reduce h o t  water heating 
b i l l s .  

Use clothes washers and dryers only when they are  fu l ly  loaded, 
more frequently only i f  they have small load attachments. If 
every household cu t  i t s  frequency of use i n  half ,  the Nation 
could save the equivalent of 140,000 bbl of o i l  per day. 

Hash clothes i n  cold water w i t h  cold water detergents. 
stopped laundering i n  h o t  water, the national fuel savings could 
amount t o  some 160,000 bbl of o i l  per day. A household's dol lar  
saving could be about 4% i n  gas o r  e l e c t r i c  b i l l s .  

i n  fuel could be 30,000 bbl of o i l  per day. 

Automatic defrost  refr igerators l f reeters  consume about 50% 
more energy than the manual models. 

If everyone 

!lash dishes by hand instead of i n  the dishwasher. 

Buy manual rather than automatic defrost  refrigerator/freezers.  

National savincrs 
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Reduce energy consumption i n  cooking. Use pans tha t  cover the 
heating element so tha t  more heat enters the pot and less  i s  
l o s t  t o  the surroundin? a i r ,  and cover them whenever possible. 

of the single heat source. 

than ho t .  

When using the oven, plan all-oven-cooked meals t o  make the most use 

Do as much household cleaning as  possible w i t h  cold water rather 

Use manual rather t h a n  e lec t r ica l  appliances whenever possible. 

(5) The  Workshop, the Yard, and the Garden 
Maintain e lec t r ica l  tools i n  t o p  operating shape, clean and 

properly lubricated. 
Keep cutt ing edges sharp. 

and uses less  power. 
saws a1 so reduces power required. 

A sharp b i t  or saw cuts more quickly 
Oil on b i t s  and cutt ing compounds on 

Use hand tools in workshop. 
Remember t o  turn off shop l i g h t s ,  soldering irons,  glue-pots, and 

a l l  bench heating devices as quickly a s  possible. 
When buying power tools ,  purchase the machine w i t h  the lowest 

adequate horse power for  the work i t  will do. 
Save a l l  workshop wood cutt ings a n d  burnable yard wood for  fireplace.  
Use hand lawn mowers, pruners, and clippers i n  place o f  powered 

Do n o t  allow gasoline-powered yard equipment t o  i d l e  for  long 

Use a natural compost fror:i ya rd  cut t inss .  fkanufactured 

equipment i n  the yard and garden. 

periods. 

f e r t i l i z e r s  use petroleum source eleaents. 

T u r n  then off a n d  r e s t a r t  when ready t o  resume operation. 

( 6 )  The t!ouse I t se l f  
Caulk and veatherstrip doors a n d  i,/indo!ls. This inexnensive 
measure, w h i c h  t h e  homeo\:ner hiriself could do ,  \:auld reduce 
the fan i ly ' s  fuel b i l l  by a t  l e a s t  10%. If every 
householder follo\fed th i s  advice, 580,000 Sbl of fuel o i l  
could be saved each winter day. 
Instal l  storn windows or  p las t ic  sheet protection. If the 
estimated 18 Pi l l ion  homes without window insulation were treated 
t h i s  way, the Nation's fuel o i l  devand would d r o p  the equivalent 
of 200,000 bbllday each winter season. 
Insulate the a t t i c .  A do-it-yourselfer could ins ta l l  mineral 
wool, f i b e r i l a s s ,  or cel lulose insulation i n  the a t t i c  for  
about 6100.00, reducino his heatinq b i l l  by a b o u t  20% o r  more. 
If 15 million hornes with inadequate a t t i c  insulation were 
upgraded t h i s  way, a b o u t  403,000 bbl of heatin! o i l  would be 
saved each winter day. 
Instal l  central air-conditioning systems rather than window units.  
Nhen buying new water heaters, se lec t  a u n i t  with h i g h  eneroy 
efficiency and w i t h  thick insulation on the she l l .  
S h u t  off furnace p i lo t  l i q h t s  i n  summer. 
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V e n t i l a t e  the  a t t i c  w i t h  louvered window panels o r  wind-powered 
r o o f  v e n t i l a t o r s  r a t h e r  than motor-driven a t t i c  fans. 

I n s t a l l  a screen ou ts ide  n o r t h  o r  west doorways t o  s h i e l d  them 
from the wind. 

I n s t a l l  a v e s t i b u l e  o r  a second s e t  o f  doors a t  lobby entrances t o  
reduce loss o f  heated o r  cooled a i r .  

Se lec t  l i g h t  co lo red  r o o f i n g .  

P l a n t  deciduous t rees and vines on south and west sides o f  homes 
t o  p rov ide  p r o t e c t i v e  shade aga ins t  sumner sun. 

When buying a home, ask f o r  a d e c r i p t i o n  o f  the i n s u l a t i o n  
i n s t a l l e d  and f o r  data on the e f f i c i e n c y  o f  space heat ing,  a i r  
cond i t ion inq ,  and water heat inq  p l a n t s  o r  have an independent 
engineer advise you about the  e f f i c i e n c y  of the  equinment provided. 

(7)  New Home Planninn 

L i m i t  window areas t o  10% o f  the f l o o r  a rea  o r  less .  

I n s t a l l  windows t h a t  open so t h a t  n a t u r a l  v e n t i l a t i o n  can be 
used t o  ma in ta in  comfortable indoor  temperatures i n  moderate 
weather. Use heat r e f l e c t i n n ,  heat absorbina, o r  double-pane 
q l  ass. 

Design new homes t o  make maximum use o f  n a t u r a l  l i o h t  throuqhout 
the year. 

I n s u l a t e  w a l l s  and roof. 

While a l l  these r e s i d e n t i a l  energy conservation measures are  des i rab le ,  i t  i s  obvious 
t h a t  some o f  them w i l l  be more e f f e c t i v e  than others i n  ach iev in?  s i o n i f i c a n t  energy 

savings. As a general r u l e ,  the most s u b s t a n t i a l  sources o f  sav ing a r e  i n  home 
heat ing,  automobile t r a v e l ,  and personal use o f  h o t  water. O f  these, the b inqes t  

energy economies can be r e a l i z e d  by chanqino the u t l i l i z a t i o n  pa t te rns  o f  t h e  f a m i l y  

car, which i s  n o t  a major user o f  e l e c t r i c i t y .  

i n  t o t a l  energy usape can show a d i s p r o p o r t i o n a t e l y  l e s s e r  reduc t ion  i n  e l e c t r i c i t y  
usage, i .e. , t h e  p o t e n t i a l s  f a r  enerny conservation and f o r  e l e c t r i c i t y  conservat ion 

are subs t a n t i  a l l y  d i f f e r e n t .  

Thus, i t  i s  again seen t h a t  reduc t ion  

6C .6.2.4 Thermal Performance o f  S t ruc tures  

Energy i s  consumed i n  b u i l d i n g s  p r i n c i p a l l y  f o r  space heat inn  and c o o l i n g  and water  

heat ing.  As shown i n  Table 6C.6-1, these serv ices f o r  residences and commercial 

b u i l d i n g s  requ i red  24.4% of U.S. energy consumption i n  1968. 

- 
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Heat losses or gains i n  buildings are due t o  inadequate insulation, excessive venti- 
l a t ion ,  h i g h  a i r  i n f i l t r a t i o n  rates ,  a n d  excessive f e n e ~ t r a t i o n . ~ ~  A measure of the 
improvement considered possible through improved thermal insulation and control of 
a i r  i n f i l t r a t i o n  are the newly implemented FHA m i n i m u m  property standards (1972) 
tha t  require heat losses t o  be less  than 1000 B t u  per 1000 f t  -deqree d a y  i n  compar- 
ison t o  the FHA standards of 1965 that  permitted heat losses of 2000 B t u  per 1000 
f t  -degree day. Few buildinqs are designed t o  exceed the performance levels o f  the 
FHA 1972 standards, and therefore i t  i s  reasonable t o  assume t h a t  most of the 
residential  buildinns i n  use today may consume approximately 40% more eneray f o r  
heating and a i r  conditioning than they would had they been insulated and sealed i n  
accordance w i t h  present-day m i n i m u m  property standards. Sample fuel observations 
indicate tha t  the si tuation is  not s iqnif icant ly  different for exis t ina commercial 
buildings. 

3 

3 

51 

Future standards for  insulation, ventilation, and  i n f i l t r a t i o n  may offer  even greater 
potential for  saving energy. To reduce heatino losses from buildinns t o  approximately 
700 B t u  per 1000 f t  -degree day is considered technically and economically feasible 
through be t te r  insulation. I f  implementation of this  standard were achieved, total  
energy requirements of buildings could be reduced by m r e  t h a n  50% through well- 
designed insulation and careful control of ventilation. 

3 

The choice of heating system can also affect  energy conservation. 
ciency of fuel use for  e l e c t r i c  resistance heating i n  the home i s  essent ia l ly  loo%, 
b u t  when the energy conversion efficiency a t  the e l e c t r i c  generating plant, averag- 
i n g  about 33%, and the e l e c t r i c  system transmission and d i s t r i b u t i o n  efficiency of 
about 91% are considered, the overall efficiency of e l e c t r i c  heating is approximately 
30%,57 
the order of 50%. The l a t t e r  f iqure m i g h t  f luctuate somewhat due t o  the extent of 
losses i n  delivering the fuel t o  residences and commercial buildings as opposed t o  
bulk deliveries t o  central generating s ta t ions ,  b u t  the overall efficiency o f  gas 
or o i l  heating s t i l l  would be much higher than that for  e l e c t r i c  resistance heatina. 

The end-use e f f i -  

The end-use efficiency o f  qas- o r  oil-burninq home-heatinq svstems i s  on 

The use of e lec t r ica l  heat pumps could just about equalize the overall eff ic iencies  
of e l e c t r i c ,  gas, and oi l  h e a t i n g  systems, due to  the fac t  that  the heat pump 
delivers about two units of heat energy for  each u n i t  of e l e c t r i c  energy i t  
consumes.57 Heat pumps are not i n i t i a l l y  expensive when instal led i n  conjunct 
w i t h  central a i r  conditioning, b u t  they have caused h i g h  maintenance costs due 
equipment f a i l  ure. 
r e l i a b i l i t y  could resu l t  i n  the i r  greater market acceptance and a saving i n  en 
consumption over e l e c t r i c  resistance heating. 

Extensive programs by manufacturers t o  improve component 
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Air conditioning ranks t h i r d  i n  the residential  and comercial  end uses l i s ted  i n  
Table 6C.6-2, representing 2.5% of to ta l  U.S.  energy consumption, b u t  i t  is  
important beyond i t s  ranking because i t  is  a large contributor t o  summer peak loads 
on e l e c t r i c  u t i l i t y  systems, which i n  t u r n  determine system generating capacity. 

Room a i r  conditioners were instal led i n  over 29 million American homes i n  1972, 
which represents a market saturation of about 44%.57 Strong growth i n  sa les  i s  
expected t o  continue. As there i s  considerable range i n  the efficiency of room 
a i r  conditioners, from about 4.7 t o  12.2 Btu/watt-hr, sa le  of the more e f f i c i e n t  
units could contribute s ignif icant ly  t o  energy conservation. 

An estimate of the impact of more e f f ic ien t  room a i r  conditioners on energy con- 
sumption i s  available from Table 6C.6-5, which i s  taken from a recent study. 
By examination of Figure K.6-2 and consideration of the f a c t  tha t  low-efficiency 
machines generally have lower se l l ing  prices and, as a r e s u l t ,  appear t o  be be t te r  
bargains t o  the casual shopper, a present-day average efficiency of 6 Btu/watt-hr 
can be assumed. An improved average efficiency of 10 Btu/watt-hr appears t o  be 
attainable without any technological breakthrough--this level i s  we1 1 below the 
maximum efficiency available today. 
saving of e l e c t r i c i t y  consumption over the eight-year period of 212 b i l l ion  kWhr. 
T h i s  savings i s  equivalent t o  2.4 times the 1970 total  e l e c t r i c i t y  sales  of the 
Tennessee Valley Authority or  6.5 times the 1970 sales of the Consolidated Edison 
Company. 
eight-year period would be 145,000 MW w i t h  an efficiency o f  6 Btu/watt-hr, or 
87,000 19W w i t h  an efficiency of 10 Btu/watt-hr. 
conditioners would ever be operating a t  the same time, t h i s  58,000-Mk' reduction i n  
connected load due to  the efficiency improvement would surely resu l t  i n  an appreci- 
able reduction i n  ins ta l led generating capacity requirements for  the Nation's 
u t i  l i  t i e s .  

58 

Such an improvement would resu l t  i n  a cumulative 

The 1980 connected load of the room a i r  conditioners sold during the 

Although n o t  a l l  of the a i r  

Hot water heating required 4% of total  U . S .  energy consumption i n  1968. 
water was used, i t s  remaining heat went down the drain. 
recovered t h r o u g h  heat exchangers, t o  supplement space heating requirements f o r  
instance, a substantial  saving i n  fuel would resu l t .  Solar water heaters could be 
employed, as they are  i n  a number of countries. One source51 estimates they could 
provide a r e l i e f  of 2% or  more of to ta l  national energy requirements. 

Once the 
If  some of this energy were 
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Table 6C.6-5 
ESTIMATED A I R  CONDITIONER SHIPMENTS, COOLING CAPACITY, 

AND AMOUNT OF COOLING (1973-1980) 

~ 

Shipments Capacity Shipped Annual Cool i ng Cumulative Cooling 
Year (m i l l i ons )  ( l o9  Btu) (10l2 Btu) ( l o1  Btu/year) 

1973 7.25 84.1 

1974 7.77 90.1 

1975 8.33 96.6 

74.5 

79.8 

85.6 

74.5 

154.3 

239.9 

1976 8.93 103.6 91.8 331.7 

1977 9.57 111 .o 98.4 430.1 

1978 10.25 118.9 105.3 535.4 

1979 10.99 127.5 113.0 648.4 

1980 11.78 136.6 121 .o 769.4 

Total cool ing f o r  8-year per iod 3183.7 

Total power consumed: 

A t  e f f i c i e n c y  o f  6 Btu/watt-hr, 530.6 x l o 9  kWhr. 
A t  e f f i c i e n c y  o f  8 Btu/watt-hr, 398.0 x l o9  kWhr. 
A t  e f f i c i e n c y  o f  10 Btu/watt-hr, 318.4 x 10 kWhr. 
A t  e f f i c i e n c y  o f  12 Btu/watt-hr, 265.3 x l o9  kWhr. 

9 
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6C.6.2.5 Transportation 

Transportation uses 25% of the Nation's energy. Of this t o t a l ,  automobiles and 
trucks use over three-fourths, while a i r c r a f t  use another 8%. 
i s  used by rai l roads,  buses, waterways, pipelines,  and other forms of transporta- 
tion. More passenger-miles are  traveled each year,  and we continually use f a s t e r  
and more convenient transport modes tha t  are also more energy-intensive. For 
example, there i s  now about one automobile f o r  every two people i n  the United 
States.  
no longer uncomnon. Freight transport has also become more energy-intensive. 
the l a s t  20 years,  a i r  and truck transport volume has grown dramatically, while 
more energy e f f i c i e n t  b u t  slower or less convenient r a i l  and waterborne f re ight  
has increased only s l igh t ly .  

The remaining 17% 

The two-car family i s  a way of l i f e ,  and three- and four-car families are 
In 

1 

Transportation provides examples of energy being traded f o r  convenience, comfort, 
and time savings. 
greatly.  
profligate i n  terms of energy used per passenger-mile. 
the most f lexible  and ubiquitous vehicle, uses much more energy per passenger-mile 
than i t s  competitors, the urban t r a n s i t  b u s ,  the in te rc i ty  bus, the passenger t r a i n ,  
rapid t r a n s i t ,  and commuter t ra ins .  
passenger-mile, coupled w i t h  our extensive use of cars,  has led t o  the i r  using 13% 
of a l l  energy. 

The energy eff ic iencies  of vehicles for  transporting people vary 
The f a s t e s t  form of transportation, the airplane,  i s  also one of the most 

On the g round ,  the automobile, 

This h i g h  ra te  of energy consumption per 

1 

57 Table 6C.6-6 shows approximate values for  energy consunption and average revenue 
i n  1970 for  passenger and f re ight  transport .  
modes i s  large. 
has been i n  the direction of use of less energy-efficient means and declines i n  the 
energy efficiency of individual modes. 
f re ight  business from the more energy-efficient railroads; buses and railroads have 
been losing passenger t r a f f i c  t o  more energy-intensive a i r c r a f t  and automobiles. 
(Recent petroleum product shortages have shown signs of arrest ing these trends.) 
Lower energy efficiency of specif ic  transportation modes has been the resu l t  of 
such things as the air-conditioning of automobiles, heavier automobiles--partly i n  
response t o  recently required safety provisions, larger engines, and engine emission 
controls (emission controls currently being instal  led and projected are estimated 
t o  r e s u l t  i n  an additional gasoline consumption by 1980 of the order of 2 million 
bb 1 /day. ) 59 

The range i n  energy efficiency among 
Over the l a s t  decade or s o ,  the trend i n  transportation on the whole 

Trucks have been taking away in te rc i ty  
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Table 6C.6-6 

ENERGY AND PRICE DATA FOR TRANSPORT 

Mode 
Pipe1 ine 
Rai 1 road 
Waterway 
Truck 
A i  rpl ane 

- 

Mode - 
Bus 
Rai 1 road 
A u t  omob i 1 e 
A i  rpl ane 

Mass Trans 
Automobile 

t 

I n t e r c i t y  Fre ight  Transport  

Energy 
(Btu/ton-mi l e )  

450 
6 70 
6 80 

2,800 
42,000 

Passenger Trans por t  

Energy 
( B  tu/pas senger-mi 1 e )  

I n t e r c i  tya 
1,600 
2,900 
3,400 
8,400 

b Urban 
3,800 
8,100 

Price 
(cents/ton-mi l e )  

0.27 
1.4 
0.30 
7.5 
21.9 

Price 
(cents/passenger-mi le)  

3.6 
4.0 
4.0 
6 .O 

8.3 
9.6 

aLoad f a c t o r s  (percentaqe of t ranspor t  capaci ty  u t i l i z e d )  f o r  intercity t r ave l  a r e  

bLoad f a c t o r s  f o r  urban t r ave l  a r e  about: 
about: b u s ,  45X, r a i l r o a d ,  35%; automobile, 48%; and a i rp l ane ,  50%. 

mass t r a n s i t ,  20%: automobile,  28%. 
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A number of actions have been suggested t o  increase energy efficiency, improve the 
balance between transportation modes, and reduce the overall demand for  transport- 
ation. 
approaching 3 million bbllday by 1985 are possible here) ,  subsidized mass t r a n s i t  
systems, and improved t r a f f i c  flow th rough  pr ior i ty  lanes f o r  buses and car pools 
and t r a f f i c  metering systems. 
of the in te rc i ty  automobile t r a f f i c  could be shif ted t o  passenqer trains--requiring 
almost a 100-fold increase i n  railroad passenger-miles--and i f  railroads could 
operate a t  70% capacity instead of the present 25%, about 11 b i l l ion  gal of fuel 
could be saved annually. The figure i s  over 8% of a l l  energy used for transportation 
i n  1971 . l  
urban design. 
reduce dras t ica l ly  the need for  low energy-efficiency transportation. 

These actions include incentives for  the use of smaller automobiles (savings 

If half of the in te rc i ty  a i r  t r a f f i c  and one-quarter 

I I 

Longer range recommendations encompass new transportation technology and 
The l a t t e r  includes the development of urban clusters  that  would 

59 

A measure o f  the order of energy savings possible by a s h i f t  of transportation t o  
the more e f f i c i e n t  modes already available i s  given i n  Table 6C.6-7. The t r a f f i c  
shown i n  this table  is  tha t  for  1970 i n  the U . S .  The actual dispersion of t r a f f i c  
for  1970 among the various modes i s  indicated as well as a hypothetical rearrange- 
ment of the t r a f f i c  t o  effectuate energy savings. In the hypothetical scenario, 
half the f re ight  t r a f f i c  actually carried by truck and airplane i s  assumed t o  have 
been carried by rai  1 ; half the in te rc i ty  passenger t r a f f i c  carried by airplane and 
one-third the t r a f f i c  carried by car are assumed t o  have been carried by bus  and 
t ra in ;  and half the urban automobile t r a f f i c  i s  assumed t o  have been carried by bus. 
The load factors  (percentage of transport capacity u t i l i zed)  and prices are  assumed 
t o  be the same for  bo th  calculations.  
as much energy t o  move the same t r a f f i c  as f o r  the actual case. 
quadrillion B t u  is  equal t o  approximately 4% of the U.S. energy requirenient for  
1970. 

The hypothetical scenario requires only 77% 
The saving of 2.8 

6C.6.2.6 Other Conservation Veasures 

The conservation measures discussed above are those tha t  appear most readily 
adaptable i n t o  our technical, economic and social s t ructure .  
involve l i t t l e  or  only moderate inconvenience; a few, such as  improving  the balance 
between transportation modes, would require careful long-range planning and sub- 
s tan t ia l  changes (not necessarily f o r  the worse) i n  our approach t o  gett ing from 
one place t o  another. All these measures, however, can be considered part of a n  
integrated,  order ly  approach t o  decreasing the usage o f  energy. 
one may also postulate conservation measures whose implementation would not be qui te  
so orderly and which could involve varying degrees of disruption t o  our  normal 

Most of the measures 

On the other hand, 
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Table 6C.6-7 

ACTUAL AND HYPOTHETICAL ENERGY CONSUMPTION PATTERNS FOR TRANSPORTATION IN 1970 

Actual 
Hypothetical 

Actual 
Hypo the ti  ca 1 

W 
A 

Actual 
Hypothetical 

Actual 
Hypothetical 

Percentage o f  Total T ra f f i c  
W a t e  w a y  Total Total 

c o s t  
(109 $1 

Total and EnepY 
T r a f f i c  Air Truck Rail Pipeline Auto Busa (10 B t u )  

i n t e r c i t y  F r e i g h t  T ra f f i c  
221Ob 0.2 19 35 46 
221 0 0.1 9 44 46 

I n t e r c i t y  Passenger Tra f f i c  
112OC 10 1 87 
1120 5 12 58 

Urban Passenaer T ra f f i c  
71 0' 97 
710 49 

Totals 

2,400 
1,900 

2 4,399 
25 3,500 

3 5,700 
51 4,200 

12,400 
9,600 

45 
33 

47 
45 

68 
63 

160 
141 

a I n t e r c i t y  bus o r  urban mass t rans1 t. 
b B i  11 ion ton-mi 1 es 
'Billion passenger-miles 



i n d u s t r i a l ,  comnercial  , and r e s i d e n t i a l  a c t i v i t i e s .  Several  such measures were 

considered i n  a s t a f f  s tudy by the  I n t e r i o r  Department's O f f i c e  o f  Energy Conser- 
v a t i o n ,  as p a r t  o f  an e x e r c i s e  i n  i d e n t i f y i n g  p o t e n t i a l  energy conservat ion measures 
on a broader  scale.60 Th is  s tudy  h i g h l i g h t e d  300 ways f o r  sav ing  energy, and, a l -  
though t h e  au tho rs  noted t h a t  few o f  t he  measures had been tho rough ly  eva lua ted  as 
o f  t h e  t ime  o f  p u b l i c a t i o n  ( l a t e  1973), most o f  them a re  s i m i l a r  t o  those discussed 

above i n  t h i s  env i ronmenta l  statement,  e.g., space h e a t i n g  and c o o l i n g ,  improved 
i n s u l a t i o n  i n  b u i l d i n g s .  
normal a c t i v i t i e s ,  o n l y  t e n  were so i d e n t i f i e d ,  under the  category o f  " s u i t a b l e  f o r  

implementat ion d u r i n g  an emergency." These measures are l i s t e d  below t o  i n d i c a t e  
what may be t h e  " o u t e r  l i m i t s "  o f  conse rva t i on  p r a c t i c e s :  

O f  t h e  measures t h a t  cou ld  i n v o l v e  some d i s r u p t i o n  o f  

Shut down p r imary  aluminum p l a n t s ,  u s i n g  i n s t e a d  aluminum taken f rom 
s t o c k p i l e s .  
Wash d ishes by hand i n  l i e u  o f  u s i n g  a dishwasher. 

D i l u t e  n a t u r a l  gas w i t h  a i r  t o  reduce consumption i n  p i l o t  l i g h t s ,  

y a r d  l i g h t s ,  and o t h e r  uses. 
Remove emiss ion c o n t r o l s  f rom a l l  veh ic les .  
Stop use o f  au to  a i r  c o n d i t i o n i n g  on e x i s t i n g  cars.  

L i g h t e n  we igh t  o f  e x i s t i n g  cars by removing spare t i r e  and j a c k  and 

bumpers. 
Pe rm i t  b u r n i n g  of o i l  o r  gas o n l y  when s o l i d  f u e l s  a re  unava i l ab le .  
Reduce vo l tage  o f  e l e c t r i c a l  power systems d u r i n g  pe r iods  o f  excess i ve l y  
h i g h  demand. 
Reduce frequency d e l e c t r i c a l  power systems. 
Shut down AEC gaseous d i f f u s i o n  p l a n t s  (which are ve ry  l a r g e  users o f  
e l e c t r i c i t y ) .  

i' 

The s tudy  does n o t  es t ima te  t h e  energy sav ings t h a t  m igh t  be ob ta ined  through imple-  
mentat ion o f  these measures, e i t h e r  i n d i v i d u a l l y  o r  as a group, n o r  does i t  address 
t h e  r e s u l t i n g  economic o r  s o c i a l  consequences, which m igh t  range f rom moderate t o  

s u b s t a n t i a l .  

6C.6.2.7 Research and Development 

The v e r y  s u b s t a n t i a l  p o t e n t i a l  f o r  a c h i e v i n g  s i g n i f i c a n t  reduc t i ons  i n  t h e  end 

usage o f  energy through implementat ion o f  t h e  measures discussed i n  t h e  seve ra l  

sec t i ons  above c l e a r l y  j u s t i f i e s  the  under tak ing  o f  a research and development 

program t o  f a c i l i t a t e  and a c c e l e r a t e  these savings. 

v a t i o n  research has been s e t  f o r t h  i n  "The N a t i o n ' s  Enerqy Future," as d iscussed 

A broad framework f o r  conser- 
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above, and seve ra l  elements d t h i s  program have a l ready  been i n t e g r a t e d  i n t o  t h e  

Government’s energy research and development a c t i v i t i e s  f o r  f i s c a l  years 1974 and 

1975. 
under tak ing  o f  n i n e  research, development, and demonstrat ion c o n t r a c t s  i n  energy 

conservat ion r e p r e s e n t i n g  an expendi ture o f  more than $1 m i l l i o n .  

t h i s  program i s  “ t o  b u i l d  the  t e c l i n i c a l  , economic, and i n s t i t u t i o n a l  base e s s e n t i a l  
t o  ach iev ing  our  comprehensive, l o n g  range enerGy conservat ion goals .  , ,6l  

For example, t h e  Federal Energy A d m i n i s t r a t i o n  announced i n  May 1974 t h e  

The purpose o f  

These s t u d i e s  w i l l  focus on end use o f  energy and conserva t i on  o p p o r t u n i t i e s  i n  

i n d u s t r y ,  b u i l d i n g s  ( r e s i d e n t i a l  and commercial) , and t r a n s p o r t a t i o n ,  

be c a r r i e d  o u t  by FEA’s O f f i c e  o f  Energy Conservat ion,  o t h e r  Government agencies, 

and p r i v a t e  groups. They w i l l  i n c l u d e  e v a l u a t i o n  o f  t he  energy c h a r a c t e r i s t i c s  o f  

mobi le  homes, design o f  a seven-story energy-conserving o f f i c e  b u i l d i n g ,  i n s t a l l a -  

t i o n  o f  an e l e c t r i c  hea t  pump i n  a 20-year-old house, s tudy of t h e  f u e l  conservat ion 

aspects o f  a high-speed r a i l - t r a n s i t  l i n e ,  development o f  an i n f o r m a t i o n  exchange on 

energy research needs, and r e l a t e d  a c t i v i t i e s .  
b y  FEA and o t h e r  Government agencies. F u r t h e r  i n s i g h t  i n t o  t h e  l i k e l i h o o d  o f  success 

o f  these a c t i v i t i e s  and t h e i r  eventual  e f f e c t  on energy demand i s  p rov ided  i n  the  

f o l l  owing sec t i on .  

Studies w i l l  

A d d i t i o n a l  s t u d i e s  a r e  a l s o  planned 
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6C. 7 SUMMARY 

The preceding discussions show tha t  a wide variety of energy conservation measures 
are known t o  e x i s t ,  and many of them are worthy of immediate implementation. 
the i r  potential f o r  s ignif icant ly  a l leviat ing current fuel shortages o r  becoming, 
individually or  as a group, a viable a l ternat ive t o  the LMFBR is  mixed. A number of 
potential conservation measures, while a t t rac t ive  i n  theory, do not appear l ikely to  
of fe r  major r e l i e f  t o  fuel scarc i t ies  and i n  themselves may lead t o  s iqnif icant  
economic or  environmental penal t i e s .  Other conservation methods are worth pu r su ing  
and should be implemented where practical .  
of the conservation measures discussed i n  this section are summarized below, along 
w i t h  various views as t o  t h e i r  potential for  reducing to ta l  energy and e l e c t r i c i t y  
demand, their possible e f fec ts  on l i f e s t y l e s ,  and t h e i r  overall potential as an 
al ternat ive t o  the development of new energy sources such as the LMFBR. 

However, 

The re la t ive  advantages and disadvantages 

Improvements i n  methods of resource extraction f o r  coal,  o i l ,  gas, and uranium could, 
i f  implemented, r e s u l t  i n  the ava i lab i l i ty  of additional fuel t o  such extent tha t  i f  
the additional fu.1 were a l l  allocated t o  the production o f  e l e c t r i c i t y  (which i s  
unlikely),  i t  could support an additional generating capacity of 82,000 M\!e annually 
by the year 2000 (see Section 6C.2.4). 
U.S. generating capacity projected for  that  time period. T h i s  increased fuel avail-  
a b i l i t y  would require substantial  investment i n  improving extraction eff ic iencies  
and would r e s u l t  i n  various environmental impacts beyond those associated w i t h  
current resource extraction methods, such as  possible contamination of surface 
streams by water injected in to  o i l  wells,  radiological and other effects  of nuclear 
explosives tha t  may be used in the stimulation of natural gas wells,  and increased 
ground subsidence over coal mines. 
extraction methods would have t o  balance the potential payoff i n  fuel ava i lab i l i ty  
against the economic and environmental costs associated w i t h  each method. 

T h i s  amount is  about 4% of the instal led 

Any decisions on implementing increased resource 

Potential improvements i n  power plant conversion eff ic iencies  using current tech- 
nology for  foss i l -  and nuclear-fueled plants appear t o  be limited and are not 
expected t o  change s ignif icant ly  the amount of usable energy tha t  may be extracted 
from power plant fuels .  
technology, such as MHD power generation, as discussed i n  Section 6B.) 
improvements i n  conversion efficiency may come about due t o  future  changes i n  
current technology, such as the development of high temperature alloys. 
due t o  economic considerations 

( T h i s  discussion does not apply t o  basic changes i n  
Some 

However, 
and the small potential payoff (see Sections 6C.3.1 
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and 6C.3.2), conversion efficiency improvements are expected to be the result of 
improvements or changes in technolog.y, rather than to provide the impetus or 
incentive for them. 

Utilization of waste heat from power plants is generally considered a fertile un- 
tapped area for energy conservation, but as noted in Section GC.3.3 its full potential 
may never be realized due to a variety of technical and economic reasons. 
the extent to which waste heat utilization may actually replace some other eneroy 
source is difficult to quantify. 
advantages would appear to exist in the utilization of waste heat in certain specific 
applications, and this utilization would appear to be a viab e conservation measure 
in such instances. 

Further, 

Nevertheless, both economic and environmental 

Minor improvements in the ratio of net vs gross generation o electricity could be 
obtained through the use of steam rather than electricity t o  drive plant auxiliary 
equipment. A significant improvement in this ratio might be obtained throuqh a 
reduction in the energy devoted to pollution control in the production o f  elec- 
tricity as well as other goods and services. 
electricity by industrial and commercial users for the operation of pollution 
control equipment by 1977 represents a substantial resource use. 
the relative amount of energy devoted to pollution control that might be proDosed 
as a means of alleviating fuel shortages or as an alternative to development of the 
LMFBR would have significant social as well as environmental and economic conse- 
quences. They would merit wide discussion on a national basis by all concerned 
elements of government, industry, and the public. 

The anticipated use of 10% of 

Any changes in 

The amount of energy that miqht be saved by conserving eneray through reducino 
losses in the transmission of bulk electric enerqy from generatinq plants to the 
distribution system is not large. The principal methods that could be employed, 
such as raising transmission voltages or reducing resistance, result in only minor 
efficiency gains; the countrywide savings that could accrue from raising of voltanes 
in the 240 kV and above range over the period 1974-80 has been estimated to be equiv- 
alent to the output of one 760-MWe baseload generating plant. The use of nearer term 
innovative underground transmission methods is not expected to lead to significant 
energy conservation. Only the installation of superconducting cable systems, not 
likely before the late 1980's, would result in an appreciable reduction in trans- 
mission losses underground. 
the output of one baseload 10-MWe generator if all underground circuit additions 

This reduction is estimated t o  be only on the order of 
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over the period 1990-2000 \vere in superconducting AC cable rather t h a n  conventional 
cable. 
for large savings from conservation measures. 

Thus, the transmission of electricity does n o t  appear t o  be a promisinq area 

The situation w i t h  regard t o  distribution systems i s  similar. 
i n  this area i s  in optimizing the loading of distribution transformers; this i s  shown 
in Section 6C.5.2 t o  result i n  a total annual  savings by the year 2000 equivalent t o  
the generation o f  one baseload 1100-;4He power p l a n t .  While not  insignificant on an 
absolute basis, this generating capacity is  only a minute fraction of the installed 
generating capacity t h a t  will exist by the year 2000. 

The major potential 

Conservation of energy a t  the p o i n t  of end use has only recently begun t o  receive 
wide attention. 
resource extraction, i n  power plant conversion efficiencies, and other factors), 
whose t o t a l  contributions might result i n  savings equivalent t o  approximately 5% o f  
U.S. generating capacity i n  the year 2000, end-use conservation can result in very 
substantial and worthwhile energy savings and could appreciably lower U.S. demand 
for both  electricity and total energy usage in the years t o  come. The "technical" 
means by which these savings may be achieved are known and include the installation 
of improved insulation in buildings, the use of more efficient soace hea t inq  and 
cooling equipment, the introduction of more efficient industrial processes and 
equipment, the shift  t o  more efficient modes of transportation, and the various 
other measures discussed in this section. Not qu i t e  so clear, however, i s  the mao- 
nitude of the energy reductions t h a t  may be achieved from implementation of these 
measures. The principal issues bearing on this question t h a t  are s t i l l  the  subject 
of debate include the extent t o  which various conservation measures will be tech- 
nically successful, th'e da te  and rate of introduction o f  conservation practices, the 
extent t o  which people utilize these practices and accept accompanyinn changes 
(where applicable) in their lifestyles, the extent t o  which energy conservation 
should be "enforced" by government regulation or pricing policies, the extent t o  
which research and development in energy conservation wi 11 be supported--as well as 
be successful (which i n  t u r n  bears on the degree of technical success t h a t  can be 
achieved by conservation measures), and related matters of policy, economics, and 
planning . 

Contrasted t o  the several measures discussed above (improvements in 

A number of studies have been conducted by government asencies and private orqaniza-  
tions (as reviewed earlier i n  this section) which attempt t o  estimate the results of 
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a national comnitment t o  energy conservation i n  terms of energy savinqs. 
studies are  based on a variety of assumptions and end dates and lend different  weight 
t o  the several policy, technical,  and planning variables just noted.  To run a s t r i c t  
comparison between the energy savings projected by the several studies for  specif ic  
future dates is  therefore d i f f i c u l t ,  i f  n o t  impossible. However, an examination of 
their broad conclusions i s  instruct ive,  while recognizing t h a t ,  on the basis of the i r  
differ ing assumptions, none of them may prove t o  be accurate o r ,  on the other hand, 
they a l l  may prove t o  be correct i n  varying degrees. 

These 

The Office of Emergency Preparedness study was undertaken i n  1972 w i t h  the objective 
of suggesting programs tha t  would e i ther  improve the efficiency w i t h  which energy i s  
consumed or  minimize i t s  consumption, while providing the same or  similar services 
t o  the consumer. 
u t i l i za t ion  i n  the major consuming sectors.  The study concluded tha t  f u l l  implemen- 
ta t ion of the measures suggested could reduce projected U.S. energy demand i n  1980 
(96 quadril l ion B t u )  by 15 t o  17% and 1990 demand (140 Q B t u )  by 23 t o  25%. 

The conservation measures suggested dea l t  primarily w i t h  energy 

The Ford Foundation's Energy Policy Project examined three "levels" of conservation. 
The f i r s t  level ( l i t t l e  o r  no conservation) was based on the his tor ical  energy growth 
ra te  i n  to ta l  energy usage of about 3.4% per year. This scenario would r e s u l t  i n  the 
use of 180 quadril l ion B t u  i n  the year 2000. The second scenario halved this growth 
r a t e  th rough  the application of a vigorous conservation program b u t  without reducing 
the Nation's standard of l iving o r  s ignif icant ly  changing l i fe -s ty les .  
approach, energy usage would amount t o  118 quadrillion B t u  i n  the year 2000, a 
savings of 36% over the his tor ical  pattern. 
growth, i n  which energy usage would level off a t  100 quadrillion B t u  i n  the year 
2000, result ing i n  a savings of 46%. Although this scenario does not,  according 
t o  i t s  proponents, involve auster i ty ,  i t  does require some s ignif icant  changes i n  
l i f e s t y l e ,  including redesign of cities and transportation systems. 

Under th i s  

The t h i r d  scenario i s  one of zero energy 

Since the Ford Foundation study yields resu l t s  only i n  terms of total  energy usage, 
i t  i s  not c lear  what the corresponding reductions i n  e l e c t r i c i t y  usage would be i n  
these scenarios. However, as discussed previously, reductions i n  e l e c t r i c i t y  usage 
would clear ly  be less  than those f o r  total  energy. 
equivalent t o  zero e l e c t r i c i t y  growth. 

Zero energy growth is  not 

The Council on Environmental Qual i ty ' s  Half and Half Plan also proposes a vigorous 
conservation program, coupled w i t h  we1 1 -defined enerqy supply and usage goals . 
target  for gross energy consumption i n  the year 2000 under th i s  plan would be 121 

The 
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Q G t u ,  representing an average annual growth rate  o f  1.8%. i4any s imi la r i t i es  may 
be noted between th is  approach and tha t  in the Ford Foundation's second scenario 
(technical f i x ) .  

The study of energy conservation s t ra tegies  by the Environmental Protection Agency 
places more emphasis than the previous studies on government policies and regulation 
as incentives t o  achieving energy conservation. 
of 41 Q B t u  by 1990 or  30% of energy usage otherwise projected (135 Q B t u )  f o r  tha t  
year could be achieved by implementation of the suggested s t ra tegies .  

I t  concludes that  national sav ings  

The Federal Energy Administration suggests that  reduction of the current and pro- 
jected 3.6% annual growth rate  i n  energy usage t o  2.0% is possible without hindering 
an adequate national growth rate .  The bulk of these savings will come i n  t ranspor ta -  
t ion ,  household, and industrial  uses. This reduced energy growth ra te  will  be 
necessary t o  achieve U.S. energy self-sufficiency by 1980 th rough  Project Independ- 
ence. 
figures f o r  future dates such as 1990 or 2000 as i n  the other s tudies ,  b u t  i f  the 
suggested annual growth r a t e  of 2.0% i s  achieved, energy usage i n  the year 2000 
might be about 30% less than tha t  projected based on histor ical  growth patterns. 

The FEA proposal does not extrapolate this approach t o  yield energy usage 

An interagency government panel reported t o  the President i n  December 1973 (see The 
Nation's Energy Future ) t h a t ,  w i t h  minimal social and economic dislocation, a 20% 
energy savings by the year 2000 would be a conservative estimate. A number of con- 
servation a c t i v i t i e s  , including research and development i n  resource recovery, 
industrial  processes, energy management, and other areas,  would have t o  be imple- 
mented i f  this  program i s  t o  be successful. 

2 

The A E C ' s  s t a f f  forecast15 suggested tha t  where conservation measures are employed 
t o  the assumed extent (such tha t  improvements i n  standard of l iving or  economic 
development would n o t  be l imited) ,  a savings i n  to ta l  energy consumption o f  10% per 
year could be achieved by the year 2000 as compared t o  the his tor ical  trend (174 
Q B t u  i n  tha t  case vs 195 Q B t u  h i s t o r i c a l ) .  Under the combined impact of maximum 
conservation e f f o r t s  , higher energy prices and slower rate  o f  economic growth , total  
energy consumption by the year 2000 could be reduced as much as 30% from the 
his tor ical  pattern,  down t o  135 Q B t u .  
casts rather than as firm calculated values. 

These values are meant t o  be used as fore- 

What, then, may be concluded from these several studies as t o  the extent t o  w h i c h  
conservation measures may reduce projected energy demands? Although as noted above 

6C.7-5 



Table 6C.7-1 I 

APPROXIFATE COMP4RISON OF ENERGY SAVINGS RESULTIFK FROM 
IMPLEMENTATION OF PROPOSED CONSERVATION YEASURES 

Office of Emergency Preparedness 23-25% by 1990 
Ford Foundation - Energy Policy Project 36% by 2000 (technical f i x  

Council on Environmental Qual i ty  35% by 2000 
Environmental Protection Agency 30% by 1990 
Federal Energy Administration 
i h t i o n ' s  Energy Future a t  l ea s t  202 by 2000 

scenario ) 

30% by 2r)00a 

AEC,  Office of Planninq and Analysis io-3n% by 20r3n 

Based on extrapolation of annual 2% growth r a t e .  a 

an accurate d i r ec t  comparison of these studies ' conclusions i s  not possible w i t h -  
o u t  subs tan t ia7  qua7ificatiot1,  such a comparison i s  presented i n  Table 6C.7-1 as a 

rough estimate o f  w h a t  might  be achieved. A qeneral consensus of these studies 
is  tha t  a vigorous conservation proqram could, i f  successful, reduce to t a l  enerqy 
consumption by about 30% by the year 2000. 

As indicated previously, a 30% reduction i n  projected to t a l  enerqy demand i n  the 
year 2000 may not necessarily r e su l t  i n  a proportionate reduction i n  e l e c t r i c a l  
energy demand. 
i n  areas i n  which e l e c t r i c i t y  does not now play a major f ac to r ,  and the extent t o  
which they may play a larqer  factor  i n  the year 2000 cannot be stated w i t h  cer ta inty.  
Some of the enerqy conservation measures will r e su l t  i n  increased future requirements 
f o r  e l ec t r i ca l  power. To take one i l l u s t r a t i v e  example, conservation of o i l  bv 
encouraging more e f f i c i e n t  transportation methods could r e su l t  i n  increased e l e c t r i -  
cal power demand t o  power e l e c t r i c  t r a ins  f o r  mass transnortation a n d  ultimately f o r  
e l e c t r i c  automobiles f o r  personal use. From the mid-197r)'s t i l  the year 2009, the 
additional usaqe of e l e c t r i c i t y  f o r  transportation and other purposes such as space 
heatinq wil l  r e su l t  i n  an increasina ro l e  f o r  e l e c t r i c i t v  i n  our t o t a l  enerny usane 
patterns.  By the year 2000, i t  i s  reasonable to  assume t h a t  many applications of 
e l ec t r i ca l  power may have become saturated and t h a t  future reductions i n  t o t a l  
energy usage may then become more closely proportional t o  reductions i n  e l e c t r i c i t y  
usage. 

This i s  so because many of the projected conservation measures are  

I t  should a l so  be noted t h a t  the spec i f i c  Conservation measures discussed i n  
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Section 6 , as opposed t o  across-the-board improvements i n  e f f i c i e n c i e s ,  may r e s u l t  
i n  a d i f f e r e n t  energy usage mix than the standard mix assumed. 
t h a t  s p e c i f i c  conservation measures may lead t o  a l a rge r  share o f  the t o t a l  energy 

market f o r  e l e c t r i c a l  energy than the 50% share usua l ly  pro.jectcd by the year  2000.* 

That i s ,  i t  i s  l i k e l y  

Should energy conservation then be establ ished as a na t iona l  goal? Several l e t t e r s  

commenti ng on the D r a f t  LMFBP, Program Environmental Statement (see quotations i n  
Section 6C.1) ind ica ted  t h a t  t h i s  should be the case. 
conservation i s  a mat ter  o f  na t iona l  p o l i c y  and suggested various means by which 

energy savings may be obtained. The Natural Resources Defense Council, i n  t h e i r  
l e t te r , * *  i nd i ca ted  t h a t  conservation pract ices could r e s u l t  i n  e l e c t r i c i t y  demand 

being reduced by as much as 40% o f  the h i s t o r i c a l  p ro jec t i on  by the year 2020. 
conclusion i s  n o t  incons is ten t  w i t h  the " f i nd ings "  summarized i n  Table 6C.7-1. 

They concluded t h a t  energy 

This 

The Atomic Energy Commission, as noted e a r l i e r ,  i s  i n  agreement w i t h  the opinions 

favor ing  energy conservation expressed by these l e t t e r s  and supports a viaorous 

energy conservation program. 

Several remarks were a lso made i n  the comment l e t t e r s  t h a t  conservation measures 

t h a t  would requ i re  changes i n  our l i f e s t y l e s  should be considered i n  the environ- 
mental statement, 
Coa l i t i on  f o r  Energy A1 t e r n a t i  ves*** suggested t h a t  

For example, the A p r i l  24, 1974, l e t t e r  from the Mid-America 

The r e a l  conservation question i s  by-passed--namely, can we l e a r n  
t o  l i v e  less  energy- in tens ive ly ,  thus stoppinq the continued growth 
o f  per cap i ta  energy consumption. 

More s p e c i f i c a l l y ,  an A p r i l  22, 1974, l e t t e r , ?  from M .  T. Car ter  e t  a l .  noted: 

The d iscuss ion i s  nevertheless l i m i t e d  i n  t h a t  changes necess i ta t ing  
ser ious adaptations i n  our  na t iona l  l i f e s t y l e  are no t  included. 
Cer ta in ly ,  i t  would be d i f f i c u l t  if not  impossible t o  quan t i f y  such 
changes i n  the manner t h a t  o the r  conservation measures i n  the sec t ion  
were q u a n t i f i e d  as t o  poss ib le  savings, and some changes might  a t  t h i s  
t i m e  be so repugnant t o  sectors  o f  the pub l i c  t h a t  the p o s s i b i l i t i e s  
o f  implementation i n  the near f u t u r e  are s l i g h t .  However, the same 

*Although e l e c t r i c i t y  generation now accounts f o r  on ly  about 25 t o  30% o f  energy 
usage, t h i s  f r a c t i o n  i s  expected t o  r i s e  t o  about 50% by the year  2090 as more 
homes are heated by e l e c t r i c i t y ,  as more t ranspor ta t ion  systems become e l e c t r i -  
f i ed ,  e tc .  

**Comment L e t t e r  38b, pp.  10-1G. 
***Comment L e t t e r  22, p. 15. 

+Comment L e t t e r  19, p. 3. 
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changes i n  l i f e s t y l e  which we may now re jec t  migh t  someday be considered 
desirable or  needed, and a section on conservation as an Alternative 
Technology Option i n  the DES provides an excellent opportunity t o  
begin t o  enumerate changes i n  our l i f e s t y l e  which migh t  now seem 
radical.  

n 

While we may now recoil from the major changes i n  our l i f e s t y l e  which 
would be indicated by such s i tuat ions as exemplified above, i t  i s  none- 
theless reasonable that  we consider, as a s ignif icant  conservation 
measure, the al terat ion of the l i f e s t y l e  t o  which we have become 
accustomed. 
measures having such a major impact on our l ives - a discussion of 
t h i s  s o r t  m i g h t  prove useful. 

The LMFBR Program DES does no t  probe conservation 

The AEC recognizes tha t  such measures do have a place i n  conservation planning, and 
many of these measures tha t  require changes i n  l i fes ty les  are now clear ly  par t  of 
some of the conservation studies and programs reviewed i n  th is  environmental s ta te -  
ment. 
growth s i tuat ion tha t  would require major changes, such as redesign of c i t i e s  and 
transportation systems. 
considers h igher  energy costs as a means of discouraging energy use, and the 
Environmental Protection Agency study referenced also examines "forced" savings. 
Various degrees of res t r ic t ions in personal choices and lack of ava i lab i l i ty  of 
"conveniences," such as s h i f t s  t o  smaller cars and reduction i n  a i r  conditioning 
are an inherent par t  of several of the conservation proposals reviewed. 

For example, the Ford Foundation study's scenarios include a zero energy 

The AEC Office of Planning and Analysis study (Case A )  

Will such res t r ic t ions  be accepted and complied w i t h  b y  the public? The EPA report  
addresses t h i s  issue: 

Current emphasis is  on energy conservation through "voluntary" programs, 
The American consumer seems t o  be quite will ing t o  cooperate i n  such 
programs i n  the short  r u n ,  when he believes the purpose i s  Val i d .  
he seems unwilling t o  make economically unsound choices for  any great 
length of time; and he seems very quick and will ing t o  make economically 
prudent choices. 
b u t  doesn' t  seem t o  be clamoring for  especially low energy prices any 
more. 
consideration t o  the means by which the "voluntary" actions which are 
needed can be converted i n t o  economically rational actions on the par t  
o f  consumers. (p .  3) 

However, 

He has more comnon sense than t o  ask for  higher  prices,  

For these reasons, i t  behooves pol icy-makers t o  give careful 

T h i s  point was fur ther  discussed by Mr. J .  W .  Simpson, President, Power Systems, 
Westinghouse Electric Corporation,62 i n  a recent speech: 
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The fac t  i s  tha t  energy wastage i s  not  nearly so h i g h  as some m i g h t  
believe, and a seemingly s izable  reduction o f ,  say,  20% would rea l ly  
do l i t t l e  t o  defer the depletion date for  o i l  a n d  gas .  
cuts can only be made by mandating substantial  reductions i n  our 
standard of l i v i n g .  
are will ing t o  accept a permanent decline i n  l ivinq standards -- 
especially i f  i t  i s  unnecessary. 

Truly deep 

I see no evidence t h a t  people i n  this country 

Recent developments such as the lack of compliance by many motorists w i t h  reduced 
highway speed limits would seem t o  support t h i s  statement. 

The AEC believes tha t  conservation measures requiring changes i n  l i f e s t y l e s  shou ld  
indeed be considered as part of any major program i n  energy conservation. Whether 
or  n o t  such measures would be successful (bo th  technically and i n  their acceptance 
by the public) can now only be guessed a t .  
s t y l e  actual ly  involve only s l i g h t  inconvenience or hardships, while some of the 
major concepts proposed i n  th i s  area wculd involve substantial  restructuring of 
our economy and perhaps even our landscapes. Obviously the decisions tha t  will  
have t o  be made regarding energy conservation measures must incl ude consideration 
of potential  changes i n  l i f e s t y l e  as well as technical,  economic, p o l i t i c a l ,  
environmental, and social  aspects of our energy supply vs demand s i tua t ion  i n  
future  times. 

Some of the suggested changes i n  l i f e -  

Another p o i n t  tha t  has been raised i n  the review of the Draft Environmental State- 
ment has been tha t  of the impact of e l e c t r i c i t y  cost  on e l e c t r i c i t y  usace. 
example, the April 26, 1974, l e t t e r *  from Dr. C .  Kepford suggested tha t  the Statement 
cons i der : 

For 

... the influence of u t i l i t y  company ra te  structures and promotional 
practices on consumption patterns assumes that  consuming patterns 
originate from a spontaneous demand w i t h  the public. 
u t te r  falsehood. 

T h i s  i s  an 

In a similar vein, testimony offered by the Scient is ts  Ins t i tu te  for  Public Informa- 
t i o n  a t  the April 25, 1974, public hearing held on the Draft Statenent noted: 

... i t  is a basic e r ror  t o  extrapolate his tor ical  patterns of 
e lec t r ica l  demand growth without taking cognizance of how this 
fundamentally new economic f a c t  (price e l a s t i c i t y )  will  a f fec t  
demand for  e l e c t r i c i t y  i n  the future.  
the policy of this Administration, as enunciated by the President 
and the Federal Energy Office, t o  encouraae energy conservation by 
allowing energy prices t o  rise, and even by increasing them w i t h  
added taxes. 

Furthermore, i t  i s  now 

*Comment Letter 25, p. 31. 
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The AEC recognizes the influence t h a t  energy price will have on energy usage, and 
this influence has indeed been reflected i n  the cost-benefit discussion i n  this 
Environmental Statement and i n  some of the conservation studies reviewed i n  this 
section (on which the projected energy savings reported herein have been based). 
In  particular, energy pricing i s  a major element of the conservation strategies 
discussed i n  the EPA report and was also considered i n  several of the cases examined 
i n  the AEC Office of Planning and Analysis report. 
higher energy prices will tend t o  drive energy usage down; this effect i s  already 
being observed t o  some extent. 
such pricing policies as "incentives" t o  conserve energy i s ,  as in the case of 
potential changes in l i fes tyles ,  a political and social matter as well as an 
economic one. 
affected t o  the same extent; t h a t  i s ,  the relative costs of different types of 
energy will change, and this change will also affect their  relative usage. 
example, as the cost o f  diesel oil  has increased substantially, a t  least  one 
railroad i s  g i v i n g  serious t h o u g h t  t o  us ing  e lectr ic i ty  on a large portion of i t s  
system. 
of electricity.  

There can be l i t t l e  doubt  t h a t  

Whether or n o t  the public will welcome or  accept 

In addition, as energy costs increase, not  a l l  energy sources are 

For 

T h u s ,  an increase in energy costs migh t  lead t o  more rather t h a n  less use 

As indicated above, several of the comment le t te rs  on the Draft Statement supported 
conservation of energy as an alternative t o  the development of the LMFBR. Various 
conservation measures and strategies were proposed in these le t te rs ,  most of which 
concluded, as did the April 29, 1974, le t ter* from the Natural Resources Defense 
Counci 1 , t h a t :  

Energy conservation i s  a matter of national policy. I t  cannot be ignored. 

However, although the benefits of energy conservation are apparent t o  almost 
everyone, several voices have been raised t o  the effect  t h a t  conservation i s  not  
the complete o r  final answer t o  the energy cr i s i s .  
before the American tJuclear Society noted above, J. W .  Simpson stated: 

62 For example, in his address 

Some feel t h a t  energy conservation can solve our problem. W i t h o u t  
question, the use of improved insulation, smaller cars, more efficient 
appliances, recycling of materials, and similar efforts can help t o  some 
degree and should be aggressively pursued. 
that  conservation alone can solve the long-term problem. 

However, i t  i s  wishful thinking 

*Comment Letter E, p. 13. 
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n fllr. Simpson went on t o  note, w i t h  regard t o  a reduced usage of energy, tha t :  

... even i f  Americans were will ing t o  accept reduced l ivina standards 
this would not  real ly  change the world energy problem. 
GNP and energy use patterns a t t e s t t  most of the world ex is t s  i n  
t e r r i b l e  poverty, w i t h  t ruly compel1 inq needs for  improved l iving 
standards. The problem is t o  b r i n g  these nations toward the U.S. 
level ,  not drag the U.S. downward. Even i f  we reduced U.S. l iving 
standards, t h i s  wuld produce surprisingly l i t t l e  help f o r  the r e s t  
of the world. In f a c t ,  i f  U.S. c i t izens returned t o  l iving of our 
colonial days and transferred a l l  our energy resources overseas, the 
time t o  exhaustion of world o i l  a n 5 a s . s u p p l i e s  would be extended 
less than one decade! 

Per capita 

In a s imilar  vein, Mr. Jack Moore o f  Southern California Edison Company observed i n  
his prepared statement a t  the April 26, 1974, public hearing: 

Conservation measures 
reduced energy demand can go only so f a r  i n  a l leviat ing the problems 
due t o  fuel shortages. 
consumers provides only a temporary r e l i e f  from shortages. A healthy 
economic environment and improving l iving standards for  the less  
privileged i n  the future will  depend n o t  on reduced usage, b u t  on the 
development of available energy resources as yet  untapped w i t h i n  the 
present economic framework.* 

such as improved equipment eff ic iencies  and 

Curtailing the energy usage of existing 

In an even more d i r e c t  manner, Mr. Carl Bagge, President of the National Coal 
Association, i n  a May 1974 speech before the Portland Cement k s o c i a t i o n ,  
warned the Federal government against too great a reliance on energy conservation 
i n  achieving energy self-sufficiency: 

6 3  

Conservation i s  a most important tool .  
the e a s i e s t  way out on paper, i t  i s  d i f f i c u l t  t o  mandate through adrninistra- 
t i v e  hearings or acts of Congress. 

B u t  while conservation looks l i k e  

Mr. Bagge said he could eas i ly  imagine Congress passing a law tha t  requires a l l  cars 
t o  get 25 miles per gallon by 1985, “ b u t  I hate t o  imagine what would happen when 
Detroit had t o  s h u t  down production l ines  because the best i t s  biggest cars could do 
is 23.7 miles per gallon.” 

We’ve been down this route before w i t h  highly technical clean a i r  and 
water standards tha t  paid close heed t o  pol i t i ca l  climates b u t  ignored the 
simple economic and technological fac ts  of l i f e .  I hope sincerely t h a t  
this time the federal establishment s e t s  r e a l i s t i c  goals for  i t s  program 
of a t ta ining energy self-sufficiency and then set a judicious course t o  
achieve i t .  

*Transcript of public hearings on the LMFBR Program, p. 4. 
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Conservation wi l l ,  of course, be a part  of this proaram, ... B u t  
reasonable men must agree tha t  i t  can be b u t  a secondary p a r t  of the 
proyan  unless the nation i s  will ing t o  scrap much of i t s  existinq 
industrial  base, which i s  the nation's lar9est  consumer o f  energy. 

This i s  true because a niassive energy conservation prograri  would reqiiire the ear lv  
retirement of existing industrial  equipment and i t s  replacement w i t h  modern energy- 
e f f ic ien t  designs, according t o  Ilr. Bagge. 

Let 's  face fac ts .  What we need i s  more energy, n o t  l e s s .  And the hest 
way t o  produce more energy i s  p r o v i d i n g  incentives and removing the traps 
and snares tha t  s t a n d  i n  the way of a t ta ining th i s  goal. 

Finally, Mr. Milton Levenson o f  the Electric Power Research I n s t i t u t e  observed i n  
his testimony* a t  the April 26, 1974 public hearing: 

There appears t o  be no acceptable a l ternat ive t o  the expansion of 
e l e c t r i c  power generation. Even w i t h  the most conservative projections 
o f  population growth d u r i n g  the next 30 years we expect a 30 percent t o  
40 percent increase in the nation's total  population. 
half century the total  energy consumption per capita i n  the U.S.  has 
roughly doubled, w i t h  a good par t  of tha t  increase occurring i n  the 
l a s t  decade. 
servation and increased efficiency i n  end uses, i t  would be optimistic 
t o  project  l ess  than a doubling i n  the per capita energy consumption 
d u r i n g  the next half century. 
our population are  such that  any lower projection seems unlikely. 
Historically e l e c t r i c i t y  consumption has grown much more rapidly than 
to ta l  energy consumption, primarily because of the convenience and 
safety f o r  the consumer of t h i s  par t icular  energv form, . .. While i t  
i s  d i f f i c u l t  t o  predict how f a s t  future e l e c t r i c i t y  demand will grow 
relat ive t o  total  energy consumption, the factors which have made i t  
desirable i n  the past will probably continue t o  make i t  more so i n  
the future.  The key point i s  t h a t  increasing e l e c t r i c i t y  production 
will remain a prime demand of our society. 

D u r i n g  the past 

Even w i t h  the most effect ive attempts a t  energy con- 

The economic welfare and social goals of 

FFranscript of  public hearing on the LMFBR Program, p. 255. 
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6C.8 CONCLUSIONS 

There are numerous s t ra teg ies ,  polic e s ,  and technical measures by which enerqy usaqe 
may be reduced from i t s  current leve s or by which future projected enerqy demand 
levels may be reduced. The greatest  potential for  achievinq substantial enerqy 
savings i s  i n  the various end uses. A rouqh consensus of several of the more recent 
and authoritative enerqy conservation studies would indicate t h a t ,  w i t h  a viqorous 
conservation program, the use o f  e l e c t r i c i t y  a n d  other forms of energy could be 
reduced by about 30% from those levels now projected for  the year 2030. 
ment o f  these savings, however, presupposes various degrees o f  success in the 
fo l l  owing respects : 

The achieve- 

( 1 )  Governmental bodies will encourage a n d  f inancially supgort 
t o  a much greater extent t h a n  i n  the past research and development 
i n t o  mechanisms and processes for  conservinq enerqy. 
Improved energy conservation measures wi 11 be developed and 
prove successful i n  practice over the years in reducing enerqy 
usage ~3 the projected extent. 
Industry and the public will accept the considerably hiqher 
energy prices inherent i n  some o f  the conservation s t ra teq ies  and 
measures proposed. 
The publ’c will accept the moderate t o  severe inconveniences 
and  changes in l i f e s t y l e  t h a t  would inevitably accompanv a number 
of the proposed conservation measures. 

( 2 )  

( 3 )  

(4 )  

Act ing  on the assumption that  energy conservation i s  indeed pursued and proven 
successful over a n  extended period o f  time such tha t  the anticipated enerqy reduc- 
t ions are achieved and noting tha t  the result ing e l e c t r i c i t y  savings are approxi- 
mately equivalent t o  t h a t  which otherwise would have t o  be produced by the LMFBR, 
the Natural Resources Defense Council suggests i n  the i r  April 29 ,  1974,  l e t t e r *  t h a t  
the need f o r  the LMFBE may be eliminated. 
over-simp1 i f ied .  
shou ld  be pursued t o  the maxinium feasible extent,  there i s  no assurance a t  th i s  
time that  future energy demand will be substantially reduced by conservation prac- 
t ices .  
i n  l i f e s t y l e s ,  technical achievement, and costs as discussed above and i s  rein- 
forced by the viewpoints o f  Simpson, Moore, and Baqge. 
national program of energy conservation, however desirable,  i s  no more assured of 
success i n  reducing energy demand by a fixed amount t h a n  any of the other a l ternat ive 

*Comment Letter - 38b, p .  16. 

The AEC submits t h a t  th i s  arqument i s  
A1 though energy conservation i s  necessary and desirable,  and 

This belief is based on the questions regarding acceptabili ty of chanaes 

For these reasons, a 
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opt ions  discussed i n  t h i s  Environmental Statement a re  assured o f  increas ing the 

energy supply. The AEC, there fore ,  be l ieves  t h a t  f a i l u r e  t o  develop promising 
technologies such as the  LMFBK i n  the expectat ion t h a t  they may n o t  be needed due 

t o  poss ib ly  lessened f u t u r e  energy requirements from a successful conservation 
program would be unwise. The AEC be l ieves,  t h a t  appropr ia te enerqy supply opt ions 
should be developed and a lso  t h a t  conservation measures should be encouraqed and 

supported. 
l e v e l s  and met i n  an economic and env i ronmenta l ly  acceptable manner. 

I n  t h i s  manner, our energy requirements may be both held t o  reasonable 

I n  conclusion, the  AEC f e e l s  t h a t  w h i l e  the  f i n a l  p lace o f  energ~y conservation as an 

a l t e r n a t i v e  t o  energy product ion technologies i s  n o t  y e t  completely determined, as 
discussed i n  t h i s  Environmental Statement, those conservation measures t h a t  meet a l l  

necessary c r i t e r i a  should be made a p a r t  o f  our energy use p a t t e r n s  as soon as 

p r a c t i c a b l e .  
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