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A 

AB ST RACT 

information on the geothermal resources of the San Luis Valley, Colorado, has 
been gathered and reviewed and a preliminary, quantitative assessment of the mag- 
nitude and quality of resources present was carried out. Complete process designs 
were developed for the processes of producing crystal sugar from beets and for 
malting barley for use in the brewing industry,in each case adapting the processes 
to use a 302OF geothermal water supply as the main process energy source. A 
parametric design analysis was performed for a major pipeline to be used to ship 
geothermal water, and thus deliver its heat, out of the San Luis Valley to three 
major Colorado cities along the eastern threshhold of the Rocky Mountains. Cost 
estimates for capital equipment and energy utilization are presented. 
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The analyses of the two process applications indicate favorable economics for 
conversion and operat ion as geothermal ly-heated plants. A major geothermal water 
pipeline for this region is seriously limited on achievement of the economy of 
scale by the physical absence of significant demand for heat energy. Finally, the 
development and utilization of Colorado's San Luis Valley geothermal groundwaters 
hold the potential to contribute to the prudent and beneficial management of that 
area's natural water resources systems. 
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1 .  BACKGROUND 

A. General Ob jec t i ves  

This  study o f  t he  geothermal resources o f  the San L u i s  Va l l ey ,  Colorado, and 
rep resen ta t i ve  i n d u s t r i a l  and commercial a l t e r n a t i v e s  f o r  t h e  u t i l i z a t i o n  o f  these 
resources, was conducted f o r  t h r e e  major purposes. F i r s t ,  t he  d i s p a r a t e  data on 
the geology and hydrology o f  t h e  San L u i s  V a l l e y  was i d e n t i f i e d  and reviewed, and 
i t  served as the bas i s  f o r  an est imate-- the most comprehensive t o  date--of  the 
q u a n t i t y ,  q u a l i t y ,  and a c c e s s i b i l i t y  o f  t he  V a l l e y ' s  hydrothermal resources. 
Second, two energy - in tens i ve  i n d u s t r i a l  processes, p r e s e n t l y  found opera t i ng  i n  
va r ious  p a r t s  o f  Colorado on indigenous food crops, were each considered i n  a de- 
t a i l e d  process design e v a l u a t i o n  i n  o rde r  t o  determine t h e  comparative economics 
o f  basing p l a n t  designs on the  use o f  a geothermal energy source, as opposed t o  
the  use of standard,  f o s s i l - f u e l  energy sources. T h i r d ,  an es t ima te  was developed 
of t he  p o t e n t i a l  present  and f u t u r e  markets f o r  energy, s p e c i f i c a l l y  f o r  geother-  
mal energy, i n  the reg iona l  v i c i n i t y  o f  t h e  San L u i s  V a l l e y .  Th is  est imated market 
p o t e n t i a l  was then used i n  e v a l u a t i n g  the  f e a s i b i l i t y  f o r  a major p i p e l i n e  de- 
l i very sys tem. 

I n  the most general  terms, however, t he  goal  o f  t h i s  p r o j e c t  i s  t o  develop 
d e t a i l e d ,  p e r t i n e n t  i n fo rma t ion  t h a t  w i l l  serve i n  generat ing t h e  s imple momentum 
o f  awareness and i n t e r e s t  i n  a s i g n i f i c a n t  a l t e r n a t i v e  energy resource. Speci f -  
i c a l l y ,  t h i s  work i s  meant to ,  f i r s t ,  p rov ide  commercial developers w i t h  the means 
t o  r a p i d l y  assess t h e i r  own a p p l i c a t i o n s  concepts, and second, t o  q u a n t i t a t i v e l y  
determine t h e  p o t e n t i a l  impact o f  system design parameters on the  economic and 
t e c h n i c a l  v i a b i l i t i e s  o f  such concepts. 
o n l y  as f a r  as t o  perform r a t h e r  s u p e r f i c i a l  eva lua t i ons  o f  t h e  a p p l i c a b i l i t y  o f  
geothermal ly-der ived energy t o  domestic and commercial space heat ing,  i n d u s t r i a l  
process heat ing,  and v a r i e d  uses i n  a g r i c u l t u r e ,  aquacul ture,  and animal husbandry. 
I n  o rde r  t o  b r i n g  t h e  concepts f o r  use o f  geothermal heat  t o  f r u i t i o n  a t  s i g n i f i -  
cant  l e v e l s  i n  our t o t a l  consumption o f  energy, i t  i s  necessary t o  make d e t a i l e d  
a p p l i c a t i o n  analyses as soon as p o s s i b l e .  The s o r t  of e v a l u a t i o n  undertaken i n  
t h i s  p r o j e c t  s t i l l  must be c a r r i e d  f u r t h e r  i n  terms o f  design d e t a i l  and resource 
e v a l u a t i o n  t o  s a t i s f y  the  bas i c  conserva t i ve  pos tu re  o f  business and i n d u s t r y  t o -  
wards innovat ion.  

Many s tud ies  conducted t o  da te  have gone 

B. Subjects f o r  t he  Present Study 

The hydrothermal resources o f  the  San L u i s  V a l l e y  a r e  a f o c a l  p o i n t  i n  our  
ana lys i s .  Al though the geology and hydro logy o f  t he  V a l l e y  have been repeatedly  
d i ssec ted  and monitored f o r  most o f  t h i s  century ,  much o f  the work has remained 
unco l l ec ted  and i s  a v a i l a b l e  o n l y  i n  d i s j o i n t e d  b i t s  and pieces. E s p e c i a l l y  l i t t l e  
i s  known about t h e  Va l l ey  sediments below t h e  upper 2,000 f e e t  o f  s t r a t a .  I n  
a d d i t i o n ,  these va r ious  geo log ica l  s tud ies  have presented somewhat c o n t r a d i c t o r y  
i n t e r p r e t a t i o n s  o f  common data.  Therefore,  i n f o r m a t i o n  f rom these sources has 
been reviewed and evaluated, and the  f i n d i n g s  a r e  summarized i n  t h i s  r e p o r t .  

The designs o f  two a g r i - i n d u s t r i a l  processes were developed i n  d e t a i l ,  s p e c i f -  
i c a l l y  mod i f i ed  t o  d e r i v e  a l l  p o s s i b l e  process heat  f rom a 302OF geothermal water 
source. 
and t h e  p r o d u c t i o n o f  brewer 's  m a l t  f rom b a r l e y .  

The processes a r e  the  p roduc t i on  o f  c r y s t a l l i n e  sugar f rom sugar beets 

1 



Both beet  and b a r l e y  farming, as w e l l  as m a l t i n g  and sugar p roduc t ion ,  a r e  
major Colorado i n d u s t r i e s .  As of  1974, t h e r e  were t e n  beet sugar p l a n t s  i n  Colo- 
rado o u t  o f  some 52 p l a n t s  i n  t h e  c o n t i n e n t a l  U.S. However, i n  1977, f o u r  Colo- 
rado p l a n t s  were moth-bal led because o f  economic problems i n  t h e  sugar i n d u s t r y  as 
a whole. Bar ley,  meanwhile, i s  t h e  largest -acreage c r o p  i n  the  San L u i s  V a l l e y ,  
be ing p lan ted  on somewhat more than 30 percent  o f  t h e  V a l l e y ' s  a r a b l e  land. The 
Coors Company of  Golden, Colorado, has p l a n t  f a c i l i t i e s  near Denver f o r  con- 
v e r s i o n  o f  b a r l e y  t o  m a l t  s u f f i c i e n t  to  supply  a l l  t h e i r  beer brewing needs, and 
a n n u a l l y  c o n t r a c t s  f o r  about h a l f  o f  the  t o t a l  San L u i s  V a l l e y  b a r l e y  crop. 

Wi th few except ions,  geothermal resources i n  t h e  U.S .  a r e  found many m i l e s  
f rom major centers  o f  popu la t ion ,  and hence, removed f rom t h e i r  bes t  p o t e n t i a l  
domestic, commercial, and i n d u s t r i a l  markets. A d d i t i o n a l l y ,  much o f  t h e  known r e -  
sources a r e  n o t - o f  h i g h  enough temperatures t o  be used economical ly  s o l e l y  f o r  
e l e c t r i c a l  generat ion.  A number o f  p r i o r  s t u d i e s  t o  da te  have considered p ipe-  
l i n i n g  geothermal water t o  nearby, smal l  communities, b u t  t h i s  severe ly  l i m i t s  
the consumer base f o r  such a h i g h l y  c a p i t a l  i n t e n s i v e  e f f o r t .  Near - fu tu re  use 
o f  s i g n i f i c a n t  amounts o f  geothermal energy, then, depends on t r a n s p o r t i n g  geo- 
thermal f l u i d s  to major p o p u l a t i o n  centers ;  develop ing s i g n i f i c a n t  user f a c i l i t i e s  
a t  or near remote resources i s  a v e r y  long-term p r o p o s i t i o n .  A paramet r ic  
approach t o  p i p e l i n e  des ign and c o s t  e s t i m a t i o n  was f o l l o w e d  i n  t h i s  p r o j e c t ,  con- 
s i d e r i n g  a l i n e  w i t h  v a r i a b l e  diameters f rom 2 f e e t  through 5 f e e t .  The system 
envis ioned would be run  f rom t h e  San L u i s  V a l l e y ,  over  t h e  Sangre de C r i s t o  
Range i n  t h e  eas tern  Rocky Mountains, and thence t o  a modest m e t r o p o l i t a n  t r i a n g l e  
compr is ing t h r e e  c i t i e s :  Canon C i t y ,  Colorado Spr ings, and Pueblo. T h i s  area 
inc ludes i n  excess o f  3OO,OOO i n h a b i t a n t s ,  i s  i n d u s t r i a l i z e d ,  has exper ienced 
s t r o n g  p o p u l a t i o n  and economic growth f o r  more than a decade, and p lans t o  
j u d i c i o u s l y  accommodate f u r t h e r  growth p r e d i c t e d  g e n e r a l l y  f o r  Colorado and o t h e r  
Western States.  Demographic da ta  f o r  t h e  t h r e e - c i t y  complex has been used t o  
e s t i m a t e  p o t e n t i a l  heat energy demands, and thereby ass ign  some l e v e l  o f  conf idence 
t o  t h e  p r a c t i c a b i l i t y  o f  t h e  var ious  p i p e l i n e  c a p a c i t i e s .  

C .  I n v e s t i g a t i v e  Procedures 

The work performed on t h i s  p r o j e c t  was conducted e s s e n t i a l l y  accord ing t o  the  
d i v i s i o n  o f  sub jec ts  o u t l i n e d  i n  t h e  prev ious s e c t i o n .  That i s  n o t  t o  say t h a t  
the  s u b j e c t s  were n o t  cons idered w i t h  respect  t o  p o s s i b l e  i n t e r r e l a t i o n s h i p s .  
On a c o n t i n u i n g  b a s i s ,  our  f i n d i n g s  and c u r r e n t  quest ions were reviewed compar- 
a t i v e l y .  T h i s  served t o  m a i n t a i n  a coord inated,  d i r e c t e d  e f f o r t ,  as w e l l  as h igh-  
l i g h t i n g  common problem areas needing f u r t h e r  a t t e n t i o n .  

The a n a l y s i s  o f  data on 
e s t i m a t i o n  o f  t h e  geothermal 
c o n s u l t i n g  g e o l o g i s t  s p e c i a l  
were accessed, i n c l u d i n g  we1 
hydrocarbon and water w e l l s ,  
c a l  and geophysical  s t u d i e s  
d i v i d u a l s  w i t h  c u r r e n t ,  work 
i s t i c s  were consul ted,  as we 

The e v a l u a t i o n  o f  
hensive t reatment .  A t  
Robert B a i l i e  and Assoc 

t h e  geology and hydro logy of  t h e  San L u i s  Va l ley ,  and 
resources were performed by D r .  R ichard W. Davis, a 
z i n g  i n  hydrology. A broad range of data sources 
and s p r i n g  analyses, d r i l l i n g  records f rom both  

and c o l l e c t e d  r e s u l t s  and i n t e r p r e t a t i o n s  o f  geo log i -  
h a t  e i t h e r  inc luded o r  focused on t h e  V a l l e y .  In -  
ng knowledge of  the  V a l l e y  and i t s  geo log ic  charac ter -  
1 .  

n d u s t r i a l  process a p p l i c a t i o n s  was g iven t h e  most compre- 
he o u t s e t ,  a consu l tan t  on processes, Robert  B a i l i e ,  
a tes,  developed b a s i c  process des ign and performance data 

4 

b. 
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f o r  t h e  beet sugar and m a l t i n g  processes. 
i n d u s t r i a l  p r o d u c t i o n  o f  sugar and m a l t  as i t  i s  p r a c t i c e d .  T h e r e a f t e r ,  we made 
an in tense e f f o r t  t o  a s c e r t a i n  the c r i t i c a l  process v a r i a b l e s  t h a t  e i t h e r  a l l o w  
o r  c o n s t r a i n  v a r i a t i o n s  i n  process design, and which i n  t u r n  have s t rong bear ing  
on ach iev ing  t h e  des ign o f  an economical, geothermal ly-heated p l a n t .  Through these 
e f f o r t s ,  a des ign o p t i m i z a t i o n ,  s u f f i c i e n t  t o  i n i t i a l l y  demonstrate the  r e a l  
degree o f  p r a c t i c a b l e  i n d u s t r i a l i z a t i o n  o f  moderate-temperature geothermal resour-  
ces, has been completed. 

T h i s  prov ided us a general  p i c t u r e  of  

The a c q u i s i t i o n  and p r e l i m i n a r y  assessment o f  demographic data f o r  t h e  V a l l e y  
area and f o r  the Fron t  Range c i t i e s  were performed by c o n s u l t a n t  Steven Weiner 
o f  Weiner and Associates.  H i s t o r i c a l  p o p u l a t i o n  growth p a t t e r n s  and recent  pro-  
j e c t i o n s  o f  growth t o  the year  2000 A.D. were acqui red.  
d i s t r i b u t i o n s  o f  energy loads among v a r i o u s  consumers were a l s o  assessed w i t h  the  
coopera t ion  o f  e n t i t i e s  i n  t h e  mun ic ipa l  governments o f  Canon C i t y ,  Colorado 
Spr ings, and Pueblo, and w i t h  ass is tance from a p p r o p r i a t e  u t i l i t i e s .  Cumulat ive ly ,  
t h i s  data serves as a bas is  f o r  e s t i m a t i o n  o f  t h e  market p o t e n t i a l  o f  h o t  water 
i n  q u a n t i t i e s  o f  many thousands o f  acre- fee t .  That es t imate ,  i n  t u r n ,  a l lows a 
rough e v a l u a t i o n  o f  t h e  r e l a t i v e  economic v i a b i l i t i e s  o f  t h e  p i p e l i n e  c a p a c i t i e s  
f o r  which des ign c a l c u l a t i o n s  were performed. 

T o t a l  energy use and 

D.  Supplement 

Appendix E i s  a supplementary s e c t i o n  r e l a t e d  t o  Chapters V and V I I .  I t  presents  
much more d e t a i l e d  p r e l i m i n a r y  eng ineer ing  des ign and c o s t  e v a l u a t i o n  f o r  bo th  the  
b a r l e y  m a l t i n g  process and t h e  sugar beet  r e f i n i n g  process. 
p roduc t ion  w e l l s ,  b r i n e  d e l i v e r y  l i n e s ,  b r i n e  pret reatment  system f o r  a c i d i f i c a t i o n ,  
d e g a s i f i c a t i o n  and pH adjustment,  surge tanks, b r i n e  d ischarge l i n e s ,  and i n j e c t i o n  
w e l l s .  I n  a d d i t i o n ,  t h e  sugar r e f i n i n g  process inc ludes f l a s h  tanks f o r  p r o d u c t i o n  
o f  steam f o r  t h e  evaporators .  
as inst ruments and c o n t r o l s  a r e  inc luded.  

The c o s t  elements i n c l u d e  

The cos ts  o f  pumps and miscel laneous equipment such 
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1 1 .  RESULTS AND CONCLUSIONS 

The p r o j e c t  work as cont rac ted  w i t h  the Energy Research and Development Ad- 
m i n i s t r a t i o n 3 a n d  as o u t l i n e d  i n  t h e  preceding chapter ,  was t o  conduct an i n v e s t i -  
g a t i o n  i n t o  t h e  p o t e n t i a l  f o r  t h e  economic u t i l i z a t i o n  o f  the  apparent geothermal 
energy resource loca ted  i n  t h e  San L u i s  V a l l e y  o f  Colorado. The r e s u l t s  o f  t h a t  
work a r e  presented i n  t h i s  r e p o r t  and a r e  summarized below. 

1 .  The a n a l y s i s  o f  the  hydrothermal energy p o t e n t i a l  o f  t h e  San L u i s  V a l l e y  
o f  Colorado i n d i c a t e s  t h a t  a s u b s t a n t i a l  resource e x i s t s  i n  t h a t  r e g i o n  capable 
o f  suppor t ing  la rge-sca le  i n d u s t r i a l  a p p l i c a t i o n s .  A r e s e r v o i r  i s  est imated t o  
c o n t a i n  30 m i l l i o n  a c r e - f e e t  o f  water  ranging f rom a minimum o f  250°F f o r  w e l l  depths 
o f  8,500 f e e t  t o  10,000 f e e t ;  temperatures o f  400 t o  500OF a r e  t e n t a t i v e l y  p r o j e c t e d  
t o  e x i s t  a t  12,000- t o  13,000-f00t depths. The d isso lved s o l i d s  content  i n d i c a t e d  
between 8,500 and 10,000 f e e t  i s  o f  t h e  order  o f  2,000 p a r t s  per  m i l l i o n .  The 
r e s e r v o i r  mechanics would probably  f a c i l i t a t e  d r i l l i n g  a t  depth w i t h  l i t t l e  d i f f i c u l t y ,  
as w e l l  as t h e  maintenance o f  good w e l l  f lows and c i r c u l a t i o n  w i t h i n  t h e  ho t ,  con- 
f i n e d  a q u i f e r s  w i t h o u t  d i s t u r b i n g  the  unconf ined a q u i f e r .  
draw excess water f rom marsh areas a t  low p o i n t s  i n  t h e  V a l l e y  t o  i n j e c t ,  a long w i t h  
recyc led  geothermal waters,  a s s i s t i n g  i n  m a i n t a i n i n g  a r t e s i a n  pressures i n  t h e  con- 
f i n e d  a q u i f e r s ,  a t  t h e  same t ime c o n t r o l l i n g  s a l t  con ten t  and undes i rab ly  h i g h  water 
t a b l e s  a t  p o i n t s  near t h e  sur face.  These cons idera t ions  a r e  probably  t h e  most s i g -  
n i f i c a n t  sources o f  concern t o  area farmers.  Subs tan t ia l  i r r i g a t i o n  i s  ind ispensable 
t o  t h e  a g r i c u l t u r e  i n d u s t r y .  In f a c t ,  b e n e f i c i a t i o n  o f  t h e  e n t i r e  San L u i s  V a l l e y  
water system i s  a p l a u s i b l e  complement t o  t h e  development of  commercial and 
i n d u s t r i a l - s c a l e  u t i l i z a t i o n  o f  t h e  geothermal resources. 

It may be p o s s i b l e  t o  

0 
2. Based on a l i m i t  on t h e  geothermal b r i n e  temprature o f  302 F, a comprehensive 

eng ineer ing  des ign was developed f o r  a geothermal ly  heated 5,000-ton-per-day beet  
sugar process ing f a c i l i t y .  A f a c i l i t y  o f  t h a t  s i z e  u s i n g  convent ional  f o s s i l  f u e l s  
most commonly e x h i b i t s  a heat load ranging f rom 177 m i l l i o n  Btu/hr t o  312 m i l l i o n  
Btu/hr ,  depending on t h e  o v e r a l l  p l a n t  c o n f i g u r a t i o n  and i t s  assoc iated steam-to- 
sugar beet  energy e f f i c i e n c y .  These f a c t o r s  a r e  l a r g e l y  a f u n c t i o n  o f  t h e  age of  
a g iven p l a n t ,  t h e  more recent  designs being, u s u a l l y ,  t h e  more e f f i c i e n t ,  too.  
The present  des ign f o r  a process heated v i a  geothermal f l u i d s  i s  l e s s  e f f i c i e n t ,  
r e q u i r i n g  365 m i l l i o n  Btu/hr f o r  a balance between i n - p l a n t  c a p i t a l  c o s t s  and t h e  
c o s t s  o f  r e s e r v o i r  development, i n c l u d i n g  l a r g e  p i p e l i n e  d e l i v e r y  systems. Fuel 
economy i n  a beet  sugar p l a n t  i s  achieved a t  t h e  c o s t  o f  increased c a p i t a l  investment 
per pound o f  sugar-producing c a p a c i t y ,  which r e s u l t s  from requirements such as i n -  
creased heat t r a n s f e r  s u r f a c e  area, a d d i t i o n a l  pumping c a p a c i t y ,  l a r g e  vacuum systems, 
and l a r g e r  o r  more s o p h i s t i c a t e d  p u r i f i c a t i o n  and sugar e x t r a c t i o n  systems. F u r t h e r  
o p t i m i z a t i o n  o f  t h i s  des ign may lead t o  10 t o  30 percent  reduc t ions  i n  process heat 
consumption, w i t h  corresponding reduc t ions  i n  geothermal f l u i d  consumption and w e l l  c o s t s  

3 .  Costs of a geothermal energy system a r e  c l e a r l y  c o m p e t i t i v e  w i t h  f o s s i l  f u e l  
systems for  sugar beet i n d u s t r y  a p p l i c a t i o n s .  C a p i t a l  c o s t s  were developed based on 
replacement cos ts  o f  t h e  steam heat as supp l ied  by contemporary f o s s i l  f u e l e d  p l a n t s .  
The e f f i c i e n c y  o f  a sugar p l a n t  i s  def ined as a percentage i n  terms o f  the  pounds o f  
steam consumed, a t  a 212OF re fe rence temperature, per  pound o f  beets processed. 
Thus, a " h i g h l y  e f f i c i e n t "  p l a n t  a c t u a l l y  would have a r e l a t i v e l y  low e f f i c i e n c y  
value. The geothermal energy-suppl ied p l a n t  r e s u l t e d  i n  c o s t s  ranging,  on an equiv-  
a l e n t  p r o d u c t i o n  bas is ,  from $1.77  per  m i l l i o n  B t u ' s  for an average, e x i s t i n g  p l a n t  
i n  t h e  Un i ted  States (75% e f f i c i e n c y )  t o  $2.85 per  m i l l i o n  B t u ' s  f o r  an ext remely 
e f f i c i e n t  (44% e f f i c i e n c y )  p l a n t .  For a new p l a n t  such as would probably  be . b u i l t  
i n  t h e  U.S.  today, approx imat ing a 55% e f f i c i e n c y ,  t h e  e q u i v a l e n t  replacement f u e l  
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c o s t  would come t o  $ 2 . 3 4  per  m i l l i o n  B t u ' s .  S i g n i f i c a n t l y ,  these c o s t s  a r e  based on 
t h e  c h a r a c t e r i s t i c a l l y  s h o r t  120-day o p e r a t i n g  p e r i o d  f o r  most beet  sugar p l a n t s  
i n  t h i s  count ry .  These f i g u r e s  imply  t h a t  an economical geothermal beet sugar p l a n t  
favors  a r e l a t i v e l y  " i n e f f i c i e n t "  p l a n t .  As mentioned i n  t h e  preceding paragraph, 
improved e f f i c i e n c y  r e s u l t s  i n  h igher  c a p i t a l  cos ts .  The use of  a moderate temper- 
a t u r e  heat source, such as 302OF geothermal water ,  adds t o  t h e  same f a c t o r s  t h a t  
increase c a p i t a l  c o s t s  i n  a t t e m p t i n g  t o  improve process e f f i c i e n c y .  

These c o s t  f i g u r e s  a r e  h i g h l y  encouraging o f  themselves, and the more so 
because they a r e  based on a m o r t i z a t i o n  o f  p l a n t  c o s t s  d u r i n g  o n l y  120 days o f  each 
year,  corresponding t o  the  approximate annual o p e r a t i n g  campaign f o r  most beet sugar 
p l a n t s .  Other process appl  i c a t i o n s  w i t h  much h igher  annual on-stream f a c t o r s  w i  1 1  
y i e l d  even more a t t r a c t i v e  c o s t  f a c t o r s .  U t i l i z a t i o n  o f  geothermal resources by 
complementary processes a l s o  would work s t r o n g l y  t o  reduce c o s t s  below those d e r i v e d  
f o r  a s i n g l e  sugar p l a n t .  

4. Two a d d i t i o n a l ,  impor tant  conc lus ions p e r t a i n  t o  t h e  p l a n t  c o s t  f i g u r e s  
presented h e r e i n .  F i r s t ,  t h e  geothermal energy c o s t  i s  s t r o n g l y  a f u n c t i o n  o f  the  
c a p i t a l  w e l l  cos ts ,  based on a conserva t ive  10,000-foot w e l l  depth.  C a p i t a l  cos ts  
f o r  convers ion o f  a beet sugar p l a n t  t o  geothermal energy were about 25 percent  
f o r  a d d i t i o n a l ,  i n - p l a n t  process equipment, and 75 percent  f o r  w e l l s  and d i s t r i b u -  
t i o n  p i p i n g  t o  the  p l a n t .  I f  the  proposed resource development produces adequate 
water temperatures a t  shal lower  depths, the  c o s t s  o f  the  energy supply  system cou ld  
be s u b s t a n t i a l l y  reduced, as a r e s u l t  j u s t  o f  savings on w e l l  d r i l l i n g  cos ts .  Second, 
f o r  a new p l a n t  a geothermal energy system would e l i m i n a t e  the  need f o r  a main 
p l a n t  steam b o i l e r ,  thus g r e a t l y  reducing bo th  c a p i t a l  and labor  cos ts .  C r e d i t  
f o r  t h i s  l a s t  f a c t o r  was n o t  inc luded i n  the  c o s t  a n a l y s i s  presented here.  

5. C e r t a i n l y  i t  i s  t r u e  t h a t  c u r r e n t l y  t h e r e  a r e  a v a i l a b l e  f o s s i l  f u e l  r e -  
sources which a r e  c o m p e t i t i v e  w i t h  t h e  energy c o s t  f i g u r e s  presented. These i n c l u d e  
n a t u r a l  gas, f u e l  o i l ,  and coa l .  However, such resources cont inue t o  be managed 
from t h e  p e r s p e c t i v e  of a n a t i o n a l  energy shortage; t h e  c o s t s  o f  these resources 
a r e  p r o j e c t e d  t o  r i s e  i n  ranges o f  7 t o  10 percent  per  year,  which p r e s e n t l y  would 
account ma in ly  f o r  i n f l a t i o n a r y  p r i c e  increases and a l l o w s  l i t t l e  room f o r  supply-  
and-demand forces r a i s i n g  f o s s i l  f u e l  p r i c e s .  The geothermal system, on the o t h e r  
hand, should n o t  exper ience t h i s  inc reas ing  c o s t  t rend t o  a corresponding degree, 
depending more n e a r l y  e x c l u s i v e l y  on i n f l a t i o n  i n  l a b o r  and c a p i t a l  goods cos ts .  
A d d i t i o n a l l y ,  the  cont inued use o f  n a t u r a l  gas f o r  i n d u s t r i a l  purposes i s  c o n t r a r y  
t o  n a t i o n a l  energy development and conserva t ion  programs c u r r e n t l y  be ing o u t l i n e d  
i n  Congress. F i n a l l y ,  t h e  combustion o f  e i t h e r  o i l  o r  coa l  i n c r e a s i n g l y  i n c u r s  
s i g n i f i c a n t ,  a d d i t i o n a l  c a p i t a l  and o p e r a t i n g  c o s t s  r e l a t e d  t o  more s o p h i s t i c a t e d  
environmental  c o n t r o l  systems. P a r t i c u l a t e  c o l l e c t i o n ,  s u l f u r  d i o x i d e  removal, and 

. water q u a l i t y  c o n t r o l  requirements a r e  t h e  most prominent o f  these f a c t o r s .  Con- 
s i d e r i n g  t h a t  t h e  use o f  geothermal energy o f t e n  t imes does n o t  e x h i b i t  these en- 
v i ronmenta l  c o n t r o l  problems w i t h  the  same s e v e r i t y ,  a p r o p e r l y  designed geothermal 
system i s  seen as a more a t t r a c t i v e  and r e l i a b l e  a l t e r n a t i v e .  

6 .  Based on t h e  hydrothermal resource i d e n t i f i e d  i n  t h e  San L u i s  V a l l e y ,  a 
comprehensive and d e t a i l e d  des ign f o r  a 12,000-bushel-per-day b a r l e y  m a l t i n g  
f a c i l i t y  has a l s o  been developed. An average f o s s i l  f u e l  heat load f o r  such a 
f a c i l i t y  i s  approx imate ly  48 m i l l i o n  Btu per  hour.  Bar ley  m a l t i n g  i s  a process more 
r e a d i l y  i d e n t i f i a b l e  as a p o t e n t i a l  user  o f  geothermal energy i n  t h e  V a l l e y  f o r  
severa l  reasons; Bar ley a l ready  i s  the  pr imary  c r o p  grown i n  the  San L u i s  V a l l e y ;  
a l s o ,  b a r l e y  m a l t i n g  i s  a year-around i n d u s t r y ,  andprocess complex i ty  and temper- 
a t u r e  requirements (19OOF) a r e  r e l a t i v e l y  low compared t o  a sugar p l a n t .  
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7. The c o s t  e v a l u a t i o n  f o r  a geothermal ly  heated b a r l e y  m a l t i n g  p l a n t  was 
found t o  be very  f a v o r a b l e  and m e r i t i n g  f u r t h e r  i n d u s t r i a l  cons idera t ion .  For a 
d e l  i vered  b r i n e  temperature of o n l y  260O~,  t h e  replacement energy cos ts  would come 
t o  o n l y  $2.63 per  m i l l i o n  B t u ' s .  A vapor recompression system, t o  more e y f i c i e n t l y  
u t i 1  i z e  the  a v a i l a b l e  low-moderate temperature b r i n e s ,  was i n v e s t i g a t e d  and was 
found t o  be uneconomical f o r  t h e  s l i g h t  a d d i t i o n a l  e f f i c i e n c y  r e a l i z e d  as reduced 
b r i n e  consumption. 

8. A cons iderab le  p o t e n t i a l  e x i s t s  f o r  u t i l i z i n g  geothermal resources i n  
t h i s  r e g i o n  o f  t h e  count ry .  The market f o r  a g r i c u l t u r a l  goods, by establ ishment  
o f  a l a r g e r  reg iona l  foods process ing i n d u s t r y ,  would b e n e f i t  a g r i c u l t u r e  i n  
general  and, p a r t i c u l a r l y ,  such areas as the San L u i s  V a l l e y  t h a t  a r e  below n a t i o n a l  
averages i n  terms o f  economic c r i t e r i a  for  s t a n d a r d - o f - l i v i n g  assessments. Other 
manufactur ing and r e f i n i n g  processes were considered b r i e f l y  as candidates f o r  
in-depth analyses o f  energy-source convers ion cos ts .  A l i s t  o f  severa l  promis ing 
i n d u s t r i e s  was drawn together  and i s  presented below. Note t h e  ranges o f  o p e r a t i n g  
temperatures 1 i s t e d ,  and t h e  h e a t i n g  media. These a r e  a l s o  i n d u s t r i e s  p r e s e n t l y  
w e l l  e s t a b l i s h e d  i n  o r  about Colorado, i f  no t  s p e c i f i c a l l y  i n  the  San L u i s  V a l l e y .  

Process Range o f  Maximum Heating Medium 
Operat ing Tem- 
pera tu  res  

Concrete Block and B r i c k  
Borax 
Bromi ne 
Ch 1 o r  i ne 
Phosphoric Ac id  
KC 1 
Sod i um 
G 1 ass 
Lumber 
S y n t h e t i c  Rubber 
Steel  
Text  i 1 es 
Soup Canning 
Da i r y  
Gasohol 

165-350 
140-210 

225 
150-300 
250-320 
200- 250 
240-275 

70-350 
150-350 

250 

70-300 
140-210 
140-21 2 
120-280 

150-220 

Steam 
Steam/a i r 
Steam 
Steam 
Steam/a i r 
Steam/a i r 
Steam/a i r 
Steam/air 
Steam/a i r 
S team/a i r 
Steam/a i r 
Steam/a i r 
Steam/a i r 
Steam/a i r 
Steam/ai r 

I n  t h e  c o n t e x t  o f  t h e  San Lu s V a l l e y ,  an a g r i c u l t u r a l  area w i t h  economic 
d i f f i c u l t i e s ,  t h e  gasohol process i s  a very  a t t r a c t i v e  i tem t o  cons ider .  Th is  process 
i s  c u r r e n t l y  r e c e i v i n g  considerab e a t t e n t i o n  as a p o s s i b l e  source o f  hydrocarbon 
f u e l .  A g r i c u l t u r a l  products ,  such as g r a i n ,  corn ,  o r  beet  sugar, a r e  b i o l o g i c a l l y  
conver ted t o  a lcoho l  and d i s t i l l e d ,  producing a l i q u i d  f u e l  t h a t  burns w e l l  w i t h  gas- 
o l i n e .  However, t h i s  i s  a n e t  energy consuming process i n  terms o f  the f u e l  
energy produced versus f u e l  energy used. I t  i s  d i f f i c u l t  t o  j u s t i f y  the consumption 
o f  hydrocarbons such as coa l  o r  f u e l  o i l  t o  produce fewer e q u i v a l e n t  B t u ' s  as t h e  
convenient l i q u i d  f u e l .  A geothermal ly  heated gasohol p l a n t ,  however, would n o t  g i v e  
a ne t  hydrocarbon f u e l  d e b i t .  

h 

6 



A 
9. From present  i n f o r m a t i o n  t h e  San L u i s  V a l l e y  geothermal r e s e r v o i r  promises 

t o  be capable o f  d e l i v e r i n g  very  l a r g e  amounts o f  i n d u s t r i a l l y - u s e f u l  heat ,  as w e l l  
as water r e q u i r i n g  l i t t l e  t reatment ,  T h i s  cou ld  a c t u a l l y  be r e a l i z e d  w i t h  s i g n i f i c a n t  
a t t e n d a n t  p o s s i b i l i t i e s  for  ach iev ing  environmental  improvement t o  the  San L u i s  
V a l l e y  n a t u r a l  water  systems and a g r i c u l t u r a l  lands as an i n t e g r a l  aspect o f  geo- 
thermal resource development. T h i s  was mentioned b r i e f l y  i n  I tem 1 of  t h i s  chapter .  
S p e c i f i c a l l y ,  v a s t  amounts of s u r f a c e  water  a r e  l o s t  t o  t h e  atmosphere by evapora- 
t i o n  w i t h o u t  p r o f i t a b l e  use, I n  a d d i t i o n ,  t h e  Rio Grande R i v e r  Compact, an agreement 
among t h e  States shar ing  access t o  t h e  R iver ,  c o n s t r a i n s  t h e  States t o  a l l o w  c e r t a i n  
minimum amounts o f  water  t o  leave t h e i r  boundaries v i a  the  R iver .  Weather p a t t e r n s  
p e r i o d i c a l l y  reduce R iver  f lows such t h a t  wi thdrawal  o f  water  i s  extremely l i m i t e d  
w i t h i n  the  R i v e r  Compact s t i p u l a t i o n s .  I f  the  energy conten t  of geothermal water 
makes a c q u i s i t i o n  o f  t h e  water a t t r a c t i v e ,  then proper management of  t h e  o v e r a l l  
V a l l e y  water system w i t h  t h a t  supplemental source would make the  water  supply  go 
much f u r t h e r  toward s a t i s f y i n g  t h e  v a r i e d  demands. 

10. The i n l a n d ,  western p o r t i o n  o f  t h e  U.S . ,  i n  genera l ,  i s  i n  a growth t rend 
exceeding those i n  most o t h e r  p a r t s  o f  Nor th  America. T h i s  i s  expected t o  cont inue 
p a r t i c u l a r l y  i n  Colorado, due t o  t h e  p r o x i m i t y  o f  v a s t  c o a l  and o t h e r  minera l  
resources. T h i s  f a c t o r  has been recognized i n  the  p u b l i c  and p r i v a t e  sec tors ,  
and. i n  many m u n i c i p a l i t i e s  p lann ing  has been considered o r  a c t u a l l y  i n s t i t u t e d  t o  
accommodate c u l t u r a l  and economic growth w i t h  due a t t e n t i o n  t o  management of 
i n d u s t r i a l ,  commercial, and domestic development. The d i s t r i b u t i o n  o f  water  and 
energy resources t o  reg iona l  c i t i e s  i s  a major concern. 

Popu la t ion  growth and t h e  water and n a t u r a l  gas-suppl ied energy consumption 
f o r  the  San L u i s  V a l l e y  and t h e  F r o n t  Range c i t i e s  o f  Canon C i t y ,  Colorado Spr ings, 
and Pueblo were analyzed. Caut ious est imates o f  p o p u l a t i o n  growth t h a t  can be 
expected i n  t h e  near term, and t e n t a t i v e l y  p r o j e c t e d  t o  the year  2000, p r e d i c t  
t h a t  t h e  p o p u l a t i o n  for  the  above s tudy  s i t e s  w i l l  approx imate ly  double w i t h  respect  
t o  1975-1976 census data.  Assuming a f a i r l y  homogeneous d i s t r i b u t i o n  o f  growth 
among var ious  sec tors  o f  t h e  economy, and assuming some s t a b i l i t y  o f  per  c a p i t a  
resource consumption, energy and water  consumption can a l s o  be p r o j e c t e d  t o  
approx imate ly  double i n  t h e  nex t  q u a r t e r  cen tury .  

1 1 .  A major,  over land p i p e l i n e  t o  t r a n s p o r t  geothermal water  t o  a remote s i t e  
was p r e l i m i n a r i l y  designed. A range o f  f l o w  c a p a c i t i e s  was considered, and user 
cos ts  were est imated on t h e  usual  b a s i s  o f  d o l l a r s  per  u n i t  of  heat d e l i v e r e d .  
The demographic data on present  and p r e d i c t e d  heat  and water  consumption a s s i s t e d  
i n  e v a l u a t i o n  o f  t h e  p r o s p e c t i v e  f e a s i b i l i t y  o f  var ious  p i p e l i n e  s izes .  
l i n e ,  f o r  example, would d e l i v e r  about 100 percent  o f  t h e  heat energy p r e s e n t l y  con- 
sumed i n  the t r i - c i t y  Fron t  Range area i n v e s t i g a t e d ,  i n  correspondence t o  t h e  es- 
t i m a t e  o f  n e a r l y  100 percent  p o p u l a t i o n  growth by t h e  year 2000. Costs f o r  such 
a t r u n k l i n e  system would be o f  t h e  o r d e r  o f  $3.65 per  m i l l i o n  B t u ' s ,  i n  present-day 
d o l l a r s .  For a 24- inch diameter l i n e ,  d e l i v e r i n g  about 84  percent  l e s s  water  and 
thermal energy than a 60- inch p i p e l i n e ,  assoc ia ted  energy c o s t s  a r e  est imated t o  be 
about $4.50 per  m i l l i o n  B t u ' s .  

A 60- inch 

a t  about 2 
m i l l i o n  Btu 
m i l l i o n  Btu 
t o  a v a i l a b i  
a 24- inch p 

For comparison o f  energy c o s t s ,  e l e c t r i c i t y  i n  t h e  V a l l e y  r e g i o n  i s  a v a i l a b l e  
/2C to  3 1/2< per  k i l o w a t t - h o u r ,  which i s  i n  t h e  range of  $7 t o  $10 per  
s .  Propane, a widely-used f u e l  l o c a l l y ,  c o s t s  more than $4.00 per 
s. Natura l  gas i s  scarce i n  t h e  V a l l e y ,  b u t  a good c o s t  f i g u r e ,  sub jec t  
i t y ,  would be i n  t h e  range o f  $1.75 t o  $2.00 per  m i l l i o n  B t u ' s .  Thus 
p e l i n e  would lead t o  energy cos ts  o f  t h e  order  o f  cos ts  p r e v a i l i n g  i n  
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the  San L u i s  V a l l e y  now. A very  l a r g e  p i p e l i n e  would d e l i v e r  energy a t  lower 
c o s t s  n o t  very  much g r e a t e r  than more c o m p e t i t i v e  energy c o s t s  f o r  areas o u t s i d e  
o f  t h e  Va l ley .  

12. These geothermal energy c o s t  est imates a r e  based on data which p e r t a i n s  
o n l y  t o  a p o r t i o n  o f  t h e  geothermal resources i n  t h e  San L u i s  Va l ley .  I t  i s  very  
l i k e l y  t h a t  h igher  temperatures, p o s s i b l y  
13,000 f e e t ,  as compared t o  t h e  est imated 30OOF temperatures p r e d i c t e d  a t  about 
10,000 f e e t .  Only modest increases o f  water temperature above 3OO0F a r e  necessary 
t o  n o t i c e a b l y  reduce e i t h e r  process equipment c o s t s  o r  c o s t s  f o r  w e l l s  t o  produce 
a g iven amount o f  heat,  o r  both.  A d d i t i o n a l l y ,  t h e  scope o f  f e a s i b l e  a p p l i c a t i o n s  
would increase d r a m a t i c a l l y  w i t h  a h igher  resource temperature o f  o n l y  350°F, 
compared t o  the c o n s t r a i n t s  imposed by the  assumed maximum resource temperature o f  
302OF. Temperatures o f  such magnitude beg in  t o  make e l e c t r i c a l  genera t ion  an 
a t t r a c t i v e  o p t i o n  t h a t  would f u r t h e r  enhance t h e  economic f e a s i b i l i t y  o f  process 
and space heat ing  a p p l i c a t i o n s .  

400 t o  5OO0F, a r e  a v a i l a b l e  a t  depths t o  

13. The cos ts  der ived  a r e  based e n t i r e l y  on t h e  use o f  geothermal f l u i d s  
f o r  energy. I n  the case o f  a major geothermal p i p e l i n e ,  t h e  energy-based p i p e l i n e  
cos ts  might  be s u b s t a n t i a l l y  reduced by p r o v i d i n g  f o r  consumption o f  t h e  cooled 
water ins tead o f  d i s c a r d i n g  t h e  w a t e r  i r r e t r i e v a b l y .  Consider ing t h e  modest 2,000 
ppm d i s s o l v e d  s o l i d s  conten t  p r e d i c t e d ,  t reatment  c o s t s  f o r  t h i s  p o s s i b l e  source 
o f  i n d u s t r i a l  o r  munic ipa l  water  would n o t  add much more h e a v i l y  t o  t h e  p i p e l i n e  
cos ts  than i f  t h e  same amount o f  water were supp l ied ,  ins tead,  by t h e  usual  sur face  
water ga ther ing  systems, presumably d e l i v e r i n g  a b e t t e r  q u a l i t y  water .  
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I l l .  HYDROLOGY 
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The f o l l o w i n g  sec t i ons  summarize what has been learned about the  hydro 
geology o f  t h e  V a l l e y  i n  the  course o f  t h i s  study. Much o f  t he  i n f o r m a t i o n  
summary i s  taken from t h e  f i n a l  r e p o r t  on t h e  hydrology o f  t he  San L u i s  Val 
Davis. His  complete r e p o r t  i s  inc luded as Appendix A o f  t h i s  volume. 

ogy and 
i n  t h i s  
eY by 

A. A General D e s c r i p t i o n  o f  t he  V a l l e y  

The San L u i s  Va l l ey  i s  a t  the no r the rn  head o f  the R io  Grande R i f t  System, 
which runs south and southeast t o  the  Gu l f  o f  Mexico. F igu re  1 d e p i c t s  a v iew 
o f  the Va l l ey .  Two mountain ranges form the  eas te rn  and western boundaries. These 
a r e  the  Sangre de C r i s t o  and San Juan Ranges, r e s p e c t i v e l y .  W i t h i n  Colorado, t he  
Va l l ey  extends about 90 m i l e s  n o r t h  o f  t he  New Mexico border;  a t  t he  widest  p o i n t ,  
t he  V a l l e y  i s  about 35 m i l e s  across, and the  approximate e l e v a t i o n  i s  7,700 f e e t .  
The R i o  Grande River  en te rs  from the  San Juan Mountains a t  Monte V i s t a .  The 
watershed area s e r v i c i n g  t h e  R ive r ,  i n c l u d i n g  t h a t  p a r t  i n  t h e  mountains, amounts 
t o  about 8,000 square m i les .  The V a l l e y  f l o o r ,  i t s e l f ,  covers about 3,200 square 
m i  l es .  

The maximum depth t o  c r y s t a l l i n e  basement rock  i s  v a r i o u s l y  est imated t o  be 
20,000 t o  30,000 f e e t .  Va l l ey  f i l l  c o n s i s t s  o f  v a r i e d  s t r a t a  o f  a l l u v i u m  and v o l -  
can ic  deb r i s ,  f r e q u e n t l y  forming interbedded laye rs  w i t h  considerable v a r i a b i l i t y  
i n  geo log i c  c h a r a c t e r i s t i c s .  An approximate c ross -sec t i ona l  diagram i n  F igu re  2 
d e p i c t s  the p r o f i l e  o f  t he  V a l l e y  f l o o r  f rom a p o i n t  near Monte V i s t a  t o  Crestone 
Peak. I n  the  upper several  thousand f e e t  o f  s t r a t a  t h e r e  a r e  s i g n i f i c a n t  ove r lap -  
p ing  s t r a t a  o f  f i n e  s i l t ,  c l a y ,  and perhaps shale,  forming an e f f e c t i v e ,  low- 
p e r m e a b i l i t y  b a r r i e r  on top o f  deeper s t r a t a ,  which a r e  f i l l e d  w i t h  water.  These 
covered s t r a t a  a r e  termed a "conf ined" a q u i f e r  because o f  1 i m i  ted upward mobi 1 i t y  
o f  the trapped water.  The conf ined a q u i f e r  i s  a pr ime t a r g e t  as a geothermal 
resource. The upper s t r a t a  a r e  "Unconfined" i n  t h a t  water i s  e s s e n t i a l l y  f r e e  t o  
d i f f u s e  upward and evaporate t o  the atmosphere. Th is  zone o f  s t r a t a  i s  c a l l e d  an 
unconfined aquifer. 

Unconfined and conf ined a q u i f e r s  c o n t a i n  a t  l e a s t  t w o  b i l l i o n  a c r e - f e e t  o f  
water.  
and extends t o  50 t o  100 f e e t  below the  sur face.  The water t a b l e  i s  a t  l ess  than 
12 f e e t  almost everywhere, and i s  a t  t h e  su r face  i n  l a r g e  areas t h a t  a r e  p r e s e n t l y  
marsh wastelands. The conf ined a q u i f e r  u n d e r l i e s  most o f  t he  V a l l e y  and has 
s u f f i c i e n t  head t o  cause a r t e s i a n  f l o w  o f  water t o  the sur face.  The waters i n  the 
conf ined a q u i f e r  a r e  u s u a l l y  o f  b e t t e r  q u a l i t y ;  t he  a n a l y s i s  o f  a l a r g e  number of 
shal low w e l l  samples has shown concen t ra t i ons  o f  70 t o  437 ppm ( p a r t s  per m i l l i o n )  
o f  d i sso l ved  s o l i d s  i n  p a r t s  o f  the con f ined  a q u i f e r s  as compared t o  52 t o  13,800 
ppm i n  the  unconf ined a q u i f e r .  More recent  data f r o m ' s e v e r a l  deep w e l l s  has shown 
the  conf ined a q u i f e r  a l s o  con ta ins  water about an o rde r  o f  magnitude more concen- 
t r a t e d  than 437 ppm. 

The shal low unconf ined a q u i f e r  occupies almost t he  e n t i r e  V a l l e y  sur face 

The t o t a l  annual water supply t o  t h e  San L u i s  V a l l e y  i n  Colorado i s  about 2.5 
m i l l i o n  a c r e - f e e t ,  o f  which about 60% i s  by stream f l o w  from snow m e l t  on the ad- 
j a c e n t  mountains. The remainder i s  f rom p r e c i p i t a t i o n  on t h e  V a l l e y  f l o o r .  The 
V a l l e y  discharges about 2 m i l l i o n  ac re - fee t  by evapo t ransp i ra t i on ,  about h a l f  of 
which i s  nonbene f i c ia l  from uneconomic p l a n t s  such as phreatophytes.  Another 0.5 
m i l l i o n  a c r e - f e e t  i s  l o s t  by stream f l o w  across the  S ta te  l i n e .  
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Figure 1.--San L u i s  Valley Area Map 
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Withdrawals f o r  i r r i g a t i o n  o f  about 750,000 ac re - fee t  per year were recorded 
i n  the  1960's. Despi te  wi thdrawals  a t  t h i s  r a t e ,  t h e r e  i s  much more water i n  
a q u i f e r  s torage than the re  was before l a rge -sca le  i r r i g a t i o n  began between the  
years 1880 t o  1890; i n  1900, the water t a b l e  was 50 t o  100 f e e t  below the sur face.  
Th is  i s  approximately a t  the depth o f  t he  f i r s t  s u b s t a n t i a l  c l a y  s t r a t a  bounding 
the  con f ined  a q u i f e r .  
wi thdrawal f rom t h e  unconf ined a q u i f e r .  Pa r t s  o f  t h e  V a l l e y  a r e  waterlogged, so 
t h a t  a reduc t i on  i n  the  water t a b l e  would be d e s i r a b l e .  

The V a l l e y  could accommodate much g r e a t e r  r a t e s  o f  water 

V e r t i c a l  movement o f  groundwater i s  r e s t r i c t e d  by the interbedded vo l can ic  
f l ows  and in terspersed c l a y  beds. 
deeper conf ined a q u i f e r  w i l l  have l i t t l e  o r  no e f f e c t  on t h e  v i a b l e  wi thdrawal 
r a t e s  f rom the  unconf ined a q u i f e r .  Thus, an increase i n  water p roduc t i on  t o  
support  a geothermal i n d u s t r y  would probably n o t  be de t r imen ta l  t o  the  present 
i r r i g a t i o n  suppl ies.  Th is  c o n s i d e r a t i o n  i s  discussed f u r t h e r  i n  the  next  chapter .  

Accord ing ly ,  a ne t  p roduc t i on  o f  water from the  

B. Evidence o f  a Geothermal Reservoi r  

Various s tud ies  have been made o f  the geology and the  groundwater systems in 
the San L u i s  Va l l ey .  
w e l l  near Alamosa t o  a 9,500-foot depth. Data f rom t h i s  w e l l  ahd from numerous 
o i l  w e l l s ,  as w e l l  as data f rom geophysical  s tud ies ,  have been analyzed and a r e  
summarized here. 

These i n c l u d e  the  d r i l l i n g  o f  an e x p l o r a t o r y  geothermal 

These data have been i n t e r p r e t e d  t o  i n d i c a t e  t h e  ex i s tence  o f  a major a q u i f e r  
i n  the  no r the rn  and eas te rn  p o r t i o n  o f  the  Va l l ey ,  approx imate ly  under l y ing  t h e  
Sand Dunes Na t iona l  Park. Th is  i s  shown as t h e  cross-hatched area i n  F igu re  3. 
The a q u i f e r  changes considerably  i n  phys i ca l  c h a r a c t e r i s t i c s  w i t h  depth. The most 
promis ing zone begins a t  a depth o f  8,600 f e e t  and extends t o  a t  l e a s t  9,500 f e e t .  
Th i s  i n f o r m a t i o n  was acqui red from logs o f  w e l l  # l -32 ,  Mapco-State, l oca ted  near 
the eastern pe r iphe ry  o f  the Va l l ey  and s l i g h t l y  n o r t h  o f  Alamosa (see F igu re  1 ) .  

I n  t h i s  depth zone the  p o r o s i t y  i s  about 25%, and Bouguer g r a v i t y  data y i e l d e d  
an est imated 225 square-mi le su r face  area f o r  t he  a q u i f e r .  On these bases, i t  i s  
c a l c u l a t e d  t h a t  the a q u i f e r  con ta ins  30 m i l l i o n  a c r e - f e e t  o f  water.  

E x t r a p o l a t i o n  o f  geothermal g r a d i e n t  data f rom o t h e r  sources (5) i n d i c a t e s  a 
temperature o f  a t  l e a s t  25OOF a t  about the 8,000-foot depth.  Geothermal and geo- 
chemical data a l s o  p r e d i c t  e levated temperatures. Geothermometry methods used by 
the Colorado Geologica l  Survey y i e l d e d  source temperature est imates ranging from 
about 1950 t o  395OF f o r  thermal w e l l s  and spr ings i n  the  San L u i s  Va l l ey .  Other 
w e l l  data i nc lude  a temperature o f  l l O ° F  a t  4,200 f e e t ,  and 250OF below 8,500 f e e t  
i n  the Mapco w e l l .  Th i s  250°F va lue was obta ined d u r i n g  d r i l l i n g  when thermal eq- 
u i  1 i b r i um probably  had n o t  been a t t a i n e d .  Therefore,  h ighe r  temperatures than 
25OOF a r e  a n t i c i p a t e d  a t  t h i s  depth range. 

The p e r m e a b i l i t y  f rom 8,600 t o  9,500 f e e t  appears t o  be s u f f i c i e n t  t o  enable 
p roduc t i on  and r e i n j e c t i o n  r a t e s  exceeding 500 g a l l o n s  per minute (250,000 l b .  per 
hour) .  Po ten t i omet r i c  data f u r t h e r  i n d i c a t e  the t o t a l  d i sso l ved  s o l i d s  content  i s  
about 2,000 p a r t s  per m i l l i o n  i n  t h a t  depth range. Th is  s a l i n i t y  va lue  suggests 
t h a t  s u b s t a n t i a l  c i r c u l a t i o n  o f  t he  contained water prevents  chemical degradat ion 
by d i s s o l u t i o n  o f  m ine ra l s ,  and i t  a l s o  agrees w i t h  the obse rva t i on  o f  h i g h  

12 



8 

i 

A 

“d 

poros i t y  and permeabi 1 
a rea  j u s t  d iscussed as 
development. 

t y  va lues  f o r  t h e  a q u i f e r .  The a v a i l a b l e  da ta  p o i n t s  t o  the 
t h e  most a t t r a c t i v e  for f u r t h e r  e x p l o r a t i o n  and p o s s i b l e  

The same area a l s o  con ta ins  shal lower zones o f  l e s s  favo rab le ,  water -bear ing  
s t r a t a  having lower temperatures, h igher  s a l i n i t i e s ,  and lower p e r r n e a b i l i t i e s .  
For example, between 5,700 f e e t  and 6,600 f e e t ,  p e r m e a b i l i t y  i s  n o t a b l y  l e s s  than 
t h a t  below 8,600 f e e t .  Two water samples were analyzed i n  the  upper zone; one 
a n a l y s i s  was performed o n - s i t e ,  and t h e  o t h e r  was done i n  a l a b o r a t o r y .  The r e s u l t s  
gave 9,400 and 5,800 ppm, r e s p e c t i v e l y ,  o f  d i s s o l v e d  s o l i d s .  These values do n o t  
agree w i t h  da ta  presented by Bar re t  and Pear l  (6) f o r  o t h e r  w e l l s  and s p r i n g s  i n  
t h e  V a l l e y .  I t  i s  f e l t  t h a t  these water samples were taken from an a q u i f e r  h i g h  
i n  s i l t  o r  sha le  conten t ,  p o s s i b l y  e x p l a i n i n g  t h e  h i g h  s o l i d s  con ten ts .  

I n  a d d i t i o n ,  t h e  o v e r a l l  body o f  da ta  p o i n t s  t o  another a q u i f e r  i n  the  extreme 
n o r t h e r n  p o r t i o n  o f  t h e  Va3lley w i t h  temperatures near 220OF. 
depths between 5,000 and 10,000 feet,  and c o n t a i n s  2 m i l l i o n  a c r e - f e e t  of  water .  
The h y d r o l o g i c a l  a n a l y s i s  a l s o  noted t h a t  t h e  n o r t h e r n  a q u i f e r  c o u l d  be a p a r t  o f  
t he  much l a r g e r  a q u i f e r  t h a t  under l i es  the  Sand Dunes t o  t h e  southeast.  

T h i s  a q u i f e r  l i e s  a t  

I n  conc lus ion ,  t h i s  da.ta r e f l e c t s  a h i g h  p r o b a b i l i t y  o f  a t t a i n i n g  f e a s i b l e  
product. ion r a t e s  of moderate ,temperature geothermal b r i n e s  f rom t h e  San Lu i s 
Val l e y .  The po ten t ia l . l y  !major ,economic problem assoc ia ted  w i t h  e x p l o i t a t i o n  o f  
t h i s  resource  i s  r e l a t e d  t o  the  i rather g r e a t  depths invo lved,  o f  about 8,000 t o  
10,900 deet .  Wi th  r.espect t o  t h i s  po.int, however, i t  should be remembered t h a t  t he  
temperature logs  t h a t  were run  were made s h o r t l y  a f t e r  d r i l l i n g  was completed, 
and i t  i s  poss.ib.le t h a t  fuvll e q u i l i b r i u m  was n o t  at tadned. Thus, h ighe r  tempera- 
t u r e s  a t  shadlow depths may y e t  be found. Furthermore, a range o f  p o s s i b l e  tem- 
p e r a t u r e  p r o f  i l e s  p r e d i c t s  temperatures as h i g h  as 4000 t o  5OO0F, between depths 
of 12,000 t o  15,000 fee.t. 

4, 
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A.  The Context  for  Considerat ion o f  Geothermal Resources 

The resources o f  the  San L u i s  V a l l e y  should be considered i n  r e l a t i o n  t o  t h e i r  
i n t e r a c t i o n s  w i t h  o r  e f f e c t s  on r e l a t e d  resources i n  o t h e r  reg ions.  T h i s  chapter  
discusses the  r o l e  o f  the  sur face and groundwater resources w i t h i n  t h e  
Va l ley ,  a lone and a l s o  i n  terms o f  the h y d r o l o g i c a l  r o l e  o f  the  V a l l e y  as a com- 
ponent o f  the  Rio Grande R iver  system. The d iscuss ion  considers t h e  uses of these 
water systems, problems invo lved t h e r e i n ,  and p o s s i b l e  a m e l i o r a t i v e  measures t h a t  
a r e  based on t h e  i n c l u s i o n  o f  the  development o f  geothermal resources a t  s i g n i f i -  
can t  l e v e l s .  Discuss ion i n  Chapter I X ,  on t h e  des ign and cos ts  o f  a major geo- 
thermal pipe1 ine,  w i  1 1  be r e l a t e d  t o  q u a n t i f i c a t i o n  o f  p o t e n t i a l l y  " s i g n i f i c a n t "  
l e v e l s  o f  use o f  San L u i s  V a l l e y  geothermal resources. Al though t h i s  d iscuss ion  
i s  q u a l i t a t i v e  f o r  the most p a r t ,  a number o f  q u a l i t a t i v e  f a c t o r s  t h a t  cou ld  be 
considered as w e l l  a r e  o u t s i d e  the  scope o f  a s tudy o f  t h i s  o r d e r .  An example 
which was considered b r i e f l y  concerns the  i n t e r a c t i o n  o f  hydro-resources w i t h  en- 
v i ronmenta l  systems such as atmospher ic systems. There a r e  i n s u f f i c i e n t  b a s e l i n e  
data and theory  t o  understand and p r e d i c t  atmospher ic i n t e r a c t i o n s  w i t h  the var ious  
water  bodies o f  a reg ion ,  except i n  ext remely general  terms (9). Accord ing ly ,  
t h i s  d iscuss ion  inc ludes o n l y  the  h y d r o l o g i c a l  resources. 

F i r s t ,  an elemental  rev iew o f  the  San L u i s  V a l l e y  n a t u r a l  h y d r o l o g i c a l  systems 
i s  suggested: F i g u r e  4 i s  a c ross-sec t iona l  f l o w  schematic for  water .  The V a l l e y  
i s  a c o l l e c t i n g  p o i n t  f o r  about 8,000 square m i l e s  o f  watershed, i n c l u d i n g  p a r t s  
of t h e  surrounding mountains. Water en ters  t h e  V a l l e y  d i r e c t l y  as p r e c i p i t a t i o n  
t o  become s u r f a c e  water;  a d d i t i o n a l  sur face  water en ters  by stream f l o w  f rom t h e  
mountains. Some sur face  water  moves underground by way o f  f a u l t s ,  o r  i t  perco la tes  
f rom the  sur face  downward through predominant ly  course, h i g h l y  permeable s t r a t a  a t  
t h e  margins of  the  Va l ley ,  e n t e r i n g  t h e  lower s t r a t a  t h a t  make up t h e  conf ined 
a q u i f e r .  L i t t l e  i s  known o f  the subsequent f l o w  paths o f  water  i n  the  conf ined 
a q u i f e r ,  except t h a t  minor amounts o f  water  do m i g r a t e  t o  the surface through o r  
around t h e  l e n t i c u l a r ,  over lapp ing  c l a y  and shale beds above; o t h e r  smal l  amounts 
may m i g r a t e  h o r i z o n t a l l y  t o  the  south,  b u t  i t  i s  thought the  pa th  f o r  such f l o w  i s  
probably  h i g h l y  r e s t r i c t e d  i n  c ross-sec t iona l  area. Well water from both  t h e  con- 
f i n e d  and unconf ined a q u i f e r s  i s  added t o  sur face  waters v i a  i r r i g a t i o n .  That 
sur face  water which i s  n o t  c a r r i e d  across t h e  Colorado-New Mexico border e i t h e r  
soaks i n t o  t h e  upper s t r a t a ,  e n t e r i n g  the  unconf ined a q u i f e r ,  o r  i t  evaporates.  
There i s  a dynamic balance between t h e  sources o f  i n - f l o w  t o  the  unconf ined aqu i fe r ,  
stream f l o w  o u t  o f  the  V a l l e y ,  and evapora t ion  f rom b o t h  groilnd and sur face  waters .  
The evaporat ion,  a l s o  c a l l e d  e v a p o t r a n s p i r a t i o n ,  i s  i d e n t i f i e d  accord ing t o  i t s  
source-- that  which i s  caused by crops, and by the  a c t i o n  o f  n o n - b e n e f i c i a l ,  non- 
a g r i c u l t u r a l  p l a n t  1 i f e .  Evaporat ion o f  groundwater f rom barren,  deser t  land i s  
comparat ive ly  n e g l i g i b l e .  

B. Problems i n  t h e  San L u i s  V a l l e y  Water Systems ( 7 ,  8) 

The groundwater r e s e r v o i r s  and sur face  waters  i n  t h e  V a l l e y ,  i n c l u d i n g  t h e  R i o  
Grande R iver ,  a r e  resources f o r  which the  d e s i r e d  uses t a x  the  systems' c a p a b i l i t i e s .  
The use of  t h e  V a l l e y  f o r  farming,  r e q u i r i n g  s u b s t a n t i a l  amounts o f  i r r i g a t i o n , a l o n g  
w i t h  t h e  growth o f  communities and a g r i c u l t u r e  a long the R i o  Grande R i v e r ,  have re -  
s u l t e d  i n  ser ious  c o n s t r a i n t s  on t h e  balance between the  f u n c t i o n i n g  o f  the  c o l l e c -  
t i v e  human systems and t h e  environmental  water  systems. I n  t h i s  sense t h e  V a l l e y  
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has t w o  ou ts tand ing  problems so r e l q t e d .  

F i r s t ,  because o f  the  c o n t i n u a l  increases i n  t h e  amounts o f  water wi thdrawn 
from the  R i o  Grande R iver  f o r  i r r i g a t i o n  and o t h e r  uses, downstream i n h a b i t a n t s  
were s u f f e r i n g ,  or  i n  danger o f  s u f f e r i n g ,  severe water shortages i n  the  e a r l y  
decades o f  t h i s  century .  As a r e s u l t ,  i n  1929 the States o f  Texas, New Mexico, 
and Colorado signed the  R i o  Grande Compact on t h e  management o f  R i o  Grande waters,  
d e l i n e a t i n g  annual R iver  f lows which the  severa l  States would guarantee t o  cross 
t h e i r  common borders.  I n  a c t u a l  p r a c t i c e  t h i s  l i m i t s  t h e  amount o f  i r r i g a t i o n  t h a t  
can go on a t  the  expense o f  the  r e s i d u a l  volume o f  t h e  Rio Grande f l o w .  Under the  
terms o f  the  Compact, Colorado i s  p r e s e n t l y  indebted f o r  approx imate ly  one m i l l i o n  
a c r e - f e e t  o f  water  because o f  excess ive wi thdrawals  i n  pas t  years.  

The second problem a l s o  r e s u l t s ,  t o  a l a r g e  e x t e n t ,  from the  heavy r e g i o n a l  
dependence on i r r i g a t i o n ,  A p o r t i o n  o f  the  V a l l e y  nor theas t  o f  Alamosa, c a l l e d  
t h e  Closed Basin, i s  t h e  lowest p o i n t  i n  t h e  V a l l e y  and i s  h y d r a u l i c a l l y  bounded 
t o  t h e  south by a l l u v i u m  o f  t h e  R i o  Grande R iver .  Consequently, i t  tends t o  a c t  
as a sump and b o t h  sur face  waters  and groundwaters from much of  t h e  n o r t h e r n  p o r t i o n  
of  t h e  V a l l e y  m i g r a t e  t o  t h e  Closed Basin. The area p r e s e n t l y  i s  a s a l t  marsh. 
A b o u t o n e m i l l i o n  acre- fee t  of water evaporate n o n - b e n e f i c i a l l y  f rom t h i s  area 
annua l ly .  The land i s  p r e s e n t l y  l a r g e l y  unused, though i t  i s  an impor tant  water 
f o w l  h a b i t a t .  As noted b r i e f l y  i n  Chapter I l l ,  due t o  increased i r r i g a t i o n  the  
water t a b l e  i n  much o f  the V a l l e y  has r i s e n  markedly i n  t h i s  c e n t u r y  and s i g n i f -  
i c a n t  amounts o f  land have been l o s t  t o  t h e  marshes area. That f a c t  and t h e  con- 
comi tan t  accumulat ion of  s a l t s  i n  upper s o i l  l e v e l s ,  even where marshes have n o t  
formed, r e q u i r e  f u r t h e r  c o n s t r a i n t s  on i r r i g a t i o n  i n  areas d r a i n i n g  t o  the  Closed 
Basin and, hence, r e s t r i c t i o n s  on c u l t i v a t i o n  o f  usable farm land. I r r i g a t i o n ,  
dra inage,  and w a t e r - t a b l e  depths a r e  o f  a somewhat l e s s e r  concern t o  the  south of 
the  Closed Basin. 

C .  The Role o f  Geothermal Resources i n  V a l l e y  Water System Management 
, 

A p o t e n t i a l  s o l u t i o n  t o  t h e  above problems has been s tud ied ,  approved, and 
recommended more than once s i n c e  t h e  s i g n i n g  o f  the  R i v e r  Compact i n  1929. I t  i s  
c a l l e d  t h e  San L u i s  V a l l e y  Closed Basin P r o j e c t ,  and i t  would r e s u l t  i n  an annual 
dra inage o f  about 100,000 acre- fee t  of  water f rom the  Basin to  the  R i o  Grande R iver .  
Th is  would be o f  g r e a t  b e n e f i t  t o  t h e  a v a i l a b i l i t y  o f  land i n '  the Basin watershed, 
and i t  g ives  c o n s i d e r a t i o n  to  a v a r i e t y  o f  i n t e g r a l  f a c t o r s ,  c a l l i n g  f o r  c a r e f u l  
p r o t e c t i o n  and management o f  t h e  w i  Id1  i f e  hab i ta ts ,  among o t h e r  concerns. 
land management would be a ided and Colorado 's  l i a b i l i t y  t o  t h e  R i v e r  Compact would 
be s i g n i f i c a n t l y  supported and eased. Otherwise, massive, non-benef ic ia l  evapo- 
t r a n s p i r a t i o n  w i l l  cont inue;  d e t e r i o r a t i o n  o f  a r a b l e  land may progress;  and l e s s  
of Colorado 's  Rio Grande water  debt  w i l l  be serv iced,  The Closed Basin P r o j e c t  
has been reconsidered severa l  t imes by S t a t e  and Federal  r e p r e s e n t a t i v e s  s i n c e  the  
s i g n i n g  of the  R i o  Grande Compact a lmost  40 years ago, when t h e  concept was en- 
dorsed by Colorado and New Mexico o f f i c i a l s .  We d i d  n o t  l e a r n  the  reasons t h i s  
proposal  h a s n ' t  been implemented i n  some form. As presented i n  the  pas t ,  the  
Closed Basin P r o j e c t  would n o t  i n v o l v e  geothermal resources. However, t h e r e  a r e  
a t t r a c t i v e  o p t i o n s  a f f o r d e d  by i n c o r p o r a t i o n  o f  geothermal resource u t i l i z a t i o n  t o  
promote t h e  d e s i r e d  e f f e c t s  o f  water systems management i n  the San L u i s  V a l l e y .  
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U t i l i z a t i a n  o f  geothermal resources i n  t h e  V a l l e y  cou ld  b e n e f i t  management o f  
the water systems, e i t h e r  a lone o r  i n  con junc t i on  w i t h  the measures inc luded i n  
the past-proposed Closed Basin P r o j e c t ,  i n  severa l  conceivable ways, F i r s t ,  geo- 
thermal water used i n d u s t r i a l l y  f o r  heat ing w i l l  p robably  be f lashed t o  produce 
steam, The r e s u l t a n t  condensate might  then p i c k  up some s l i g h t  i m p u r i t i e s ,  b u t  
f o r  a l l  i n t e n t s  and purposes the  condensate w i l l  be pure water t h a t  could be added 
t o  the  R io  Grande River  a f t e r  c o o l i n g .  Second, r e c a l l i n g  the  s t i p u l a t i o n  s e t  i n  
t h i s  study f o r  a maximum 3O2OF temperature source, r e s i d u a l  geothermal water a f t e r  
f l a s h i n g  steam f o r  process hea t ing  must be expected t o  amount t o  about 85 t o  
90 percent  o f  the t o t a l  water f l o w  be fo re  f l a s h i n g .  Given the  low sa l  
t i c i p a t e d  f o r  deep hydrothermal r e s e r v o i r s  i n  the Va l l ey ,  d e s a l t i n g  o f  
ua l  water t o  acceptable l e v e l s  f o r  a d d i t i o n  o f  even g r e a t e r  amounts o f  
the R ive r  i s  a l s o  a p o s s i b i l i t y ;  less r i go rous  d e s a l t i n g  might  a l s o  be 
f o r  use o f  geothermal water i n  p lace  o f  Rio Grande R ive r  water f o r  i r r  
With respect t o  s t a t u t e s  governing t h e  temperature e f f e c t s  o f  e f f l u e n t  

n i t i e s  an- 
the  r e s i d -  
water t o  
p r a c t i c a b l e  
ga t  i on. 
a d d i t i o n s  

t o  su r face  waters,  though, i t  would s t i l l  be necessary t o  remove on average, 
about 100 Btu o f  heat per pound o f  b r i n e .  T h i r d ,  wi thdrawal  o f  conf ined a q u i f e r  
water i s  n o t  expected t o  have much, i f  any, e f f e c t  on t h e  water t a b l e  because of  
the degree o f  a q u i f e r  i n t e g r i t y  created by the complex, s h a l e - s i l t - c l a y  c o n f i n i n g  
s t r a t a  i n  probable d r i l l i n g  l o c a t i o n s ,  F i n a l l y ,  i f  geothermal water were t r a n s -  
shipped o u t  o f  the V a l l e y  by p i p e l i n e ,  marshland water cou ld  be withdrawn f o r  r e -  
i n j e c t i o n ,  a s s i s t i n g  i n  dra inage o f  t he  Closed Basin and o t h e r  areas where water 
t a b l e  depths may be judged as undes i rab l y  shal low. 

D. P u b l i c  Awareness o f  Water Problems 

The V a l l e y  populace, p a r t i c u l a r l y  the farmers, a r e  a c u t e l y  aware o f  the peren- 
n i a l  water supply and use problems. Since most water w e l l s  access the unconf ined 
a q u i f e r ,  a se r ious  drop i n  the water t a b l e  depth would be very harmful  t o  farming 
opera t i ons .  These problems a re  endemic t o  a g r i c u l t u r a l  ope ra t i ons ,  and the  people 
the re  must l i v e  w i t h  t h a t  f a c t .  Nevertheless,  any proposal  t o  change the env i ron-  
mental s t a t u s  quo generates r e a d i l y  d i s c e r n i b l e  tens ion  because o f  the d e l i c a t e  
balance a l ready  invo lved.  The V a l l e y  economy, i n  genera l ,  lags behind t h a t  o f  
Colorado and the n a t i o n  as a whole. Substant ive improvement o f  t h e  n a t u r a l  water 
systems would be welcomed as a means o f  f a c i l i t a t i n g  a s t ronger  reg iona l  economy. 
However, the l i k e l i h o o d  t h a t  the use o f  geothermal resources from the con f ined  
a q u i f e r  w i l l  n o t  r e s u l t  i n  d r i ed -up  i r r i g a t i o n  w e l l s  i n  t h e  unconf ined a q u i f e r ,  
nor o b v i a t e  compliance w i t h  the  terms o f  the R io  Grande Compact, w i l l  have t o  be 
subs tan t i a ted  much more thoroughly  t o  g a i n  t h e  l o c a l ,  p u b l i c  acceptance necessary 
f o r  imp 1 ementa t ion.  
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V. THE APPLICATION OF GEOTHERMAL ENERGY TO THE BEET SUGAR REFIN ING INDUSTRY 

A. I n t r o d u c t i o n  and Indus t r y  Backsround 

The growing o f  sugar beets and the  associated beet sugar r e f i n i n g  process w i t h -  
o u t  ques t i on  c o n s t i t u t e  impor tant  segments o f  the Colorado a g r i c u l t u r a l  and indus- 
t r i a l  community. Sugar beets were a t  one t ime grown i n  the San L u i s  V a l l e y  i n  s i g -  
n i f i c a n t  q u a n t i t i e s ,  b u t  b a r l e y  has r e c e n t l y  become the l a r g e s t  s i n g l e  crop grown 
i n  t h a t  reg ion.  Most o f  t he  Colorado beet sugar r e f i n i n g  f a c i l i t i e s  a r e  now l o c a t -  
ed a long o r  eas t  o f  t he  F ron t  Range o f  the Rocky Mountains. 
process i s  a complex, a g r i - i n d u s t r i a l ,  ene rgy - in tens i ve  process w i t h  s i g n i f i c a n t  
p o t e n t i a l  f o r  f u t u r e  geothermal a p p l i c a t i o n .  Federal  Energy A d m i n i s t r a t i o n  data 
shows t h a t  beet sugar processing consumes more energy than any o the r  o f  the food 
products i n d u s t r i e s  ( 1 1 ) .  

The sugar r e f i n i n g  

I n  t h i s  chapter,  the t e c h n i c a l  d e t a i l s  o f  the r e f i n i n g  process f o r  recove r ing  
sucrose from beets a r e  reviewed; a spec ia l  emphasis i s  g i ven  t o  the  evaporat ion 
s e c t i o n  o f  t he  process. This  process f l o w  d e s c r i p t i o n  i s  impor tant  i n  t h a t  i t  frames 
the bas i s  f o r  our s e l e c t i o n  o f  o p e r a t i n g  c o n d i t i o n s  throughout the  geothermal 
process design. Considerat ion i s  then g iven t o  the s p e c i f i c  a p p l i c a t i o n  o f  geother-  
mal energy t o  t h i s  process, keeping i n  mind the  302OF resource temperature con- 
s t r a i n t  es tab l i shed  i n  the  s tudy g u i d e l i n e s .  The design methodology and .the economic 
e v a l u a t i o n  o f  t he  r e s u l t a n t  conceptual  process design a r e  then discussed. 

As noted e a r l i e r ,  t h e  beet sugar r e f i n i n g  o p e r a t i o n  i s  comparat ive ly  complex. 
I n  r e c o g n i t i o n  o f  t h a t  f a c t ,  a comprehensive and q u i t e  d e t a i l e d  d e s c r i p t i o n  of t h e  
e n t i r e  f l ow  process has been developed separa te l y  and i s  presented i n  Chapter V I .  
That s e c t i o n  i s  fundamental t o  t h i s  study i n  t h a t  i t  e x p l i c a t e s  the  many o p e r a t i o n a l  
c o n s t r a i n t s  imp l i ed  i n  the i n t e r r e l a t e d  physio-chemical and b i o l o g i c a l  processes 
i nhe ren t  i n  t h e  i ndus t r y .  Such c o n s t r a i n t s  u l  t i m a t e l y  determine the v i a b i  1 i t y  o f  
convers ion t o  a geothermal energy source. The reader may choose t o  bypass t h a t  de- 
t a i l e d  t r e a t i s e ,  depending on how thoroughly  one wishes t o  f a m i l i a r i z e  h imse l f  w i t h  
the numerous cons ide ra t i ons  which a re  encountered i n  developing the design bases f o r  
t he  geothermal f a c i l i t y .  The evaporat ion sec t i on ,  however, i s  discussed a lone i n  
the  present  chapter  because i t  i s  the  p o i n t  of i n t r o d u c t i o n  of process energy, 
whether the  heat source i s  a b o i l e r  o r  t he  Ear th.  
c a t i o n  of the  evaporator t r a i n  t o  accommodate the use o f  geothermal heat could n o t  
be presented i n  the  format o f  'loptiorra1. reading!"  

The parameters c o n t r o l l i n g  m o d i f i -  

B. The Sugar Beet R e f i n i n g  Process ( 1 ,  2, 3, 4 )  

The intended methodology f o r  t he  s tudy was t o  f i r s t  develop a process des ign 
r e p r e s e n t a t i v e  o f  c u r r e n t  i n d u s t r i a l  p r a c t i c e s ,  thereby e s t a b l i s h i n g  the  o p e r a t i o n a l  
bas i s  f o r  making adjustments enab l i ng  s u b s t i t u t i o n  o f  a geothermal heat source f o r  
b .o i ler  steam. I n  so doing, we found t h a t  i n  the  beet sugar i n d u s t r y  t h e r e  i s  general  
d i s i n c l i n a t i o n  t o  speak i n  terms o f  a " t y p i c a l "  beet sugar p l a n t  because o f  the con- 
s i d e r a b l e  v a r i a b i l i t y  i n  p l a n t  c a p a c i t i e s  and ages; i n  a d d i t i o n ,  geographical  
d i f f e rences  i n  p l a n t  l o c a t i o n s  r e q u i r e  t h a t  i n d i v i d u a l  sugar p l a n t s  must be operated 
e s p e c i a l l y  f o r  beets having physio-chemical q u a l i t i e s  p e c u l i a r  t o  c u l t i v a t i o n  i n  
g i ven  reg ions.  Consequently, an i n t e n s i v e  a n a l y s i s  was made o f  a l l  phases of  t h e  
e n t i r e  beet sugar recovery process t o  ensure t h a t  our  " representat ive"  process 
design d i d  n o t  i nc lude  any gross errors,  of  g e n e r a l i z a t i o n .  The fo l lowing,  general 

d e s c r i p t i o n  i s  complemented by d e t a i l s  contained l a t e r  i n  t h i s  Chapter and i n  
Chapter V I .  
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Viewed i n  i t s  t o t a l i t y ,  t he  beet sugar r e f i n i n g  process i s  a s t r a i g h t f o r w a r d  
opera t i on .  The general process f l ow  i s  depic ted i n  F igu re  5. Given the  raw 
m a t e r i a l s  and the  end products of t h i s  process, t h e r e  a r e  few changes t h a t  can be 
made t h a t  s i g n i f i c a n t l y  a f f e c t  t he  bas i c  f lowsheet o f  a beet sugar p l a n t .  
i n  the  pas t  100 years the major process m o d i f i c a t i o n s  have been due main ly  t o  ad- 
vances i n  t h e  technology of  heat  t r a n s f e r  equipment and p u r i f i c a t i o n  chemistry.  

Indeed, 

Sugar beets a r e  cleaned and s l i c e d  i n t o  t h i n  s t r i p s ,  which a r e  then steeped 
i n  warm, l o w - s a l i n i t y  water i n  the  d i f f u s e r  b a t t e r y .  The sugar and va r ious  impur i -  
t i e s  e n t e r  i n t o  s o l u t i o n  through the  beet c e l l  w a l l s  by a process very s i m i l a r  t o  
osmosis. These so lu tes  and suspended i m p u r i t i e s  a l s o  pass d i r e c t l y  i n t o  t h e  water 
f rom c e l l s  t h a t  have been broken o r  crushed i n  handl ing.  

Two product  streams then leave the d i f f u s e r .  The i n s o l u b l e  beet pu lp  i s  
washed, pressed, and then d r i e d  i n  a f o s s i l - f u e l  f i r e d  k i l n .  Th is  d r y e r  consumes 
a s i g n i f i c a n t  f r a c t i o n  o f  the energy needs o f  the sugar r e f i n e r y ,  b u t  temperature 
requirements f o r  pu lp  d r y i n g  a r e  normal ly  i n  the  range o f  12OO0F, which Contr ibuted t o  
exc lus ion  o f  t h i s  process s tep  from the present geothermal design. 
stream leav ing  the  d i f f u s e r  i s  the raw j u i c e ,  a d i l u t e  and impure sugar s o l u t i o n .  
I t s  d i sso l ved  s o l i d s  concen t ra t i on  i s  i n  the  range o f  10 t o  16 B r i x ;  i . e . ,  approx- 
imate ly  10 t o  16 percent  s o l i d s  by w e i g h t ,  of which about 90% i s  sucrose. 

The second 

The raw j u i c e  passes through th ree  bas i c  p u r i f i c a t i o n  stages separated by 
i n te rmed ia te  f i l t r a t i o n  and s e t t l i n g  operat ions,  t o  produce a pu re l ' t h in  j u i c e "  w i t h  
about t h e  same s o l i d s  concen t ra t i on .  Water i s  then evaporated f rom the  t h i n  j u i c e  
u n t i l  a s o l u t i o n  o f  between 60 t o  70 B r i x  ( t h i c k  j u i c e )  i s  obta ined.  The evapora- 
t i o n  s teps represent  the most economical ly v i a b l e  p o i n t s  f o r  geothermal energy a p p l i -  
c a t i o n .  The sugar s o l u t i o n  has been processed on a cont inuous bas i s  t o  t h i s  p o i n t .  
The t h i c k  j u i c e  then en te rs  the "pan sec t i on "  o f  t h e  p l a n t ,  c o n s i s t i n g  o f  two t o  
f o u r  vacuum c r y s t a l l i z e r s  operated i n  se r ies -ba tch  mode. The sugar s o l u t i o n  i s  
f i r s t  concentrated t o  a l a b i l e ,  b u t  no t  se l f - seed ing ,cond i t i on .  Seed c r y s t a l s  a r e  
added and a l lowed t o  grow w i t h  gradual  a d d i t i o n  o f  more j u i c e .  The pans a r e  oper- 
a ted such t h a t  when f i n a l l y  f i l l e d  t o  capac i t y ,  t h e  magma o f  c r y s t a l s  and l i q u o r  
i s  a t  90 t o  95 B r i x .  C r y s t a l s  and l i q u o r  a r e  then separated by c e n t r i f u g a t i o n  and 
the  c r y s t a l s  a r e  washed. 

Sugar is c r y s t a l l i z e d  from t h e  l i q u o r s  fed  t o  the  pans i n  as many as th ree  o r  
f o u r  successive stages o r  " s t r i k e s , "  each stage producing a l o w e r - p u r i t y  batch 
o f  c r y s t a l s  and r e s i d u a l  l i q u o r .  Only the f i r s t - s t r i k e  sugar, sometimes blended 
w i t h  a p o r t i o n  o f  t h e  second, leaves the process as product  sugar a t  99-100 percent 
p u r i t y .  The l o w - p u r i t y  sugars a r e  melted and blended back w i t h  t h e  t h i c k  j u i c e  
f rom the evaporators.  The va r ious  i m p u r i t i e s  taken i n t o  s o l u t i o n  w i t h  the  sugar 
cannot economical ly be t o t a l l y  e l i m i n a t e d  i n  t h e  p u r i f i c a t i o n  sec t i on .  Consequently, 
as i n  many o the r  processes, t he  p r a c t i c e  o f  r e c y c l i n g  streams r a i s e s  the  recovery 
r a t e  o f  the des i red product;  f i n a l  i m p u r i t i e s  a r e  removed i n  the byproduct molasses 
stream a t  t he  end o f  t he  process. 

The molasses from the  l a s t  l ' s t r i k e ' '  w i l l  range between 70 t o  90 B r i x ,  w i t h  a 
sugar p u r i t y  o f  about 60 percent.  The stream may be f u r t h e r  r e f i n e d  t o  e x t r a c t  
sugar and may be used i n  making MSG (monosodium g lutamate) ,  o r  i t  may be app l i ed  
d i r e c t l y  t o  s tock  feed f o r  i t s  s i g n - i f i c a n t  n u t r i e n t  content .  
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MATERIALS FLOW IN BEET SUGAR PROCESSING PLANT WITH 

TYPICAL WATER UTILIZATION AND WASTE DISPOSAL PATTERN 
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C .  Evaporat ion i n  the  Beet Sugar Re f in ing  Indus t r y  

The concen t ra t i on  of the  p u r i f i e d  sugar s o l u t i o n  v i a  t h e  evaporat ion s tep i s  
c l e a r l y  the most energy- in tens ive i n  t h e  sugar r e f i n i n g  process; t h i s  process s e c t i o n  
i s  comprehensively discussed here. 

1 .  Process Deta i  Is 

The p u r i f i e d  sugar s o l u t i o n  e n t e r i n g  the  evaporator s e c t i o n  i s  c a l l e d  the t h i n  
j u i c e  and w.i.11 have a t o t a l  d i sso l ved  s o l i d s  content  i n  the  10 t o  15 weight  percent  
range t h a t  was present  i n  the raw j u i c e  l eav ing  the  d i f f u s e r .  Th i s  concen t ra t i on  i s  
then r a i s e d  t o  60 t o  70 percent i n  the  evaporators.  The l e v e l  o f  60 t o  70 B r i x  
concen t ra t i on  o f  the t h i c k  j u i c e  l eav ing  the evaporators i s  the optimum concen t ra t i on  
l e v e l  f o r  subsequent b lending w i t h  low-pur i  t y ,  remel'ted sugar 
t i o n  s e c t i o n  t o  make feedstock f o r  t he  w h i t e  sugar c r y s t a l l i z  
ved s o l i d s  i n  the  blended feedstock a r e  then approx imate ly  94 
l ess  the beets have been s e r i o u s l y  degraded d u r i n g  s torage.  

As the sugar s o l u t i o n  increases i n  concen t ra t i on  through 
increased d i sso l ved  s o l i d s  concen t ra t i on  r a i s e s  the j u i c e  bo i  

f rom the  c r y s t a l l i z a -  
ng pans. The d i s s o l -  
percent sucrose, un- 

t h e  evaporators ,  t he  
ing  p o i n t  temperature 

r e l a t i v e  t o  the  condensing temperature o f  s t e a m  evolved. I n  the  l a s t  evaporator 
e f f e c t ,  t h i s  can amount t o  a d i f f e r e n c e  o f  8 t o  IOOF. 
e f f e c t s  a r e  subsequently used f o r  heat ing,  t h e  b o i l i n g  p o i n t  e l e v a t i o n  causes a 
decrease i n  the a v a i l a b l e  temperature d r i v i n g  fo rce  between those vapors and the 
streams they w i l l  heat. The j u i c e  v i s c o s i t y  a l s o  increases by a f a c t o r  o f  between 
roughly  25 and 100, depending on the p r e c i s e  t h i c k  j u i c e  B r i x  o u t  o f  t he  l a s t  evap- 
o r a t o r  body. Th is  phys i ca l  change s i g n i f i c a n t l y  a f f e c t s  the  heat t r a n s f e r  c o e f f i c -  
i e n t s  i n  the evaporators.  Based on data acqui red f o r  o p e r a t i n g  sugar p l a n t s ,  t h e  
f i r s t  e f f e c t  can be expected t o  have an o v e r a l l  heat  t r a n s f e r  c o e f f i c i e n t  o f  500 
t o  600 Btu/hr- f t2-OF, w h i l e  i n  the  l a s t  e f f e c t  t h e  c o e f f i c i e n t  w i l l  be o f  t he  o rde r  
o f  100 Btu/hr- f t2-OF. 

As the vapors f rom the  

Most o f  t he  d i sso l ved  gases i n  t h e  j u i c e  stream, p r i n c i p a l l y  ammonia and some 
carbon d iox ide ,  come o u t  o f  s o l u t i o n  i n  the f i r s t  evaporator e f f e c t s .  These gases 
can e i t h e r  be purged from the  steam chests o f  subsequent evaporator bodies,  i f  those 
a r e  under p o s i t i v e  pressure,  o r  they must be drawn o u t  by the vacuum condenser 
systems. I t  i s  d e s i r a b l e  t o  prevent  re -abso rp t i on  o f  t he  non-condensable gases 
i n t o  the  condensate i n  those cases where the  condensate i s  reused f o r  makeup water.  

2. Genera-1 Desiqn Considerati .ons 

The use o f  evaporators i n  a few sugar beet processing p l a n t s  has f a i r l y  w e l l  
para1 l e l e d  the development o f  the bes t  o f f - t h e - s h e l f  evaporat ion technology. Econo- 
mic c o n d i t i o n s  i n  recent  decades have prevented most p l a n t s  f rom r e t r o f i t t i n g  any 
o f  t h e i r  var ious process sec t i ons  on a cont inuous bas i s ,  and o n l y ' a  ve ry  few p l a n t s  
a r e  f u l l y  modernized because the c a p i t a l  costs  f o r  do ing so have been u n j u s t i f i a b l e .  
However, w h i l e  the most c u r r e n t  equipment has n o t  always been used, most p l a n t s  a r e  
i n  s tep w i t h  e f f i c i e n t  process design. For example, m u l t i p l e - e f f e c t  evaporator 
t r a i n s  have long been i n  use throughout the i n d u s t r y .  

I n  a s imple n - e f f e c t ,  forward-feed evaporator system, the vapor from each 
e f f e c t ,  1 through n-1, i s  used t o  evaporate approximately an equal amount o f  steam 
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i n  the next  f o l l Q w i n g  e f f e c t .  Only t h e  f i r s t  e f f e c t  i s  supp l i ed  heat v i a  b o i l e r  
process steam, As "n'' increases, the amount o f  process steam requ i red  f o r  t he  f i r s t  
e f f e c t  decreases. I n  o p p o s i t i o n  t o  the v i r t u a l l y  l i m i t l e s s ,  t h e o r e t i c a l  p o t e n t i a l  
o r  energy savings by i nc reas ing  the  number o f  e f f e c t s ,  the cos ts  o f  c a p i t a l  equip- 
ment and associated l abo r  again f o r c e  a design compromise. I n  the  beet sugar i n -  
dus t r y ,  t he  compromise has been f o r  t h r e e  t o  f i v e  evaporator  e f f e c t s ;  f o u r -  and f i v e -  
e f f e c t  systems a r e  used i n  many o f  the most up-to-date p l a n t s ,  Some p l a n t s  a l s o  use 
t h r e e - e f f e c t  evaporators,  a l l  o p e r a t i n g  a t  p o s i t i v e  pressure,  w i t h  good steam 
e f f i c i e n c i e s .  

The evaporator s e c t i o n  removes water from t h e  t h i n  j u i c e  t o  a concen t ra t i on  
s l i g h t l y  less than t h a t  which enables spontaneous c r y s t a l l i z a t i o n  of  the sugar. 
Th i s  s imple f u n c t i o n ,  however, obscures the  importance o f  t he  evaporat ion s e c t i o n  
w i t h  respect  t o  the  e n t i r e  p l a n t ' s  energy e f f i c i e n c y ,  I n  any process i n v o l v i n g  
evaporat ion o f  p a r t  o r  a l l  o f  a l i q u i d  stream, e f f i c i e n t  use o f  energy a l s o  depends 
ve ry  s t r o n g l y  on recover ing the  hea t ing  p o t e n t i a l  o f  t he  evaporated vapors and the  
remaining l i q u i d  stream t o  heat  t he  incoming l i q u i d  stream as much as poss ib le .  Th i s  
p r a c t i c e ,  c a l l e d  regenera t i ve  heat ing,  has been thoroughly  incorporated i n t o  the  
process schemes o f  today 's  beet sugar technology. Again, a balance i s  drawn between 
energy savings and costs  f o r  c a p i t a l  and labo r  necessary t o  accomplish the savings. 
I t  w i l l  be shown t h a t  the f a c t  t h a t  t he  evaporators operate a t  t he  h ighes t  temper- 
a tu res  i n  the  e n t i r e  p l a n t  w i l l  enable the regenera t i ve  hea t ing  scheme t o  be very 
s imply  and e f f e c t i v e l y  a p p l i e d  us ing  a minimum o f  geothermal water i n  the new design. 

The f i r s t  l i m i t a t i o n  on i d e a l  a p p l i c a t i o n  o f  regenera t i ve  hea t ing  i s  inescapable 
i n  any i n d u s t r y .  A f i n i t e  temperature d r i v i n g  f o r c e  must e x i s t  between the  incoming 
(warming) stream and the  outgoing ( c o o l i n g )  stream; o the rw ise  i n f i n i t e  heat t r a n s f e r  
su r face  area would be requi red.  Thus, some nonregenerat ive s e n s i b l e  hea t ing  o f  t h e  
i n l e t  stream i s  unavoidable i n  order  t o  e s t a b l i s h  the necessary temperature d i f f e r e n -  
t i a l .  

The beet sugar process s u f f e r s  f u r t h e r  i n e f f i c i e n c y  o f  recovery o f  heat becauseof 
e x i t i n g  streams o f  p a r t i c u l a t e  s o l i d s  and h i g h - v i s c o s i t y  l i q u i d s  e x h i b i t i n g  low 
heat t r a n s f e r  c h a r a c t e r i s t i c s .  Sugar leaves the  process, t o  be cooled, a t  about 
180OF. This  requ i res  t h a t  cons iderable sens ib le  heat  m u s t  be added to  rep lace  t h e  
heat r e j e c t e d  i n  t h i s  product  stream. I n  a d d i t i o n ,  t h e  molasses product e x i t s  
the process a t  about 135OF. 
i t s  v i s c o s i t y .  

I t  i s  a l s o  n o t  s u i t e d  as  a hea t ing  medium because o f  

Evaporat ion i s  g e n e r a l l y  performed down t o  about 14OoF, us ing steam t h a t  con- 
denses 20 t o  3OoF h o t t e r .  The c a p i t a l  costs  t o  be a b l e  t o  u t i l i z e  steam a t  lower 
temperatures a re   prohibitive.^ The c a p i t a l  cos ts  f o r  us ing  outgoing l i q u i d  streams i n  
l i q u i d / l i q u i d  heat exchangers a r e  a l s o  p r o h i b i t i v e ,  and thus, no regenera t i ve  hea t ing  
occurs below 160 t o  17OoF i n  the h o t  f l u i d s .  

F i n a l l y ,  t he  energy consumption schemes f o r  beet processing a r e  f u r t h e r  compl i -  
cated by the branching and by t h e  c o o l i n g  and rehea t ing  o f  process streams. General- 
l y  speaking, most of  the vapor produced i n  a l l  b u t  t he  l a s t  evaporator bodies i s  
used f o r  t he  regenera t i ve  hea t ing  o f  t he  va r ious  process streams. The steam e f f i c -  
iency o f  preheat ing,  however, i s  p a r t i a l l y  reduced by heat  losses r e s u l t i n g  f rom 
poor i n s u l a t i o n  o f  t he  va r ious  process equipment and p i p i n g .  The c r y s t a l l i z i n g  pans 
producing w h i t e  sugar (wh i te  pans) a r e  t y p i c a l l y  se rv i ced  by vapors f r o m l h e  f i r s t  
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evaporator body, and the pans producing brown sugars (raw pans) a r e  se rv i ced  by 
vapors f rom the second and sometjmes t h i r d  evaporator bodies, 
pans produce low-temperature vapors t h a t  condense a t  about 14OoF, b u t  these vapors, 
too,  a r e  sent d i r e c t l y  t o  vacuum condensers r a t h e r  than being used as  a hea t ing  
medium elsewhere. Th is  aga in  c o n t r i b u t e s  t o  the unused p o r t i o n  of  t h e  p o t e n t i a l  
f o r  regenera t i ve  heat ing.  I n  conclus ion,  t he  process f l ow  scheme f o r  m u l t i p l e -  
e f f e c t  evaporators,  w h i t e  pans, and raw pans descr ibed above c o n s t i t u t e s  a se t  
o f  i n t e r t w i n e d  and p a r a l l e l  m u l t i p l e - e f f e c t  hea t ing  t r a i n s  o f  va ry ing  length,  a l l  
o f  which a r e  i n t e g r a l  t o  the e n t i r e  process. To success fu l l y  apply  geothermal 
hea t ing  t o  these systems, one must match the  c a p a b i l i t y  o f  the h o t  b r i n e  resource 
t o  the va r ious ,  interdependent energy demands of these systems, 

These c r y s t a l l i z i n g  

D. A Geothermally Heated Sugar Beet Process 

1. Scope o f  A p p l i c a t i o n s  t o  the  General Energy Consumption P a t t e r n  

As noted i n  preceding d iscuss ions,  two p r i n c i p a l  energy consumptive steps i n  
the r e f i n i n g  process, pu lp  d r y i n g  and evaporat ion,  consume as much as 85% of the 
t o t a l  heat  energy demand i n  a t y p i c a l  p l a n t .  Approximately 35% o f  t h i s  i s  assoc- 
i a t e d  w i t h  the p u l p  d rye r  and t h e  remainder w i t h  the evaporat ion process. A schem- 
a t i c  drawing o f  t y p i c a l  energy i npu ts  f o r  the sugar process i s  g iven on F i g u r e  6 .  
Pulp d r i e r s  a r e  t y p i c a l l y  gas o r  o i l - f i r e d  r o t a r y  k i l n s  d i r e c t l y  u t i l i z i n g  the  
burner exhaust gases a t  about 1200OF as the hea t ing  medium. I f  geothermal b r i n e ,  
on the o t h e r  hand, i s  a v a i l a b l e  a t  a maximum o f  302OF, the  volume o f  heated a i r  used 
f o r  t he  d r y i n g  medium would have t o  increase almost by a f a c t o r  o f  s i x  i n  order  t o  
p rov ide  t h e  same amount o f  d r y i n g  capac i t y .  The reason f o r  t h i s ,  o f  course, i s  t he  
g r e a t l y  reduced heat source temperature, which l i m i t s  the  maximum a t t a i n a b l e  d r y i n g  
medium temperature. Since t h e  s p e c i f i c  a p p l i c a t i o n  t o  pu lp  d r y i n g  e n t a i l s  a major 
redesign of one p iece  o f  equipment, t he  pu lp  d r i e r  was no t  considered i n  the  present  
study. I n  a d d i t i o n  the  h igh  temperature l ime k i l n  i s  excluded from cons ide ra t i on .  

.- 

2. Special  Geothermal Design Considerat ions 

a. B o i l e r  Steam Versus Geothermal Water 

The e f f i c i e n c y  o f  energy usage i n  a contemporary beet sugar p l a n t  us ing  steam 
produced i n  a b o i l e r  i s  a f f e c t e d  by f o u r  f a c t o r s .  F i r s t ,  t h e  upper steam temperature 
i s  l i m i t e d  by the  tendency f o r  degradat ion of the sucrose a t  h i g h  temperatures. 
Second, economics have thus f a r  i n s t i t u t i o n a l i z e d  energy waste by making thorough 
i n s u l a t i o n  r e l a t i v e l y  too c o s t l y .  T h i r d ,  t h e  r e l a t i v e  cos ts  o f  c a p i t a l  goods versus 
f u e l  have a l s o  c o n t r i b u t e d  t o  t h e  loss o f  energy as heat r e j e c t e d  a t  e levated tem- 
peratures,  o b v i a t i n g  more e f f e c t i v e  regenera t i ve  heat  conservat ion.  And f i n a l l y ,  the 
complex i ty  o f  process design e f f e c t i v e l y  r a i s e s  the  op t ima l  l e v e l s  o f  energy consump- 
t i o n .  The f i r s t  and f o u r t h  o f  these f a c t o r s  a r e  d e a l t  w i t h  i n  t h i s  sec t i on .  

I n  des ign ing a beet sugar process t o  use geothermal energy f rom a low t o  moder- 
a t e  temperature temperature resource, the above l i m i t a t i o n s  a r e  s t i l l  i n  f o r c e  and 
f u r t h e r  economic considerat ions must be d e a l t  w i t h  which w i l l  a l s o  a f f e c t  steam e f f -  
i c i e n c y .  Now, however, the steam e f f i c i e n c y ,  per se, w i l l  have a d i f f e r e n t  s i g n i f -  
icance because the cost  of  geothermal steam i n  dollars-per-million-Btu's has a 
d i f f e r e n t  bas i s  than do the energy costs  f o r  a f o s s i l - f u e l e d  process. The geother-  
mal resource temperature i s  a major f a c t o r  i n  t h e  cos t  o f  geothermal steam. I n  
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Mater ia l  a n d  e n e r g y  f low for  a typical  bee t  s u g a r  p r o c c s s i n g  plant. 

(Energy  inputs  in uni ts  of thousands of Btu /ton b c c t s  s l iced.  ) 
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c o n j u n c t i o n  w i t h t h e  temperature f a c t o r ,  t h e  process complex i ty  w i l l  f i x  the c o s t  
o f  energy f o r  a geothermal ly heated process. The r o l e  o f  these fac to rs  i n  con- 
s t r u c t i n g  the  process f l o w  scheme a re  discussed next .  

The present design study c a l l s  f o r  t he  use o f  a moderate temperature, l i q u i d -  
dominated, geothermal heat source, which has been s t i p u l a t e d  t o  have a maximum 
temperature o f  3O2OF ( l 5 O O C ) .  
sugar process i s  supp l i ed  process heat i n  the form o f  steam a t  about 280 t o  30OoF. 
A s  a f i r s t  approximat ion,  l e t  us assume we can cool  t he  geothermal water from 302OF 
down t o  15OoF, g i v i n g  about 152 Btu per pound o f  water.  On the  o the r  hand, steam 
a t  3OOOF has a l a t e n t  heat va lue o f  910 Btu per pound. Accounting a l s o  f o r  t he  sen- 
s i b l e  heat o f  t h e  condensed steam i f  i t  i s  cooled t o  a f i n a l  temperature of 15OoF, 
as w e l l ,  the steam has a t o t a l  o f  about seven t imes the usable heat content  o f  t he  
geothermal water.  
tage f o r  steam w i l l  be recovered i n  condensing t h e  steam, a l l o w i n g  f o r  heat t r a n s f e r  
c o e f f i c i e n t s  several  t imes l a r g e r  than a r e  p o s s i b l e  us ing water as the  hea t ing  
medium. The d i sso l ved  minera l  content  o f  geothermal water a l s o  tends t o  pose a ser-  
ious,  p o t e n t i a l  s c a l i n g  problem f o r  heat exchange surfaces. I n  cons ide ra t i on  o f  t he  
above f a c t o r s ,  t he  most d e s i r a b l e  way t o  use the  geothermal b r i n e  from the wel lhead 
i s  t o  f l a s h  the b r i n e  t o  a lower temperature, segregate the steam so formed, and 
then d i r e c t  t h e  steam t o  process u n i t s  as needed. The geothermal vapor p rov ides  
h ighe r  heat t r a n s f e r  c o e f f i c i e n t s  and a less aggressive chemical environment than 
i f  the  geothermal water i t s e l f  were used d i r e c t l y  i n  the  process equipment. How- 
ever ,  i t  should be recognized t h a t  t he  f l a s h  t o  a lower temperature does impact on 
e f f i c i e n t  o v e r a l l  process design. 

. 

I n  c o n t r a s t  t o  t h i s  c r i t e r i o n ,  the standard beet 

I n  a d d i t i o n , t h e  f i r s t  s i x  p a r t s  o f  t h a t  seven- fo ld  heat advan- 

b. Geothermal Economics 

The c o s t  o f  a geothermal heat source i s  d i r e c t l y  r e l a t e d  t o  the number o f  pro- 
d u c t i o n  and r e i n j e c t i o n  w e l l s  t h a t  must be d r i l l e d ;  t h a t  i s ,  t he  c o s t  i s  almost a 
d i r e c t  f u n c t i o n  o f  t h e  q u a n t i t y  o f  geothermal b r i n e  requ i red .  For a s i n g l e  f l a s h  
o f  t h e  b r i n e ,  t he  requ i red  b r i n e  f l o w  r a t e  i s  approximately determined by the f o l l o w -  
ing  equat ion:  

B = St B W - ~  BF 

H~ F- BF 

Where: B = requ i red  f l o w  r a t e  o f  wel lhead b r i n e ,  pounds per hour 
S = requ i red  geothermal steam f l o w  r a t e  t o  the  process, pounds per hour 

h,H = b r i n e  o r  steam enthalpy,  Btu per  pound 

and subsc r ip t s  r e f e r  t o :  
BW = wel lhead b r i n e  
BF = b r i n e  l e a v i n g  t h e  f l a s h  vessel  
SF = steam l e a v i n g  the  f l a s h  vesse l .  

The term (HsF-hSF) i n  the  above f r a c t i o n  i s  t h e  l a t e n t  heat o f  v a p o r i z a t i o n  o f  water, 
which i s  approximately constant  over the temperature range o f  i n t e r e s t .  Thus, the 
b r i n e  f l o w  r a t e  i s  minimized as the  steam f l o w  r a t e  (S) i s  reduced, o r  as the l i q u i d  
enthalpy d i f f e r e n c e  term (h Un fo r tuna te l y ,  as shown below, f o r  
f i x e d  r e s e r v o i r  c o n d i t i o n s  !!ese a r e  c o n t r a d i c t o r y  requirements and the opt imal  
design o f  a geothermal ly  heated process requ i res  a compromise on b r i n e  ra tes  and 
f l a s h  temperatures. 

-hBF) i s  increased. 
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Since hBW i s  f i x e d  by c o n d i t i o n s  i n  the geothermal r e s e r v o i r ,  t he  enthalpy 
d i f f e r e n c e  term i s  maximized as hgF decreases, which requ i res  low temperatures i n  
the  b r i n e  f l a s h  tank and, t he re fo re ,  low temperatures o f  t he  geothermal steam t o  
the  process. Decreasing the  geothermal steam temperature can have two e f f e c t s  on 
a process. Simply s tated,  m u l t i p l e  e f f e c t  evaporat ion economizes on the  amount of  
heat i npu t  necessary t o  evaporate a g i ven  q u a n t i t y  o f  water i n  i nve rse  p r o p o r t i o n  
t o  the  number o f  e f f e c t s .  Also, t he  temperature range requ i red  f o r  a s e t  o f  evap- 
o r a t o r s  increases i n  p r o p o r t i o n  t o  the number o f  e f f e c t s ,  o t h e r  f a c t o r s  being he ld  
constant .  It may be seen t h a t  lower ing the temperature o f  mot ive steam t o  an evap- 
o r a t o r  t r a i n  w i l l  f o r c e  e i t h e r  a narrower a1 lowable range o f  o p e r a t i n g  temperatures, 
o r  a r e d u c t i o n  i n  the  number o f  e f f e c t s  f o r  a f i x e d  temperature range. The former 
adjustment requ i res  g e n e r a l l y  smal ler  temperature d r i v i n g  fo rces  i n  the  evaporator 
bodies, i nc reas ing  t h e  heat t r a n s f e r  sur face requ i red .  The a l t e r n a t i v e  o f  fewer 
evaporator e f f e c t s  reduces the steam e f f i c i e n c y  o f  t h e  whole evaporator t r a i n ,  re-  
q u i r i n g  more mot ive steam, o r  more geothermal w e l l s  u l t i m a t e l y ,  t o  supply the re-  
q u i r e d  steam. 

I n  a r r i v i n g  a t  an opt imized sugar p l a n t  design, severa l  o the r  comp l i ca t i ng  
f a c t o r s  must be considered. I n  p a r t i c u l r ,  m u l t i p l e  stages o f  f l a s h  o f  t he  geother-  
mal b r i n e  w i l l  be employed a t  temperatures a p p r o p r i a t e  t o  the  needs o f  t he  process. 
Th is  he lps f u r t h e r  t o  economize on b r i n e  r a t e s .  P a r e n t h e t i c a l l y ,  i t  would be de- 
s i r a b l e  as w e l l  t o  adapt modernized, high-performance heat  exchanger equipment from 
o t h e r  i n d u s t r i a l  a p p l i c a t i o n s  t o  use i n  the sugar r e f i n e r y ,  so as t o  m i t i g a t e  the 
reduced thermal e f f i c i e n c y  concomitant t o  t h e  low-temperature heat source. 

I t  should be po in ted  o u t  t h a t  t h i s  problem o f  a d a p t a b i l i t y  o f  a geothermal 
heat source t o  a sugar r e f i n e r y ,  o r  any i n d u s t r i a l  process, i s  l a r g e l y  t h e  r e s u l t  of 
t h e  a r b i t r a r y  s t i p u l a t i o n  o f  15OOC as the  maximum geothermal b r i n e  temperature t o  be 
considered. I f  h igher  resource temperatures a r e  encountered, t he  e f f i c i e n c y  o f  t he  
geothermal process system increases ve ry  r a p i d l y .  Conversely, lower resource tem- 
pe ra tu res  r a p i d l y  decrease t h e  process e f f i c i e n c y .  On balance, bas in  i n i t i a l  s tud ies  
on a 15OoC (302OF) heat source appears t o  be a good choice.  Th is  f o l l o w s  from the 
f a c t  t h a t  such sources a r e  l i k e l y  t o  be r e l a t i v e l y  abundant and from the l i k e l i h o o d  
t h a t  if t h e  sugar prpcess can t r u l y  be made f e a s i b l e  fo r  a 302OF source, t he  poten- 
t i a l  f o r  a p p l i c a t i o n  o f  geothermal heat t o  va r ious  o t h e r  process i n d u s t r i e s  i s  con- 
s i d e r a b l y  enhanced. 

c. Sequent ia l  B r i n e  F lash t o  Match Heat Duty-Temperature D i s t r i b u t i o n s  

The process streams i n  a beet sugar f a c t o r y  a r e  heated t o  con t inuous ly  h igh -  
e r  temperatures, up t o  the f i r s t  evaporator  e f f e c t .  The rea f te r ,  heat i s  added t o  
streams a t  cont inuously  decreasing temperatures. Geothermal b r i n e  w i l l  be f l ashed  t o  
p rov ide  steam t o  t h e  f i r s t  e f f e c t  of  t h e  evaporators  a t  24OoF. Obviously,  w i t h o u t  y e t  
cons ide r ing  f l a s h i n g  t h e  b r i n e  under a vacuum, t h e r e  can s t i l l  be a s u b s t a n t i a l  
amount o f  steam produced from t h e  remaining b r i n e .  Using a source temperature o f  
302OF, a 
steam, based on t h e  amount formed a t  24OoF. 
presented h e r e i n  c a l l s  f o r  f o u r  f l ashes  o f  t h e  b r i n e ,  down t o  a f i n a l  temperature o f  
17OoF, g i v i n g  a t o t a l  of  215 percent  o f  t h e  amount o f  steam f l ashed  a t  240OF. 
f l a s h  temperatures correspond t o  steam chest temperatures i n  the  evaporator bodies.  

second b r i n e  f l a s h  a t  212OF produces approx imate ly  43 percent  a d d i t i o n a l  
The geothermal sugar process design 

The 
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3. Design qf t h e  f l u l t i p l e  E f f e c t  EyqporatQr 

I t  i s  a p o i n t  o f  f a c t  t h a t  f o r  a g iven resource temperature, the  des ign of t h e  
evaporator  t r a i n  i s  the  most c r i t i c a l  f a c t o r  t o  t h e  o v e r a l l  beet sugar process de- 
s i g n  f e a s i b i l i t y ,  Near ly  60% o f  t h e  sum o f  a l l  heat  d u t i e s  i n  t h e  p l a n t  i s  con- 
sumed i n  t h e  evaporators .  Also,  t h e  grea tes t  f l e x i b i l i t y  o f  design parameters ex- 
i s t s  i n  evaporat ion,  so t h e  evapora t ion  s e c t i o n  des ign f i n a l l y  determines process 
f e a s i b i l i t y .  

I n  t h e  p r o j e c t  a n a l y s i s ,  t h e  c o n s i d e r a t i o n  o f  t h e  evapOrator c o n f i g u r a t i o n  went 
through severa l  phases. O r i g i n a l l y ,  i t  appeared t h a t  t h e  r e l a t i v e l y  low q u a l i t y  
of  steam a v a i l a b l e  f rom 302OF water  might warrant  o n l y  a two o r  t h r e e  e f f e c t  evap- 
o r a t o r  system. T h i s  o p t i o n  would have represented a s t e p  back i n  techno log ica l  
s o p h i s t i c a t i o n ,  b u t  t h e  p o s s i b i l i t y  was considered p a r t i a l l y  because o f  the  a n t i c -  
ipa ted  low energy cos t .  More impor tant ,  however, for  the  above resource bas is  t h e  
o p e r a t i n g  temperature range f o r  geothermal steam d r i v e n  evaporators  has t o  be 
narrower than t h a t  found i n  most convent ional ,  f o s s i l - f u e l e d  p l a n t s ,  Therefore,  
reasonable temperature d r i v i n g  fo rces  cou ld  n o t  be mainta ined i n  a geothermal ly  
heated, f i v e - e f f e c t  evaporator,  which would correspond t o  the  most modern des ign op- 
t i o n  used today. To be a b l e  t o  q u i c k l y  q u a n t i f y  and v i s u a l i z e  t h e  r a m i f i c a t i o n s  
of  v a r i e d  geothermal design c o n f i g u r a t i o n s  and o p e r a t i n g  c o n d i t i o n s ,  a general  a l -  
gor i thm was developed t o  a s s i s t  i n  o b t a i n i n g  t h e  optimum evaporator  c o n f i g u r a t i o n .  
T h i s  i s  descr ibed i n  more d e t a i l  i n  Appendix D. The c a l c u l a t e d  r e s u l t s  have been 
p l o t t e d  on F igure  7, which d e p i c t s  b r i n e  f l o w  r a t e  and t o t a l  evaporator  heat t r a n s -  
f e r  sur face  area versus number o f  e f f e c t s .  Each curve  p l o t t e d  represents  t h e  t o p  
b r i n e  f l a s h  temperature for  a g i v e n  case us ing  a two-stage b r i n e  f l a s h ,  as opposed 
t o  the  four -s tage f l a s h  used i n  t h e  f i n a l  process design. 

The p r i n c i p a l  e f f i c i e n c y  goal  i n  t h i s  process des ign e f f o r t  i s  t o  m a i n t a i n  an 
e f f i c i e n c y  such t h a t  the amount o f  steam supp l ied  t o  t h e  evaporators  a l s o  s a t i s -  
f i e s  a l l  o t h e r  heat  d u t i e s  i n  t h e  sugar p l a n t ,  except f o r  t h e  p u l p  d r y e r  and l ime 
k i l n .  Thus t h e  evaporator  b r i n e  supply  f l o w  r a t e  should represent  a l l  necessary 
process steam heat  f o r  t h e  p l a n t .  R e f e r r i n g  t o  F i g u r e  7, i t  i s  seen t h a t  f o r  fewer 
than f o u r  evaporator  e f f e c t s ,  t h e  increase i n  r e q u i r e d  b r i n e  r a t e  acce le ra tes  s i g -  
n i f i c a n t l y .  Also,  t h e  incremental  b e n e f i t  o f  reduced f l a s h  temperatures,  g i v i n g  
lower r e q u i r e d  b r i n e  r a t e s ,  g r a d u a l l y  decreases w i t h  lower temperatures.  Converse- 
l y ,  the  r a t e  a t  which r e q u i r e d  s u r f a c e  area increases w i t h  lowered f l a s h  tempera- 
t u r e s  and, t h e r e f o r e ,  reduced temperature d r i v i n g  fo rces ,  i s  a c t u a l l y  a c c e l e r a t i n g  
w i t h  r e d u c t i o n  o f  t h e  f l a s h  temperature.  F i n a l l y ,  f o r  inc reas ing  numbers o f  e f f e c t s ,  
t h e  r a t e  o f  increase o f  r e q u i r e d  sur face  area f o r  any case tends t o  a c c e l e r a t e  
b r i e f l y  and then becomes l i n e a r  f o r  more than two e f f e c t s .  

Two a d d i t i o n a l  q u a l i t a t i v e  c r i t e r i a  entered i n t o  t h e  des ign o f  t h e  evaporator  
c o n f i g u r a t i o n .  F i r s t ,  i t  was decided t h a t  t h e  evaporators  should be designed w i t h  
t h e  f i r s t  two e f f e c t s  o p e r a t i n g  above atmospheric pressure.  The f a c t  t h a t  most 
d isso lved,  non-condensable gases would then come o u t  o f  s o l u t i o n  w i t h o u t  burdening 
the  vacuum system was impor tant  t o  t h a t  dec is ion .  Second, i n  l i g h t  o f  t h e  severa l  
preceding observa t ions  and dec is ions ,  we considered t h e  var ious  sugar s o l u t i o n  tem- 
pera tures  a t  t h e  o u t l e t s  o f  a l l  heaters  i n  o rder  t o  bes t  match these w i t h  t h e  b r i n e  
f l a s h  temperatures and, t o  some e x t e n t ,  o p t i m i z e  the  r e s u l t i n g  temperature d r i v i n g  
fo rces .  The f i n a l  des ign o f  evaporator  s e c t i o n  i s  t h e  f o u r - e f f e c t  system shown on 
P l a t e  3 o f  F i g u r e  8. Geothermal b r i n e  i s  f lashed i n i t i a l l y  a t  24OoF for  the  f i r s t  
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e f f e c t ,  and then a l s o  a t  t he  steam chest temperatures o f  t h e  remaining e f f e c t s :  
22OoF, 198OF, and 17OoF, r e s p e c t i v e l y .  A l l  vapors a r e  u t i l i z e d  i n  the  process f o r  
hea t ing  purposes. A l l  condensate f rom t h e  f i r s t  t h ree  e f f e c t s  i s  re f l ashed  a t  
t he  temperature o f  subsequent evaporator steam chests t o  supplement the b r i n e  and 
j u i c e  vapors evolved a t  t he  corresponding l e v e l s .  

E. Summary o f  Design Factors 

The va r ious  important process c o n t r o l  parameters, as have been presented b r i e f -  
l y  i n  the  preceding sec t i ons  o r  which were de fe r red  f o r  d e t a i l e d  p resen ta t i on  i n  
Chapter V I ,  were u t i 1  ized t o  develop a conceptual " f i n a l "  design f o r  a geothermal ly 
heated beet sugar r e f i n i n g  f a c i l i t y .  The complete process f l o w  diagrams f o r  t h a t  
f a c i l i t y  a r e  g iven i n  P la tes  1-4 o f  F igu re  8, and these designs represent t h e  most 
comprehensive a p p l i c a t i o n  o f  geothermal energy t o  date t o  a l l  o f  t he  va r ious  i n t e r -  
r e l a t e d  steam energy demands apparent i n  the  beet sugar r e f i n e r y  i n d u s t r y .  Thk 
most important f i n a l  design considerat ions a re  summarized below. 

.Four pr imary energy inputs  t o  a beet sugar p l a n t  can be i d e n t i f i e d .  These con- 
s i s t  o f  e l e c t r i c a l  energy t o  operate mechanical equipment; coa l ,  gas, o r  o i l  t o  
produce steam f o r  t he  evaporators and heaters ( t h i s  steam i s  taken from t h e  t u r b i n e  
exhaust); coke f o r  the l i m e  k i l n  t h a t  supp l i es  the j u i c e  p u r i f i c a t i o n  system; and 
gas o r  o i l  f o r  the p u l p  and sugar d r i e r s .  A schematic o f  t y p i c a l  energy use 
p a t t e r n s  appears i n  F igu re  6. 

The impor tant  d i f f e r e n c e s  t o  be noted when comparing e x i s t i n g  p l a n t s  w i t h ,  
f i r s t ,  a " t y p i c a l "  p l a n t  design, and then w i t h  a mod i f i ed  p l a n t  design us ing  geo- 
therma.1 energy, would be found i n  the  schemes o f  heat  u t i l i z a t i o n .  Heat e f f i c -  
iency i s  expressed as a weight percent  o f  pounds o f  steam a t  212OF per pound o f  
beets,  so t h a t  a low va lue represents h i g h  e f f i c i e n c y .  Older p l a n t s  t y p i c a l l y  had 
a "percent steam on beets ' '  va lue o f  t h e  o rde r  o f  80 percent.  
o t h e r  hand, can achieve e f f i c i e n c y  values near 40 percent steam on beets.  Contem- 
porary American p l a n t s  average about 75 percent steam on beets.  The depressed s t a t e  
o f  t h e  domestic sugar i n d u s t r y  has l e d  t o  c a n c e l l a t i o n  o f  a t  l e a s t  two new p l a n t s  
considered i n  the  past  f i v e  years.  However, i f  and when a new p l a n t  were b u i l t , i t  
would probably  be designed f o r  about 55 percent  e f f i c i e n c y .  

Modern p l a n t s ,  on the  

I n  t h e  f i n a l ,  d e t a i l e d  p r e p a r a t i o n  f o r  s p e c i f y i n g  a convers ion t o  geothermal 
energy, i t  was asce r ta ined  t h a t  t he  o p e r a t i n g  parameters o f  t h e  process a r e  f a i r l y  
narrowly  const ra ined by e i t h e r  s imple economics o r  by the  p r a c t i c a l  cons ide ra t i ons  
o f  sugar q u a l i t y  and p u r i t y ,  so t h a t  complete freedom cannot be used i n  the  redesign 
o f  a p l a n t  t o  use geothermal b r i nes .  Temperatures i n  the  evaporators ,  t he  h o t t e s t  
s e c t i o n  i n  the  process, must be kept as h i g h  as p o s s i b l e  t o  f a c i l i t a t e  h i g h  temper- 
a t u r e  d r i v i n g  forces between vapors f rom each e f f e c t  and t h e  j u i c e s  i n  subsequent 
e f f e c t s  o r  o t h e r  hea t ing  devices.  High temperatures a l s o  e f f e c t  h i g h  heat t r a n s f e r  
c o e f f i c i e n t s  by reducing l i q u i d  v i s c o s i t i e s .  These f a c t o r s  tend t o  minimize t h e  
needed heat t r a n s f e r  su r face  area. C o n t r a r i l y ,  t he  sucrose can be degraded o r  
d i s c o l o r e d  by h i g h  temperatures, w i t h  the  upper temperature l i m i t  f o r  d i l u t e  sugar 
s o l u t i o n s  being about 270OF. Thus, when us ing a geothermal source f o r  process heat,  
the p l a n t  design i s  ve ry  s i m i l a r  t o  any e x i s t i n g  p l a n t ,  and the  s tandard ly  de f i ned  
p l a n t  e f f i c i e n c y  w i l l  be s t r o n g l y  dependent on the  geothermal resource temperature. 
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The f o l l o w i n g  chapter  goes i n t o  s u f f i c i e n t  d e t a i l  on the var ious  des ign f a c t o r s  
and p r a c t i c e s  t o  thoroughly  show how o p e r a t i n g  parameters a r e  s e r i o u s l y  cons t ra ined 
w i t h i n  very  narrow l i m i t s .  As a r e s u l t  o f  those c o n s t r a i n t s ,  the  geothermal sugar 
p l a n t  des ign was developed w i t h o u t  changing the  d i f f u s i o n ,  p u r i f i c a t i o n ,  o r  c r y s t a l -  
l i z a t i o n  sec t ions .  Process designs and heat loads were c o n s e r v a t i v e l y  developed f o r  
these opera t ions  based on c u r r e n t  p r a c t i c e s .  

A cons iderable e f f o r t  was devoted t o  develop ing an e f f i c i e n t  des ign f o r  t h e  
evaporator  s e c t i o n .  Several f l o w  sheets were analyzed, ranging f rom two- t o  f i v e -  
e f f e c t  evaporator  systems o p e r a t i n g  a t  v a r i o u s  temperature l e v e l s ;  a f o u r - e f f e c t  
evaporator  was subsequently chose. Vapors taken f rom any one of the  evaporators  
were reused i n  o t h e r  heaters  w i t h  compat ib le  temperature requirements.  Var ious 
vapor recompressions schemes were a l s o  analyzed i n  an at tempt  t o  reduce energy 
consumption, and none were found t o  be b e n e f i c i a l  due t o  t h e  h i g h  c a p i t a l  cos ts  
associated w i t h  t h e  type  o f  equipment. Al though t h e  f i n a l  f l o w  sheet developed i s  
n o t  complete ly  op t im ized because o f  t h e  l a r g e  amount o f  e f f o r t  r e q u i r e d  t o  a r r i v e  
a t  an op t im ized system, i t  i s  b e l i e v e d  t o  be c l o s e  t o  t h e  bes t  design. P r e l i m i n -  
a r y  c a l c u l a t i o n s  i n d i c a t e  t h a t  geothermal b r i n e  requirements p o s s i b l y  cou ld  y e t  
be reduced by an a d d i t i o n a l  10 t o  30%. The geothermal ly  heated process des ign p r e  
sented h e r e i n  was reviewed by sugar i n d u s t r y  representa t ives .  To t h e  e x t e n t  
p o s s i b l e  i n  t h e  scope o f  t h i s  s tudy,  t h i s  b a s i c  process des ign i s  found t o  be 
p r a c t i c a l  and r e a l  i s t i c .  

F. Design Economic Eva lua t ion  

I n  the  f i n a l  des ign p l a n t  (P la tes  1-4, F igure  8) a b r i n e  feed a t  302OF was 
assumed t o  l o s e  5OF i n  temperature b e f o r e  reaching t h e  p l a n t .  I t  then was f lashed 
f o u r  t imes t o  p r o v i d e  steam f o r  t h e  var ious  u n i t s  o f  a f o u r - e f f e c t  evaporator  u n i t ,  
w i t h  t h e  maximum and minimum f lashed steam temperatures be ing  240 and 17OoF. 
comparison, a modern sugar p l a n t  w i l l  have a t o p  process steam temperature of  about 
29OoF, and w i l l  r e q u i r e  much less  heat t r a n s f e r  sur face  area as a r e s u l t  o f  i n -  
creased temperature d i f f e r e n t i a l s .  I t  should a l s o  be noted t h a t  the  l i m i t e d  i n i t i a l  
f lashdown a v a i l a b l e  on the  b r i n e  ( f rom 297 t o  24OoF) r e q u i r e s  t h a t  a l a r g e  amount 
o f  b r i n e  be prov ided per u n i t  steam produc t ion .  A t o t a l  o f  s i x  p roduc t ion  w e l l s  
(4 .60  x IOs Ibs /h r  per w e l l )  and 3 i n j e c t i o n  w e l l s  w e r e  requ i red .  A spare  was 
prov ided i n  each case. D r i l l i n g  c o s t s  were est imated a t  $650,000 per  10,000 
f o o t  we1 1 .  

By 

Comparative heat t r a n s f e r  s u r f a c e  areas were c a l c u l a t e d  f o r  bo th  the  geother-  
mal d r i v e n  p l a n t  and a l s o  the  f o s s i l  fue led p l a n t s .  The incremental  c o s t s  assoc- 
i a t e d  w i t h  t h e  increased heat t r a n s f e r  area were then d e r i v e d  us ing  n e t  i n s t a l l e d  
cos ts  as shown i n  Table 1. Since thes t ream f lows and p i p i n g  c o n f i g u r a t i o n  a r e  
b a s i c a l l y  unchanged i n  a geothermal p l a n t ,  no a d d i t i o n a l  c a p i t a l  expense was i n -  
c luded f o r  such f a c t o r s .  I n  c e r t a i n  instances,  r e t r o f i t  cos ts  f o r  m o d i f i e d  p i p i n g ,  
e l e c t r i c a l  systems, e t c . ,  may be somewhat h igher  due t o  s i t e  s p e c i f i c  space l i m i t -  
a t i o n s .  A d d i t i o n a l  cos ts  must  be inc luded f o r  geothermal b r i n e  d e l i v e r y  systems, 
i n c l u d i n g  t r a n s f e r  p i p i n g ,  pumps, and f l a s h  equipment. 

The comparative, equ iva len t  energy c o s t  c a l c u l a t i o n s  i n  d o l l a r s  per  m i l l i o n  Btu 
a r e  presented i n  Table 2. Since t h e  o v e r a l l  steam q u a l i t y  supp l ied  t o  a p l a n t  i n  
t h e  geothermal case d i f f e r s  s i g n i f i c a n t l y  f rom t h a t  i n  a f o s s i l  f u e l  p l a n t ,  t h e  c o s t  
o f  the  geothermal system i s  presented as t h e  c o s t  i n c u r r e d  t o  rep lace  a s p e c i f i c  
f o s s i l  f u e l  heat load. 
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As a bas is  for  comparing c o s t s  between t h e  geothermal ly  heated p l a n t  and 
f o s s i l  f u e l  f i r e d  sugar f a c t o r y ,  t h r e e  d i f f e r e n t  e f f i c i e n c i e s  o f  a convent ional  
p l a n t  were used. 
on beets a r e  found i n  Europe, b u t  a r e  n o t  l i k e l y  t o  be b u i l t  i n  t h i s  count ry  even 
a t  present  c o s t  r e l a t i o n s h i p s  between energy and m a t e r i a l s .  T h i s  case, then, i s  
t h e  extreme design s i t u a t i o n  for  comparing t o  a geothermal system and leads t o  
t h e  h i g h e s t  equ iva len t  geothermal cos ts .  I t  i s  Case 1 i n  Tables 1 and 2. Case 
2 i n  these t a b l e s  i s  a convent ional  p l a n t  w i t h  an e f f i c i e n c y  o f  55% steam on 
beets,  which i s  the  l e v e l  o f  technology l i k e l y  t o  be achieved i n  a new sugar f a c t o r y  
b u i l t  i n  t h e  Un i ted  States ( 3 ) .  Th is  case prov ides t h e  most r e a l i s t i c  comparison 
t o  a new geothermal ly  heated f a c t o r y .  Case 3 of  Tables 1 and 2 prov ides a comparison 
t o  t h e  t y p i c a l ,  low e f f i c i e n c y  beet sugar f a c t o r y  i n  o p e r a t i o n  i n  t h e  Uni ted States 
today which consumes steam a t  t h e  r a t e  o f  75% on beets .  Th is  case prov ides the  
bes t  comparison f o r  a r e t r o f i t  s i t u a t i o n .  For each case, a beet s l i c i n g  c a p a c i t y  
o f  5,000 tons/day and a campaign l e n g t h  o f  120 days jyear  a r e  used as a bas is  f o r  
c a l c u l a t i n g  comparat ive costs .  

H i g h l y  e f f i c i e n t  p l a n t s  w i t h  steam consumption as low as 44% 

Table 1 i n d i c a t e s  the  c a p i t a l  c o s t  a t t r i b u t a b l e  t o  a geothermal ly  heated f a c t o r y ,  
based on t h e  des ign p r e v i o u s l y  discussed i.n t h i s  chapter ,  t h a t  would be b u i l t  i n  
p l a c e  o f  f o s s i l  f u e l  f i r e d  f a c t o r i e s  w i t h  the i n d i c a t e d  steam e f f i c i e n c i e s .  The 
c a p i t a l  c o s t s  take c o n s i d e r a t i o n  o f  t h e  geothermal p r o d u c t i o n  and i n j e c t i o n  w e l l s ;  
d i s t r i b u t i o n  l i n e s  and pumps; b r i n e  f l a s h  systems, which i n c l u d e  f l a s h  and surge tanks, 
and pret reatment  equipment f o r  a c i d i f i c a t i o n ;  and l a s t l y ,  a d d i t i o n a l  i n - p l a n t  sugar 
process ing equipment. T h i s  l a t t e r  category inc ludes t h r e e  i tems: the  c o s t  of  
a d d i t i o n a l  heat t r a n s f e r  s u r f a c e  area; an a i r  compressor t o  p r o v i d e  h i g h  pressure a i r  
i n  p l a c e  o f  h i g h  pressure steam t o  c l e a n  t h e  beet s l i c e r ;  and a vacuum pump t o  rep lace  
t h e  steam j e t  e j e c t o r .  The vacuum system c a p a c i t y  increases, as w e l l .  I t  should 
be noted t h a t  no c r e d i t  i s  taken f o r  t h e  c o s t  o f  t h e  fu rnace and i t s  assoc ia ted  p o l l u -  
t i o n  c o n t r o l  system, o r  f o r  the  c o s t  of t h e  vacuum system, i n  a convent ional  p l a n t .  
When developing t h e  t o t a l  c o s t  o f  a f o s s i l  f u e l  f i r e d  system t o  compare t o  t h e  geo- 
thermal c o s t s  d e r i v e d  below, these f a c t o r s  should be added t o  t h e  c o s t  o f  t h e  raw 
f u e l .  

As shown i n  Table 1 ,  t h e  geothermal system i n c u r s  a c a p i t a l  c o s t  o f  t h e  order  o f  
10 m i l l i o n  d o l l a r s  f o r  each o f  t h e  t h r e e  cases. T h i s  c o s t  i s  h e a v i l y  weighted by 
t h e  c o s t  o f  w e l l s ,  which ranges from about 70 t o  74% o f  t h e  t o t a l .  On t h e  b a s i s  o f  
these cos ts ,  and assuming annual charges on c a p i t a l  t o t a l l i n g  15%, Tab le  2 presents  
t h e  c o s t  o f  t h e  geothermal system i n  terms o f  d o l l a r s  p e r  m i l l i o n  Btu  rep laced.  
Sect ion A o f  Table 2 determines t h e  h o u r l y  f u e l  consumption, as f e d  t o  t h e  b o i l e r ,  
f o r  each of  t h e  t h r e e  des ign comparison cases. T h i s  v a l u e  ranges f rom 209 m i l l i o n  
Btu/hour f o r  t h e  h i g h  e f f i c i e n c y  Case 1 ,  t o  355 m i l l i o n  Btu/hour for  t h e  lowest 
e f f i c i e n c y  Case 3. 

Geothermal system cos ts ,  expressed as incremental  c o s t s  r e l a t i v e  t o  t h e  f o s s i l  
f u e l  p l a n t ,  a r e  i n d i c a t e d  i n  Sec t ion  B o f  Table 2. These i n c l u d e  t h e  annual ized 
c a p i t a l  cos ts  reduced t o  an h o u r l y  b a s i s  f o r  a 120-day campaign, t h e  c o s t s  o f  b r i n e  

run t h e  a i r  compressor and t h e  vacuum pump. A conserva t ive  b r i n e  t reatment  procedure 
has been developed t o  prevent  ca lc ium carbonate s c a l i n g ,  which i s  expected t o  
present  t h e  o n l y  s c a l i n g  problem encountered f o r  t h e  t y p i c a l  b r i n e  chemist ry  shown 
i n  Table 22 o f  Appendix C .  For t h i s  purpose, t h e  b r i n e  i s  n e u t r a l i z e d  w i t h  s u l f u r i c  
a c i d  t o  r e l e a s e  carbon d i o x i d e  gas, and then t r e a t e d  w i t h  sodium hydrox ide  t o  r a i s e  
t h e  pH t o  non-corros ive l e v e l s .  Assuming a c o s t  o f  10 cents/pound f o r  bo th  a c i d  
and base, t h i s  g ives  a b r i n e  t reatment  c o s t  o f  about $25 per  m i l l i o n  pounds. 

t reatment ,  and t h e  c o s t  o f  increased e l e c t r i c i t y  consumption, a t  3 cents/kwh, t o  b 

* 
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v a l e n t  c o s t  
energy rep  

On these bases, Table 2 i n d i c a t e s  t h a t  t h e  equ 
heated system, i n  terms o f  t h e  amount o f  f o s s i l  f u e  

of the  geothermal ly  
aced, i s  $2.85, 

$2.34, and $1.77 per  m i l l i o n  Btu,  f o r  Cases 1 ,  2, and 3, r e s p e c t i v e l y .  Several  
assumptions made i n  t h e  s tudy have a s t r o n g  e f f e c t  on t h e  abso lu te  values o f  these 
cos ts ,  some o f  which w i l l  be reexamined below. The most s i g n i f i c a n t  i s  t h e  l e n g t h  
o f  t h e  campaign over  which the  t o t a l  c a p i t a l  c o s t  i s  amort ized. I f  t h e  campaign 
l e n g t h  were 200 days, as can be achieved i n  l o c a t i o n s  such as Southern C a l i f o r n i a ,  
t h e  geothermal energy cos t  would be $1.52 f o r  Case 2 (55% e f f i c i e n c y )  ins tead o f  
$2.34 per m i l l i o n  Btu. T h i s  i s  t h e  s t r o n g e s t  s i n g l e  f a c t o r  i n  t h i s  a n a l y s i s .  Other 
than increased campaign length,  u n i t  cos ts  would a l s o  be reduced d r a m a t i c a l l y  i f  
a mul t i -purpose development u t i l i z e d  energy f rom t h e  w e l l s  a l l  year long. Wi th 
respect  t o  t h e  c o s t s  o f  resource u t i l i z a t i o n ,  t h e  e f f e c t  o f  f o l l o w i n g  a m u l t i -  
purpose development program i s  the  same as extending t h e  o p e r a t i n g  campaign of 
sugar p l a n t .  The o t h e r  most s i g n i f i c a n t  parameter a f f e c t i n g  cos ts  der ived  i n  t h i s  
s tudy was the upper l i m i t  o f  302OF imposed on t h e  geothermal b r i n e  temperature. 
Process c a p i t a l  cos ts  would decrease r a p i d l y  i f  t h i s  temperature rose t o  4OO0F, f o r  
example, w i t h  a l l  o t h e r  f a c t o r s  unchanged. F i n a l l y ,  t h e  geothermal resource 
development c o s t s  depend s t r o n g l y  on w e l l  cos ts .  I n  o t h e r  geothermal areas, where 
w e l l  depths a r e  much l e s s  fo r  t h e  same temperatures, these c o s t s  w i l l  decrease. 

A few f i n a l  words a r e  i n  o rder  regard ing  t h e  f u t u r e  a v a i l a b i l i t y ,  ease o f  
u t i l i z a t i o n ,  and c o s t  o f  n a t u r a l  gas, f u e l  o i l ,  o r  c o a l .  These f u e l s  a r e  c u r r e n t l y  
c o m p e t i t i v e  w i t h  t h e  type  o f  geothermal system developed i n  t h i s  s tudy.  However, 
i n  v iew o f  t h e  apparent n a t i o n a l  energy shortage, t h e  c o s t  o f  these resources i s  
c o n s e r v a t i v e l y  o f t e n  p r o j e c t e d  t o  r i s e  a t  r a t e s  o f  7% t o  10% annua l ly .  A geothermal 
p l a n t ,  on t h e  o t h e r  hand, which e x h i b i t s  low f u e l - r e l a t e d  
expenses, would n o t  exper ience t h i s  same c o s t  t rend.  But by v i r t u e  of  i n f l a t i o n ,  
the  c o s t  o f  develop ing a geothermal resource i s ,  i t s e l f ,  inc reas ing  a t  probably  
more than 5% annua l ly .  Also,  t h e  use o f  n a t u r a l  gas as an i n d u s t r i a l  b o i l e r  f u e l  
i s  i n c o n s i s t e n t  w i t h  the  n a t i o n a l  energy programs be ing  o u t l i n e d .  F i n a l l y ,  the  
combustion o f  e i t h e r  o i l  or coa l  n e c e s s i t a t e  s i g n i f i c a n t  a d d i t i o n a l  c a p i t a l  and 
o p e r a t i n g  expendi tures f o r  environmental  con t ro l .  systems. P a r t i c u l a t e  c o l l e c t i o n ,  
s u l f u r  d i o x i d e  removal, and water  q u a l i t y  c o n t r o l  a r e  c u r r e n t l y  those areas o f  
g r e a t e s t  concern; a l l  have grown markedly more r e s t r i c t i v e  i n  recent  years,  and a l l  
h o l d  broad u n c e r t a i n t i e s  for t h e  fu tu re .  I n  the  sense t h a t  geothermal energy o f t e n  
t imes does n o t  present  environmental  problems o f  t h e  same s e v e r i t y  and w i t h  t h e  same 
c u r r e n t  emphasis, a p r o p e r l y  designed geothermal system o f f e r s  a t t r a c t i v e  advantages. 

m a t e r i a l s  and o p e r a t i n g  

I n  conclus ion,  i n  v iew o f  t h e  f a v o r a b l e  economics demonstrated, f u r t h e r  indus- 
t r i a l  c o n s i d e r a t i o n  o f  t h i s  resource i s  mer i ted--both for  r e t r o f i t  a p p l i c a t i o n s  and 
for  any new p l a n t s  t o  be b u i l t ,  such as migh t  be loca ted  i n  t h e  San L u i s  V a l l e y .  
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Table 1 

Incremental Beet Sugar P l a n t  Costs 

Bases : 

-Case 
- E f f i c i e n c y  o f  Foss i l -Fue l  P l a n t  

(% Steam on Beets) 
-Br ine  Consumption o f  Geothermal P l a n t  ( l o 6  l b / h r )  
-No. o f  Produc t ion  Wel ls 
-No. o f  Br ine  Disposal  Wel ls 
-No. o f  Spare Wel ls ( 1  p roduc t ion ,  1 d i s p o s a l )  
-Heat Trans fer  Surface Area (sq .  f e e t )  

-For Geothermal P l a n t  
-For Fossi 1-Fuel P l a n t  

- Incrementa l  Geothermal Surface Area (sq. f e e t )  

c o s t s  : ($1,000) 

-Well Cost 
-Trans fer  L ines and Pumps 
- Incrementa l  Surface Area Costs?: 
- A d d i t i o n a l  Equipment Costs 

-F lash and Surge Tanks, Pret reatment  Systems 
- A i r  Compressor ( f o r  Beet K n i f e  Cleaning) 
-Vacuum Pump ( t o  rep lace  Steam J e t  E j e c t o r s )  

-Net Incremental  C a p i t a l  Costs f o r  a Geothermal P l a n t  

1 

44 
2.8 
6 
3 
2 

- 

161 ,800 
76,100 
85,700 

7,150 
760 

1,610 

325 
50 
68 

9,963 

2 

55 
2.8 
6 
3 
2 

- 

61,800 
60,800 
01,000 

7,150 
760 

1,897 

325 
50 
78 93 

3 

75 
2.8 
6 
3 
2 

- 

161,800 
48,300 

113,500 

7,150 
760 

2,132 

325 
50 

10,260 10,510 

A Costs:  Evaporators (12 .50 / f t2 ) ;  Vacuum Pans ($105/ f t3 ) ;  Heaters ( $ 1 5 / f t 2 ) .  
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Table 2 

U n i t  Costs o f  Geothermal Energy f o r  Beet Sugar Processing P lan ts  

% Basis: Replacement o f  equ iva len t  f u e l  requirement f o r  a f o s s i l  f u e l  f i r e d  beet 
sugar fac to ry .  

2 - 1 A. Energy Usage i n  F o s s i l  Fuel P l a n t  - 

1 .  P l a n t  E f f i c i e n c y  (% S earn on Beets) 44 55 
2. Energy t o  Process ( l o 6  Btu/hr )  177 222 
3. B o i l e r  E f f i c i e n c y  0.85 0.85 
4. T o t a l  F o s s i l  Fuel Requirement ( l o 6  Btu/hr )  209 26 1 

B. Costs o f  Geothermal System 

Case 
1 .  Annual Amor t i za t i on  m$)$: 
2. Hour ly  Amor t i za t i on  ($/hr)*;t 
3.  B r i n e  Treatment ($/hr)$:** 

1,494 
519 
70 

,539 
5 34 
70 

4. A d d i t i o n a l  E l e c t r i c a l  ($ /h r )  6 7 
5. T o t a l  Geotherma,l Hour ly Costs ( $ / h r )  595 61 1 

C .  Cost of  Geothermal Systems 

- B 5 t A 4  ( $  per 106 Btu replaced) 

;k 15% o f  C a p i t a l  Charges 
120-day process i ng campa i gn 
$25 per m i l l i o n  pounds 

3- .'- 
-1. .I. J- 

G 
I. ,. ,. I .  ,. 

3 

75 
302 
0.85 
355 

- 

1,577 
548 

70 7s- 
2.85 2,34 1.77 

4 
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FIGURE 8 ;2 OF 4 
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FIGURE 8 3  OF 4 

SUGAR BEET PROCESS EVAPORATION SECTION 

PREHEAT. WHITE WNS 
PREHEAT 

RAW PANS. HEATERS 

BRINE 
FLASH 
TANKS 

2  4064M * 
GEOTHERMAL 

BRINE I 2::i';M 

0.1095M 

NOMENCLATURE 

u-lod LB/HR B-OBRIX 
1- OF 
0-Id BTU/HR W-o/'WGT WATER 

P-PURITY, %WGT. SUCROSE I N  SOLIDS 

PREHEAT, MIXERS 

27 .380  

175.000 

, 0 8 4 3 M  

L0696M 

1 0.5090M b 

=IS: 5000 TON/DAY BEETS 
BEETS-18% SUCROSE 
98.z0/o SUCROSE EXTRACTION 

-CONDENSER 

THICK , 0,1229M 658 JUICE 

.2032M 

----------.b 0.7 I 22 M 



w 
CD 
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V I ,  THE SUGAR BEET R E F I N I N G  PROCESS--A DETAILED DESCRIPTION 

A. Purpose and Summary o f  Contents 

The purpose o f  t h i s  chapter i s  t o  present  more d e t a i l s  on the s p e c i f i c a t i o n  o f  
p r o c e s s - c o n t r o l l i n g  design parameters of t h e  beet sugar r e f i n i n g  pfiocess. These 
d e t a i l s ,  when a p p l i e d  i n  f o r m u l a t i n g  a process design, a c t  as an emp.irica1 guide 
t o  the  proper design o f  a sugar p l a n t .  Th i s  p r e s e n t a t i o n  i s ,  t he re fo re ,  ground- 
work f o r  the geothermal process design produced f o r  t h i s  p r o j e c t .  

The p o i n t  t h i s  chapter makes i s  t h a t  t h e r e  a r e  two f a c t o r s  which consp i re  t o  
c o n s t r a i n  t h e  p o t e n t i a l  f l e x i b i l i t y  o f  key des ign parameters, F i r s t ,  t he  physio- 
chemical c h a r a c t e r i s t i c s  o f  sugar beets,  sucrose, and t h e  substances t h a t  c o n s t i t u t e  
process j u i c e  i m p u r i t i e s  each pose s p e c i f i c  problems i n  the  f o u r  sec t i ons  o f  a beet 
sugar p l a n t :  d i f f u s i o n ,  p u r i f i c a t i o n ,  evaporat ion,  and c r y s t a l l i z a t i o n .  As i s  
f r e q u e n t l y  the  case, the s o l u t i o n s  t o  t h e  var iousphysio-chemical  problems w i t h  
respect  t o  sucrose, i m p u r i t i e s ,  and beets c o n f l i c t  w i t h  one another.  Consequently, 
p l a n t  o p e r a t i n g  c o n d i t i o n s  w i l l  be determined t o  e f f e c t  t he  g r e a t e s t  economy o f  
f i n a l  sugar cos t ,  ach iev ing  a compromise i n  costs  accrued f o r  raw m a t e r i a l s ,  cap- 
i t a l  equipment, f u e l ,  and labo r .  Second, t h e  quest f o r  economy o f  energy consump- 
t i o n  i n h e r e n t l y  leads t o  some increased degree o f  design complex i ty .  For example, 
energy e f f i c i e n c y  w i t h i n  a process may be f a c i l i t a t e d  by cascading h e a t - - t h a t  i s ,  
heat i s  "used" more than one t ime by t r a n s f e r r i n g  bo th  t o  and fromprocess streams, 
r a t h e r  than s p e c i f i c a l l y  burn ing f u e l  t o  accommodate every instance r e q u i r i n g  
energy i npu t .  But, i t  i s  e a s i l y  seen, as process streams a r e  used t o  heat  and cool  
one another,  we a r e  i n c r e a s i n g l y  s a c r i f i c i n g  degrees o f  freedom f o r  complex i ty  and 
heat e f f i c i e n c y .  I n  o rde r  t o  i d e n t i f y  these complex i n t e r r e l a t i o n s h i p s  and t o  
i nsu re  t h a t  they could adequately be accounted f o r  i n  the d e t a i l e d  geothermal de- 
s ign,  cons ide rab le  e f f o r t  was spent t o  a t t a i n  a comprehensive understanding o f  
t he  r e f i n i n g  process. 

Depending on how thoroughly  the reader des i res  t o  de l ve  i n t o  the  sugar r e f i n -  
ing process, t h i s  chapter  may be considered o p t i o n a l  reading. The p r i n c i p a l  t o p i c s  
discussed inc lude  Beet Composition, Beet Preparat ion,  Sucrose D i f f u s i o n ,  J u i c e  Pur- 
i f i c a t i o n , a n d  Product C r y s t a l l i z a t i o n .  A d e t a i l e d  d i scuss ion  o f  evapora t i on  i s  
inc luded i n  t h e  preceding chapter'. D e t a i l e d  f l ow  diagrams o f  the process a r e  g i ven  
i n  the f o u r  p l a t e s  o f  F igu re  8 immediately preceding t h i s  chapter  f o r  ready reference. 

8. Beet Composit ion 

F i r s t ,  i t  would be wor thwh i l e  t o  l ook  b r i e f l y  a t  the chemical c o n s t i t u e n t s  o f  
t h e  sugar beet. Sugar beets range from 10 t o  22 weight  percent  sucrose; t he  1968 
Nor th American median va lue was 15.5 percent .  Th i s  study uses a va lue  o f  18 percent .  

The beet r o o t ,  the p o r t i o n  of  t h e  p l a n t  used f o r  i t s  sugar con ten t ,  c o n s i s t s  
o f  approx imate ly  5 t o  8 percent  i n s o l u b l e  substances making up t h e  c e l l  w a l l s .  Th i s  
i n s o l u b l e  p o r t i o n  i s  c a l l e d  the "marc," c o n s i s t i n g  i n  p a r t  o f  c e l l u l o s e  and r e l a t -  
ed s t r u c t u r a l  substances. About h a l f  o f  the d r y  marc i s  i n s o l u b l e  p e c t i c  mater- 
i a l s ,  which form undesi rab le c o l l o i d s  i n  water.  I n  i t s  n a t u r a l  form the marc con- 
t a i n s  about 50 percent  bound water.  The s o l i d  remains of  the beet a f t e r  removal 
of i t s  sugar, a r e  c a l l e d  pu lp  i n  processing terminology.  The p u l p  w i l l  be d r i e d  
t o  remove about 80 percent  o f  i t s  water and then s o l d  f o r  l i v e s t o c k  feed. 
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The remainder o f  the beet i s  considered the  j u i c e  phase. I t  i s  approximately 
75 percent water and 25 weight percent  s o l i d s  i n  s o l u t i o n o r  c o l l o i d a l  form. The 
b u l k  o f  t h e  d i sso l ved  s o l i d s  i s  sucrose; t he  remainder c o n s i s t s  o f  o rgan ic  and i n -  
o rgan ic  substances. 
and n i t rogenous substances, t he  l a t t e r  being mainly, p r o t e i n  m a t e r i a l .  The p r o t e i n  
m a t e r i a l ,  and the p e c t i n s  i n  the  marc, a r e  major problem sources w i t h  respect  t o  
ope ra t i on  o f  the p u r i f i c a t i o n  s e c t i o n  o f  the beet sugar process, as w e l l  as being 
c r i t i c a l  t o  t h e  f i n a l  sugar p u r i t y .  C o l l o i d a l  suspensions formed by p e c t i n s  and 
p r o t e i n s  a r e  d i f f i c u l t  t o  e l i m i n a t e ,  and they i n t e r f e r e  w i t h  c r y s t a l l i z a t i o n  i f  
n o t  s u b s t a n t i a l l y  removed; t r a c e  amounts o f  these substances i n  the f i n a l  product  
lead t o  problems such as c o l o r i n g  i n  the sugar and heavy foaming i n  carbonated 
beverages made w i t h  the sugar. 

The s o l u b l e  o rgan ic  so l  i d s  can be ca tegor i zed  as n i t r o g e n - f r e e  

Ash, o r  i no rgan ic  substances i n  the beets c o n s t i t u t e  about 0.5 percent of  the 
t o t a l  weight ,  much o f  which i s  present i n  the  j u i c e  phase. The p r i n c i p a l  c a t i o n s  
i nc lude  potassium, calcium, magnesium, and sodium; the  anions c o n s i s t  p r i m a r i l y  of  
phosphate, c h l o r i d e ,  and s u l f a t e .  Calcium carbonate i s  the major s c a l i n g  problem 
on heat t r a n s f e r  surfaces. Sodium and potassium a r e  l a r g e l y  non-removable and 
non-scale forming, b u t  they do a t  l e a s t  a f f e c t  the s i z e  o f  the molasses stream, 
which con ta ins  the blow-down i m p u r i t i e s  and "unrecoverable1' sugar. Consequently, 
the l a t t e r  i m p u r i t i e s  a r e  the  l e a s t  s i g n i f i c a n t  w i t h  respect  t o  t h e i r  q u a n t i t y  
present,  and t h e i r  e f f e c t s ,  and they a r e  cause f o r  correspondingly  l ess  concern 
regard ing j u i c e  p u r i f i c a t i o n .  

F i n a l l y ,  as noted e a r l i e r  i n  Chapter V ,  the p r e c i s e  opera t i ona l  c h a r a c t e r i s t i c s  
f o r  any p a r t i c u l a r  beet sugar p l a n t  a r e  s i t e  s p e c i f i c ,  based on the s i n g u l a r  physio- 
chemical and b i o l o g i c a l  c h a r a c t e r i s t i c s  o f  the beets processed. Such d i s t i n c t i o n s  
can a r i s e  s imply  because t h e  d i f f e r i n g  s o i l  and c l i m a t o l o g i c a l  c o n d i t i o n s  f rom 
reg ion  t o  reg ion  w i l l  vary  the  phys i ca l  c h a r a c t e r i s t i c s  o f  beets w i t h i n  one s t r a i n  
s u f f i c i e n t l y  t o  induce corresponding v a r i a t i o n s  i n  sugar p l a n t  performance. More 
important i n  t h i s  regard,  however,is the f a c t  t h a t  a l t o g e t h e r  d i f f e r e n t  s t r a i n s  o f  
beets a r e  u s u a l l y  found coming from va r ious  reg ions,  adding another degree o f  
s p e c i f i c i t y  t o  the development o f  opt imal  process designs. 

C .  Beet P repara t i on  

The beets a r e  prepared f o r  process ing by f i r s t  passing them through a number 
o f  c lean ing  operat ions.  Whole beets from storage a r e  in t roduced i n t o  a water f lume 
t h a t  serves t o  wash t h e  beets and t r a n s p o r t  them over  screens and dropout b i n s  where 
rocks and sand a r e  removed. Most encrusted d i r t  i s  washed o f f  by tumbl ing o f  t he  
beets i n  the flume. The f lume water i s  des i red  t o  be as c o l d  as poss ib le ,  p r e f e r -  
a b l y  n o t  warmer than 85-1OOOF i f  t h e  beets a r e  n o t  f rozen,  i n  o rde r  t o  minimize 
sugar losses by leaching. A p l a n t  process ing 4,000 tons o f  beets per day can lose  
over two tons of sugar per day t o  the f lume water.  

Flume water i s  recyc led  as much as p o s s i b l e ,  w i t h  a blowdown stream being re -  
moved t o  e l i m i n a t e  mud and s i l t  which would otherwise q u i c k l y  s e t t l e  and b l o c k  the  
f lume ways. 

a ra to rs ,  p i c k i n g  r o l l s ,  p i c k i n g  tab les ,  and pressure-water beet washers. Having pass- 
ed through t h i s  s e r i e s  o f  equipment, t h e  beets emerge f r e e  o f  leaves, grass,  and weeds, 
w i t h  e s s e n t i a l l y  a l l  d i r t  and b a c t e r i a  washed from t h e  ou ts ide .  I t  i s  impor tant  t h a t  
the beet handl ing equipment no t  abrade o r  b r u i s e  t h e  beets,  because damaged beets w i l l  
exper ience s i g n i f i c a n t l y  h igher  sugar losses t o  the f lume water.  A lso,  beets t h a t  have 
d e t e r i o r a t e d  badly  i n  s torage may c o n t r i b u t e  more i m p u r i t i e s  o r  b a c t e r i a  than sugar. 
Such damaged o r  aged beets a r e  se lec ted  and removed manually by workers a t  t he  
p i  c k i  ng tab1 es . 

F i n a l  c lean ing  i s  performed by beet feeders,  t r a s h  catchers,  magnetic metal sep- 
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D .  Sucrose D i f f u s i o n  

Sucrose i s  removed from beets bi 
ed a cont inuous d i f f u s e r .  The d i f f u s  

counter -cur ren t  e x t r a c t i o n  i n  a u n i t  c a l l -  
)n process i s  f a c i l i t a t e d  by s l i c i n g  t h e  

beets  i n t o  long, t h i n  s t r i p s  c a l l e d  cosset tes ,  t o  increase t h e  sur face  area a v a i l -  
a b l e  f o r  c o n t a c t  w i t h  t h e  d i f f u s e r  water .  The cosset tes  a r e  c a r r i e d  i n t o  one end 
of t h e  d i f f u s e r  and a r e  moved through t h e  d i f f u s e r  by the  a c t i o n  o f  one o r  two 
s c r o l l s .  Cossettes leave t h e  d i f f u s e r  as beet  pu lp .  The d i f f u s e r  body i s  e i t h e r  

y water,  which i s  m o s t l y  condensate w i t h  some 
the  pulp,  e n t e r s  t h e  upper end o f  the  d i f f u s e r ,  
and leaves t h e  d i f f u s e r  as raw j u i c e .  Raw 

sucrose, which comprises about 98 percent  o f  
on s e c t i o n  schematic i s  shown as P l a t e  1 o f  

s1 ig .h t l y  s l a n t e d  or  v e r t i c a l .  Supp 
f r e s h  water and recyc led  j u i c e  f rom 
f l o w s  over  the  cosset tes  by g r a v i t y  
j u i c e  w i l l  c o n t a i n  10 t o  15 percent  
t h e  sugar i n  t h e  beets.  The d i f f u s  
-F igure 8 .  

Beet s l i c i n g  i s  performed t o  maximize sur face  area contacted by the  d i f f u s -  
i o n  j u i c e ,  w h i l e  a t  the  same t ime t a k i n g  care  n o t  t o  damage t h e  beet c e l l  w a l l s .  
The c o s s e t t e  shapes have been c a r e f u l l y  s t u d i e d  and t e s t e d  t o  achieve optimum 
d i f f u s e r  performance. Damaged beet  c e l l  w a l l s  r e s u l t  i n  increased concent ra t ions  
o f  i m p u r i t i e s  
l i m i t e d  d i f f u s  

The beet  
meable, p ro top  
p l  asm becomes 

n t h e  raw j u i c e ;  these i m p u r i t i e s  o r d i n a r i l y  a r e  r 
on through the cell walls. 

c e l l s  c o n t a i n  a f l u i d  which has sugar d i s s o l v e d  i n  
asm membrane r e t a i n s  the  c e l l  f l u i d .  Above about 
r r e v e r s i b l y  permeable t o  the c e l l  f l u i d ,  which may 

s t r i c t e d  by 

i t .  A semiper- 
2OoF t h e  p r o t o -  
then d i f f u s e  

i n t o  the  l o w - c e n t r a t i o n  d i f f u s i o n  j u i c e .  
n o t  s t r i c t l y  osmosis, a l though t h e r e  a r e  s t rong s i m i l a r i t i e s .  The r a t e  o f  d i f f u -  
s i o n  increases w i t h  temperature because p r o t e i n s  i n  the  protoplasm coagulate more 
complete ly ,  making the  protoplasm membrane i n c r e a s i n g l y  permeable. For a g i v e n  
o v e r a l l  r a t e  o f  sugar recovery,  heightened temperatures tend t o  decrease the  
r e q u i r e d  res idence t ime f o r  t h e  cosset tes ;  o r  t o  a l l o w  t h e  beets  to  be s l i c e d  less  
f i n e l y ,  thereby reducing the  number o f  broken c e l l  w a l l s  and reducing t h e  e x t r a c -  
t i o n  o f  i m p u r i t i e s ;  o r  t o  a l l o w  the  use o f  l e s s  d i f f u s e r  supply  water ,  r e s u l t i n g  
i n  a more concentrated raw j u i c e .  

The i r r e v e r s i b l e  t r a n s f e r  process i s  

However, increased temperatures a l s o  lead u l t i m a t e l y  t o  breakdown o f  the  
beet  c e l l  w a l l s  such t h a t  severa l  ser ious  disadvantages may outweigh the  advantages 
o f  increased sugar e x t r a c t i o n  ra tes .  F i r s t ,  t h e  p u l p  r e t a i n s  increased amounts o f  
water and becomes mushy w i t h  h i g h e r  temperatures, making mechanical dewater ing of  
the  p u l p  d i f f i c u l t  and causing p u l p  screens t o  become clogged. Secondly, d i f f u s i o n  
may a c t u a l l y  be impaired by the  s t r o n g l y  a l t e r e d  s t a t e  o f  t h e  c e l l  w a l l s ,  and sugar 
recovery s u f f e r s  as a d i r e c t  r e s u l t .  T h i r d ,  increased amounts o f  c o l l o i d a l  sub- 
s tance become suspended i n  t h e  d i f f u s i o n  j u i c e  and p l a c e  an increased du ty  on t h e  
p u r i f i c a t i o n  s e c t i o n .  S i m i l a r l y ,  lengthened r e t e n t i o n  t imes i n  the  d i f f u s e r  w i l l  
a l s o  produce t h e  above e f f e c t s ,  as w e l l  as lend ing  a h igher  r i s k  o f  b a c t e r i a l  i n -  
f e c t i o n  o f  t h e  sugar s o l u t i o n .  

c 
The r a t i o  o f  t h e  weight  o f  raw j u i c e  t o  the  we igh t  o f  beets,  expressed as a 

percent,  i s  c a l l e d  the d r a f t .  The d r a f t  commonly ranges f rom 100 t o  150. The 
h igher  the  d r a f t ,  t h e  lower w i l l  be the  sugar losses t o  the  pu lp .  But then t h e  
h e a t i n g  loads f o r  t h e  p u r i f i c a t i o n  and evapora t ion  sec t ions  w i l l  be commensurately 
increased by t h e  e x t r a  water conten t .  
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The beet p u l p  l eav ing  the  d i f f u s e r  i s  f i r s t  screened and then pressed t o  re -  
move the  entrapped j u i c e .  The p u l p  press water ,  as i t  i s  c a l l e d ,  w i l l  g e n e r a l l y  
c o n t a i n  l e s s  than 2 percent sucrose, and i t  i s  recyc led t o  the  d i f f u s e r  a t  a 
p o i n t  where the d i f f u s i o n  j u i c e  has about the same amount o f  d i sso l ved  s o l i d s .  The 
d e s i r a b i  1 i t y  of r e c y c l i n g  t h i s  j u i c e  i s  p r i m a r i l y  due t o  reduced wastewater b i o -  
chemical oxygen demand loads and improved pu lp  recovery t h a t  r e s u l t .  Sugar r e -  
covery i s  o n l y  s l i g h t l y  enhanced by the  r e c y c l i n g  o f  p u l p  j u i c e ,  b u t  t he  r e i n t r o -  
d u c t i o n  o f  the i m p u r i t i e s  conta ined i n  the p u l p  press water a l s o  has o n l y  a smal l  
e f f e c t  on the n e t  raw j u i c e  p u r i t y ,  The pu lp  con ta ins  a f r a c t i o n a l  weight  percent-  
age o f  sucrose and a l s o  has a va luab le  n u t r i e n t  con ten t ,  The pu lp  i s  normal ly  
d r i e d  and p e l l e t i z e d  f o r  use as l i v e s t o c k  feed. Molasses, a l i q u i d  byproduct o f  
the sugar r e f i n i n g  process, i s  u s u a l l y  added t o  the  p u l p  p e l l e t s  as a b inder ,  as 
w e l l  as f o r  recovery o f  i t s  own n u t r i e n t  and sugar con ten t .  Molasses w i l l  be d i s -  
cussed f u r t h e r  i n  a l a t e r  sec t i on .  

Thus, i t  i s  shown t h a t  t h e  s e l e c t i o n  o f  ope ra t i ng  temperatures, cosse t te  and 
j u i c e  residence t imes, and d i f f u s i o n  j u i c e  f l o w  r a t e s  depends on a balance o f  com- 
p l e x  and somewhat c o n f l i c t i n g  f a c t o r s .  

E.  J u i c e  P u r i f i c a t i o n  

The raw j u i c e  i m p u r i t i e s  must be removed t o  f a c i l i t a t e  h i g h  l e v e l s  o f  un i fo rm 
c r y s t a l l i z a t i o n  o f  the sucrose, and secondly t o  meet s t r i n g e n t  p u r i t y  standards. 
I m p u r i t i e s  i n t e r f e r e  w i t h  c r y s t a l  growth, and thus can s i g n i f i c a n t l y  reduce t h e  
f i n a l  recovery o f  sucrose. Consumers, p a r t i c u l a r l y  i n d u s t r i a l  buyers, r e q u i r e  sugar 
o f  very  h i g h  p u r i t y  and e s p e c i a l l y  low c o l o r i n g  con ten t .  A d d i t i o n a l l y ,  t he  presence 
of i m p u r i t i e s  has expensive, de t r imen ta l  e f f e c t s  on t h e  e f f i c i e n c y  o f  o p e r a t i o n  and 
the  maintenance requirements o f  t he  evaporators,  heat  exchangers, and c r y s t a l l i z i n g  
equipment s ince  heat t r a n s f e r  equipment i s  c o n s t a n t l y  s u b j e c t  t o  o x y l a t e  and c a r -  
bonate sca le  bu i l dup .  Even under nomina l l y  c o r r e c t  o p e r a t i n g  c o n d i t i o n s ,  heat  
t r a n s f e r  sur faces i n  some p l a n t s  a r e  sub jec t  t o  weekly c lean ing  requirements i n  
o rde r  t o  ma in ta in  p l a n t  throughput.  Thus, a balance must be made between c a p i t a l  
and opera t i ng  cos ts  f o r  p u r i f i c a t i o n  and increased income v i a  h igher  sugar recovery.  

1. Nature o f  the Impurities 

As descr ibed i n  the  e a r l i e r  s e c t i o n  on beet composi t ions,  t he  i m p u r i t i e s  
comprise o rgan ic  and ino rgan ic  substances from t h e  j u i c e  phase and the  marc o f  the 
beet.  Organic p e c t i n s  from the marc a r e  taken i n t o  the  process sugar s o l u t i o n  i n  
c o l l o i d a l  form as a r e s u l t  of broken o r  damaged c e l l  w a l l s .  Some damage i s  inev- 
i t a b l e  i n  the hand l i ng  and s l i c i n g  steps. High temperatures and long d i f f u s e r  
residence times f o r  t he  cosse t tes  a l s o  w i l l  r e s u l t  i n  h ighe r  concen t ra t i ons  of  t he  
p e c t i n s  i n  the raw j u i c e  l eav ing  the  d i f f u s e r .  

The i m p u r i t i e s  present  i n  t h e  beet j u i c e  phase w i l l  f i n d  t h e i r  way i n t o  
the process sugar s o l u t i o n ,  a long w i t h  the sucrose, as a r e s u l t  o f  t h e  breakdown 
o f  c e l l  membranes i n  the  heat o f  t h e  d i f f u s i o n  j u i c e .  The e x t e n t  t o  which d i f f e r -  
e n t  species, i n c l u d i n g  sucrose, permeate t h e  c e l l  membrane i s  dependent on t h e i r  
molecular s ize,chemical  na tu re ,  and t h e  degree o f  coagu la t i on  o f  t he  p r o t e i n s  i n  
the membrane. 
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2. Removal o f  t he  lmpur i t es  

P u r i f i c a t i o n  i nvo l ves  a sequence o f  several  steps as shown i n  P l a t e  2 
of  F igu re  8. The sequence i s  impor tant  because o f  the r e v e r s i b i l i t y  o f  c e r t a i n  
p r e c i p i t a t i o n  reac t i ons  t h a t  occur ;  f o r  instance, i t  i s  p o s s i b l e  t o  p r e c i p i t a t e  
o r  coagulate c e r t a i n  undesi rab le so lu tes  and c o l l o i d a l  substances o n l y  t o  have them 
r e d i s s o l v e  o r  repep t i ze  i n  a subsequent t reatment s tep.  Th is  process s e c t i o n  may 
be d i v i d e d  i n t o  t h r e e  subsect ions:  f i r s t  carbonat ion,  second carbonat ion,  and 
s u l f i t a t i o n .  F i r s t  carbonat ion inc ludes c l a r i f i c a t i o n ,  and second carbonat ion 
u t i l i z e s  f i l t r a t i o n .  
s p e c i f i c  bases, r e f l e c t i n g  t h e  v a r y i n g  characters  o f  beets received as w e l l  as the  
age o f  t he  p l a n t .  Design parameters have been determined e m p i r i c a l l y  over the  
pe r iod  o f  s l i g h t l y  less than two c e n t u r i e s  s ince  beet sugar recovery was indus- 
t r i a l i z e d .  
t h a t  may then be removed by s e t t l i n g  and f i l t r a t i o n .  

The p u r i f i c a t i o n  process v a r i e s  i n  minute d e t a i l s  on s i t e -  

The process mechanism depends on the  use o f  l ime  t o  p r e c i p i t a t e  s o l i d s  

a. F i r s t  Carbonation 

F i r s t ,  j u i c e  from t h e  d i f f u s e r  i s  heated t o  approx imate ly  185OF and pump- 
ed t o  the  f i r s t  carbonat ion s t a t i o n .  Lime i s  added t o  the j u i c e  i n  the form of an 
aqueous so lut ion/suspension.  The m o s t  common p r a c t i c e  i nvo l ves  a gradual  a d d i t i o n  
o f  l ime  and two phases o f  r e a c t i o n .  
a l ime  s o l u t i o n  such t h a t  t he re  i s  l ess  than 0.5 weight  percent  CaO present ,  
based on the  mass o f  t he  j u i c e  stream. T h i s  i s  c a l l e d  p r e l i m i n g  o r  p rede feca t ion ,  
and commonly i s  performed i n  a separate u n i t  c a l l e d  the  pr imary f i r s t  carbonat ion 
tank. I n i t i a l l y  the n a t u r a l  a c i d i t y  o f  t he  j u i c e  i s  p a r t i a l l y  n e u t r a l i z e d ,  and 
va r ious  i o n i c  and c o l l o i d a l  i m p u r i t i e s  form l o w - s o l u b i l i t y  complexes o r  s a l t s  w i t h  
calc ium. These p r e c i p i t a t i o n  r e a c t i o n s  occur r e l a t i v e l y  q u i c k l y .  I n  t h e  case of 
o rgan ic  species such as p r o t e i n s ,  which tend t o  form c o l l o i d s ,  i t  i s  impor tant  
t h a t  i n i t i a l l y  o n l y  a smal l  amount o f  l ime i s  added. The s l i g h t  pH change t h a t  
occurs has been found t o  best  f a c i l i t a t e  a m o d i f i c a t i o n  o f  some of t he  o rgan ic  
c o l l o i d s  present  such t h a t  they w i l l  form q u i t e  i n s o l u b l e  ca l c ium compounds. This  
phase o f  p u r i f i c a t i o n  i s  extremely s e n s i t i v e  t o  bo th  t h e  r a t e  and n e t  amount of l i m e  
added. With r a p i d  a d d i t i o n ,  r a t h e r  than i o n i z i n g  some o f  the l i m e  a l s o  tends t o  
form c o l l o i d a l  molecules, e s p e c i a l l y  i n  the presence o f  sucrose. Wi th changes i n  
j u i c e  pH a t  l a t e r  stages i n  the t o t a l  r e f i n i n g  process, these c o l l o i d s  may be 
"broken," r e s u l t i n g  i n  ca lc ium supersa tu ra t i on  and probable sca le  occurrence. Fur- 
thermore, the unpred ic tab le  format ion o f  l ime c o l l o i d s  makes p r e c i s e  pH c o n t r o l  
d i f f i c u l t ,  which a l s o  imp l i es  d i f f i c u l t y  i n  c o n t r o l l i n g  the  s to i ch iomet ry  o f  l ime  
a d d i t i o n .  Gradual o r  m i l d  " l im ing"  suppresses the l ime  c o l l o i d  format ion,  and the 
p r e c i p i t a t e s  formed v i a  m i l d  l i m i n g  a r e  found t o  have super io r  phys i ca l  cha rac te r -  
i s t i c s  f o r  s e t t l i n g  and f i l t r a t i o n  as long as j u i c e  temperatures a r e  maintained 
above 160OF. Resul tant  savings i n  water and l i m e  consumption, and requ i red  f i l t e r  
area a r e  s u b s t a n t i a l .  However, a t  and above about 195OF, problems occur s i m i l a r  t o  
those caused by r a p i d  o r  heavy l ime  a d d i t i o n ,  r e s t r i c t i n g  a l l o w a b l e  upper j u i c e  
temperatures. 

I n  the  f i r s t  phase,raw j u i c e  i s  blended w i t h  
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Fo l low ing  p r e l i m i n g  the raw j u i c e  i s  t r a n s f e r r e d  t o  the  secondary f i r s t  
carbonat ion tank. The second phase o f  reac t i ons  invo lved i n  the l i m i n g  o f  the raw 
j u i c e  i s  a l lowed t o  cont inue here. The reac t i ons  a r e  n o t  a l l  w e l l  understood. Lime 
and o t h e r  o f  the nonsugars may r e a c t  s low ly  t o  form s o l u b l e  complexes; these par-  
t i c u l a r  reac t i ons  a r e  favored by h igh  l ime  concen t ra t i on  and h i g h  temperatures. 
Other reac t i ons  a r e  known t o  i nc lude  h y d r o l y s i s  o f  o rgan ic  compounds such as amides 
i n t o  corresponding s o l u b l e  s a l t s  t h a t  a r e  d i f f i c u l t  t o  remove; t h e  f u r t h e r  r e a c t i o n  
o f  sucrose degradat ion products t o  co lo red  and a c i d  substances i n  forms t h a t  can 
be adsorbed o r  p r e c i p i t a t e d ;  and the  re lease o f  o x a l i c  a c i d ,  which i s  a p o t e n t i a l  
s c a l i n g  agent. I t  i s  thought t h a t  some o f  t he  p e c t i n  and p r o t e i n  p r e c i p i t a t e s  
formed i n  p r e l  iming r e a c t  and r e p e p t i z e  as c o l l o i d s .  F i n a l l y ,  i nc reas ing  a l k a l  i n -  
i t y  favors format ion o f  complex sugar compounds, such as sucrocarbonates, t h a t  
form long-chain g e l s  i n  combinat ion w i t h  ca lc ium and may cause sugar losses. Ob- 
v i o u s l y  these reac t i ons  a r e  no t  a l l  d e s i r a b l e .  M i l d  l i m i n g  g e n e r a l l y  prevents ex- 
cess i ve  r e a c t i o n  o f  t h e  i m p u r i t i e s  t o  t h e i r  i n t r a c t a b l e  forms and a l s o  i n h i b i t s  
the p r e c i p i t a t i o n  o f  sucrose- impur i ty  compounds. 

Carbon d i o x i d e  gas i s  bubbled i n t o  the secondary tank. The main objec-  
t i v e s  a r e  the  removal o f  excess l ime  and pH c o n t r o l .  Much o f  the o rgan ic ,  non- 
sugar i m p u r i t i e s  e x i s t i n g  as large,  complex molecules i n  c o l l o i d a l  form a r e  ad- 
sorbed on to  the CaC03 p r e c i p i t a t e .  
removal o f  c o l o r i n g  agents, which p r i n c i p a l l y  c o n s i s t  o f  sucrose degradat ion pro- 
ducts .  I n  genera l ,  c o l o r a t i o n  o f  the sugar product  i s  minimized beyond t h i s  p o i n t  
i n  the r e f i n i n g  process by c a r - e f u l l y  avo id ing  bo th  a c i d i c  c o n d i t i o n s  and excessive 
temperatures h e r e a f t e r .  

O f  s p e c i a l  b e n e f i t  here i s  t he  adso rp t i ve  

As a f i n a l  aspect o f  t he  f i r s t  carbonat ion process, the secondary tank 
contents  a r e  recyc led  t o  the f i r s t  tank i n  a r a t i o  averaging about 7 : l  based on 
the r a t e  o f  j u i c e  wi thdrawal from f i r s t  carbonat ion.  Th is  r e c y c l i n g  a l l ows  a 
compromise o f  moderate temperature and a l k a l i n i t y  versus ample r e t e n t i o n  t ime. 
By r e t u r n i n g  the j u i c e  f o r  f u r t h e r  l ime  a d d i t i o n ,  t h e  slower reac t i ons  a r e  g iven 
t ime t o  proceed i n  m i l d l y  a l k a l i n e  c o n d i t i o n s  conducive t o  e f f e c t i v e  p u r i f i c a t i o n  
and t o l e r a b l e  p r e c i p i t a t i o n  sugar losses, w h i l e  r a i s i n g  the  1 ime content  t o  proper 
s t o i c h i o m e t r i c  values. 

The raw j u i c e  l eav ing  f i r s t  carbonat ion goes t o  a c l a r i f i e r ,  and the  re -  
s u l t i n g  c l e a r  l i q u i d  i s  sent on t o  second carbonat ion.  The sludge i s  vacuum f i l -  
te red  and washed t o  remove adsorbed sugar. The f i n a l  s ludge i s  discarded, usual l y  
as l a n d f i l l .  The wash, which i s  c a l l e d  sweetwater, con ta ins  enough sucrose t o  
j u s t i f y  r e c y c l i n g  and i t  i s  blended w i t h  m i l k  o f  l ime  e n t e r i n g  t h e  pr imary f i r s t  
ca rbona t i on tank. 

b. Second Carbonation 

I d e a l l y ,  the raw j u i c e  from f i r s t  carbonat ion i s  a ve ry  h i g h  q u a l i t y  
product.  The purpose o f  second carbonat ion i s  s imply  t o  remove t h e  remaining ex- 
cess l ime. There a re  two f a c t o r s  c r i t i c a l  t o  the  e f f i c i e n c y  o f  t h i s  f i n a l  de- 
l im ing ,  both r e l a t e d  t o  p r i o r  f o rma t ion  o f  a c i d  substances. F i r s t ,  t he  a v a i l a b i l -  
i t y  o f  the carbonate i o n  t o  p r e c i p i t a t e  w i t h  ca lc ium i s  dependent on both pH and 
a l k a l i n i t y .  A l k a l i n i t y  may be adjusted,  as requ i red ,  by a d d i t i o n  o f  small  amounts 
of soda ash. The pH w i l l  seek i t s  own l e v e l  w i t h  adso rp t i on  o f  C02 gas. Second, 
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as descr ibed e a r l i e r ,  ca lc ium i s  sub jec t  t o  be ing bound w i t h  o t h e r  species i n  s o l -  
u b l e  complexes and rendered u n a v a i l a b l e  f o r  p r e c i p i t a t i o n  d u r i n g  p u r i f i c a t i o n ,  there-  
by remaining as a p o t e n t i a l  s c a l i n g  agent l a t e r  i n  the process. The ca lc ium 
carbonate p r e c i p i t a t e  formed i n  t h e  second carbonat ion s t e p  i s  r e a d i l y  f i l t e r e d  
and does n o t  r e q u i r e  s e t t l i n g .  

c .  S u l f i t a t i o n  

F i n a l l y ,  t he  raw j u i c e  w i l l  have s u l f u r  d i o x i d e  bubbled through i t  i n  the  
s u l f i t a t i o n  tower, which serves t o  a d j u s t  the a l k a l i n i t y  and pH downward. This  
a c i d i f i c a t i o n  by SO2 promotes the  reduc t i on  o f  c e r t a i n  c o l o r i n g  substances t o  non- 
c o l o r i n g  forms. The presence o f  t races  o f  SO= has been shown t o  i n h i b i t  t he  ten- 
dency o f  sugar s o l u t i o n s  t o  develop c o l o r  du r ing  subsequent evaporat ion and 
c r y s t a l l i z a t i o n .  The exact mechanism o f  t h i s  behavior i s  n o t  f u l l y  known. The 
a d d i t i o n  o f  SO2 must be res t ra ined ,  however, because too  much a c i d i t y .  f avo rs  
f u r t h e r  degradat ion o f  sucrose t o  i t s  components, g lucose and f ruc tose ,  e s p e c i a l l y  i n  
the h i g h  temperature evaporators .  

3 

1 F .  Sugar C r y s t a l l i z a t i o n  

Once the evapora tors  have concentrated the  p u r i f i e d  sugar s o l u t i o n  t o  the  
approp r ia te ,  empir ica- l ly-prede termined  B r i x ,  t h e  s o l u t i o n ,  which i s  now r e f e r r e d  
t o  as  t h i c k  j u i c e ,  i s  blended w i t h  a stream o f  recyc led,  remelted sugar f rom 
second, and/or l a t e r - s t a g e  c r y s t a l l i z i n g  u n i t s .  Th i s  blend, c a l l e d  standard l i q u o r ,  
i s  now severa l  percentage p o i n t s  more concentrated and more pure than the t h i c k  
j u i c e .  A f t e r  a f i n a l  f i l t r a t i o n  the standard l i q u o r  passes through two t o  f o u r  
se r ies -ba tch  c r y s t a l l i z a t i o n  stages. (A ve ry  few cont inuous c r y s t a l l i z e r s  a r e  i n  
use, some being used on a developmental bas i s . )  Th i s  c r y s t a l l i z a t i o n  process i s  
c a r r i e d  o u t  i n  vacuum evaporators  c a l l e d  "whi te  pans" and "raw pans". Th i s  study 
u t i l i z e d  t h e  simple,  b u t  complete three-stage pan system dep ic ted  i n  P l a t e  4 o f  
F igu re  8. 

The f i r s t  vacuum u n i t  i s  c a l l e d  t h e  w h i t e  pan, and i t  produces the w h i t e  sugar 
a t  100% p u r i t y  which w i l l  be marketed. The second u n i t  i s  c a l l e d  the h i g h  raw 
pan, and i t  produces "h igh raw" sugar, a t  99% p u r i t y ,  which i s  t o t a l l y  recyc led.  
The t h i r d  u n i t  i s  c a l l e d  the  low raw pan, and i t  produces ' ' low raw" sugar, a t  
98% p u r i t y ,  which i s  a l s o  t o t a l l y  recyc led.  
t i o n  i s  in t roduced t o  p a r t i a l l y  f i l l  the  u n i t .  A vacuum i s  drawn on the  pan, 
steam i s  admi t ted t o  the c o i l s ,  and b o i l i n g  proceeds. I n  most p l a n t s  the  pans a r e  
operated so t h a t  t he  sugar concen t ra t i on  i s  r a i s e d  i n t o  t h e  range o f  supersatura- 
t i o n  c a l l e d  a l a b i l e  c o n d i t i o n ;  t h i s  l i qu id -phase  s o l u t i o n  i s  uns tab le  b u t  n o t  
se l f -seeding.  A smal1,measured s l u r r y  o f  ve ry  f i ne -g ra ined ,  c r y s t a l l i n e  sugar i n  
a l coho l  i s  then added. As the b o i l i n g  cont inues, more l i q u o r  i s  added and the 
i n j e c t e d  c r y s t a l s  c o n t i n u a l l y  grow i n  s i z e  b u t  a r e  u s u a l l y  n o t  a l lowed t o  m u l t i p l y .  
Th is  a f f o r d s  good c o n t r o l  over c r y s t a l  s i z e  and s i z e  d i s t r i b u t i o n .  

I n  each pan enough t h i c k  sugar so lu -  

The a p p r o p r i a t e  end-point  f o r  c r y s t a l  growth i s  a ma t te r  o f  t he  pan o p e r a t o r ' s  
judgment, based on a v i s u a l  i nspec t i on  o f  t he  c r y s t a l s ;  i t  i s  g e n e r a l l y  a t  a con- 
c e n t r a t i o n  o f  90 t o  95 B r i x .  Frequent ly ,  and e s p e c i a l l y  w i t h  the low raw pan, the re  
i s  a u n i t  c a l l e d  a m i x e r - c r y s t a l l i z e r  where t h e  seeded l i q u o r  i s  t r a n s f e r r e d  f o r  
f i n a l  c r y s t a l  development. Such u n i t s  have s t i r r e r s  t h a t  a r e  u s u a l l y  heated, and * 

n 
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t he  e n t i r e  u n i t  may be steam-jacketed o r  s imply  i nsu la ted .  
c r y s t a l  1 i z e r s  a r e  used because o f  t he  slowness of  c r y s t a l  growth, p a r t i c u l a r l y  
f o r  the reduced p u r i t y  o f  raw sugars, 

Separate mixer-  

When c r y s t a l  growth i s  completed, the sugar and l i q u o r  a r e  separated by 
c e n t r i f u g a t i o n .  Surface i m p u r i t i e s  and r e s i d u a l  l i q u o r  a r e  e f f e c t i v e l y  washed from 
the  c r y s t a l s  us ing  a l i g h t  a p p l i c a t i o n  o f  h igh-pressure,  superheated water f o l l o w -  
ing  the  removal o f  t he  b u l k  o f  t h e  l i q u o r ;  o n l y  a m i n i s c u l e  amount o f  sugar r e -  
d i sso l ves .  The w h i t e  sugar i s  d r i e d ,  s i f t e d ,  and packaged. Outsized w h i t e  
c r y s t a l s  and w h i t e  sugar dust  a r e  re tu rned  f o r  reme l t i ng  and r e c r y s t a l l i z a t i o n .  
Raw sugars a r e  remelted w i t h  i n c l u s i o n  o f  a p o r t i o n  o f  the c e n t r i f u g e  wash water 
and some t h i n  j u i c e  t o  c o n t r o l  t h e  r e s u l t i n g  s o l u t i o n  B r i x ,  A l l  o f  these remelted 
sugars a r e  then combined w i t h  t h i c k  j u i c e ,  as descr ibed e a r l i e r ,  t o  form standard 
1 i quo r .  

The l i q u o r s  f rom the w h i t e  c e n t r i f u g a l  and h igh  raw c e n t r i f u g a l  a r e  t h e  feeds 
t o  the  h igh  and low raw pans, r e s p e c t i v e l y .  Th in  j u i c e  i s  added t o  the  w h i t e  
sugar l i q u o r  t o  form "h igh green" l i q u o r .  Some h i g h .  raw . c e n t r i f u g a l  wash water i s  
added t o  the l i q u o r  from the  h i g h  raw sugar, forming "machine syrupl l  o r  "low green' '  
l i q u o r ,  f o r  use as the  feed t o  the  low raw pan. The f i n a l  l i q u o r  f rom the  low raw 
c e n t r i f u g a l ,  w i t h  c e n t r i f u g e  wash water added, i s  c a l l e d  molasses. I t  i s  the 
l o w e s t - p u r i t y  sugar s o l u t i o n  a t ,  u s u a l l y ,  50 t o  70%. Molasses may be s imply  added 
t o  d r i e d  pu lp  as a b inder  and n u t r i e n t  source. O r  i t  may be f u r t h e r  t r e a t e d  v i a  
the  S t e f f e n  process f o r  s l i g h t  a d d i t i o n a l  sugar recovery,  f o l l owed  by f i n a l  t r e a t -  
ment and consumption i n  the  manufacture o f  monosodium-glutamate. Th is  l a s t  p a i r  
o f  t reatments i s  n o t  inc luded i n  the  present  design. 
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V I I .  GEOTHERMAL ENERGY FOR THE BARLEY MALTING INDUSTRY 

A. Background 

About 100 m i l l i o n  bushels o f  b a r l e y  a r e  converted t o  m a l t  eachyear ,  o r  a lmost 
25% o f  t h e  t o t a l  Un i ted  States b a r l e y  crop, The m a l t  product  i-s used almost ex- 
c l u s i v e l y  f o r  t h e  brewing o f  beer, a l though many o t h e r  markets ex4.s.t f o r  a small 
p a r t  o f  t h e  ou tpu t ,  i n c l u d i n g  d i s t i l l e d  a l c o h o l s ,  c a t t l e  feed, and' var ious  food 
products .  
e r s  operate c a p t i v e  m a l t i n g  p l a n t s  t o  p rov ide  a t  l e a s t  a p o r t i o n  o f  t h e i r  needs. 
The Adolph Coors Co. i s  a pr ime example o f  t h e  l a t t e r  type  o f  opera tor .  

Most ma l t  processors a r e  s imply  s u p p l i e r s  t o  end users,  bu t  some brew- 

Bar ley  i s  a s i g n i f i c a n t  c rop  i n  t h e  San L u i s  Va l ley ,  w i t h  annual p roduc t ion  
ranging f rom 5 t o  7 m i l l i o n  bushels i n  recent  years.  A t o t a l  o f  about 85,000 t o  
110,000 acres,  o u t  o f  rough y 350,000 i r r i g a t e d  acres i n  t h e  V a l l e y ,  a r e  p lan ted  
i n  bar ley .  Some o f  t h i s  ac eage i s  dedicated t o  s p e c i f i c  brewers, i n c l u d i n g  Coors, 
S c h l i t z ,  and Anheuser Busch w h i l e  t h e  r e s t  i s  devoted t o  s p e c u l a t i v e  crops t h a t  
e n t e r  o n t o  t h e  open market, i n c l u d i n g  some f o r  expor t  t o  f o r e i g n  brewers. 

Themal t ingprocess  c o n s i s t s  o f  germinat ing,  o r  sprou t ing ,  t h e  b a r l e y  under 
c a r e f u l l y  regu la ted  c o n d i t i o n s  t o  f o r m  "green mal t , "  and then a r r e s t i n g  t h e  germin- 
a t i o n  a t  a c r i t i c a l  s tage i n  i t s  development. Germinat ion i s  stopped by g e n t l y  
h e a t i n g  and d r y i n g  t h e  water -sa tura ted ,  sprouted b a r l e y  kerne ls .  A t  t h i s  p o i n t ,  
aboud 15 t o  18 percent  o f  t h e  s t a r c h  t h a t  i s  i n i t i a l l y  conta ined i n  t h e  b a r l e y  
g r a i n s  has been converted t o  s imp ler  sugars. T h i s  sugar i s  l a t e r  converted t o  
a lcoho l  i n  t h e  brewing process. The most impor tant  o b j e c t i v e  o f  m a l t i n g  t h e  b a r l e y ,  
however, i s  t h e  l i b e r a t i o n  o f  i t s  enzymes ( 1 6 ) .  T h i s  complex m i x t u r e  o f  enzymes, 
i n c l u d i n g  severa loc-  and 6-amylases, has t h e  c a p a b i l i t y  t o  cause complex carbohy- 
d ra tes  such as s t a r c h  t o  form t h e  s imple sugars which a r e  l a t e r  converted t o  a l -  
cohol .  T h i s  enzymatic a c t i v i t y ,  o r  d i a s t a t i c  power, o f  malted b a r l e y  i s  very  h i g h  
compared t o  o t h e r  g r a i n s .  Therefore,  t h e  m a l t  i s  used as t h e  s t a r t e r ,  o r  c a t a l y s t ,  
t o  promote sugar fo rmat ion  f r o m  less  expensive cerea ls .  

I n  t h e  brewing process i t s e l f ,  t h e  mal t  i s  crushed and mixed w i t h  o t h e r  g r a i n s  
t h a t  a r e  lower i n  d i a s t a t i c  power, b u t  t h a t  have o t h e r  advantages w i t h  respect  t o  
b a r l e y ,  such as a lower cos t  o r  t h e  a b i l i t y  t o  improve the  foam s t a b i l i t y  o f  t h e  
f i n a l  product .  Corn and r i c e  a r e  common hydra te  sources t h a t  a r e  used f o r  mix ing  
w i t h  t h e  mashed m a l t  i n  warm water .  Then, t h e  enzymes t h a t  had been produced 
d u r i n g  germinat ion  o f  t h e  b a r l e y  c a t a l y z e  t h e  r e a c t i o n s  whereby t h e  remaining 
s t a r c h  i n  t h e  b a r l e y  and the  much l a r g e r  amount o f  s t a r c h  i n  t h e  o t h e r  cerea ls  
a r e  converted t o  sugar. 

Wi th  respect  t o  t h e  b a r l e y  m a l t i n g  f a c t o r y ,  i t s e l f ,  k i l n i n g  i s  t h e  major energy 
consuming opera t ion .  Dry ing  o f  t h e  m a l t  i s  achieved by h e a t i n g  ambient a i F  t o  tem- 
pera tures  ranging between 130 and 2OO0F, depending on t h e  stage o f  t h e  d r y i n g  c y c l e  
t h a t  has been a t t a i n e d .  Natura l  gas i s  the  most common k i l n  f u e l ,  bo th  because o f  

i s  heated by d i r e c t  con tac t  w i t h  t h e  burn ing  gas i n  a s imple burner ,  and i s  passed 
d i r e c t l y  over t h e  green mal t .  Coal and o i l  f u e l s  a r e  a l s o  used, b u t  i n  these cases 
the k i l n  a i r  must be heated i n d i r e c t l y  i n  a heat exchanger, because t h e  combustion z 

gases from these heav ie r  f u e l s  c o n t a i n  components t h a t  would be d e l e t e r i o u s  t o  
t h e  m a l t  i f  d i r e c t - c o n t a c t  heat ing  were employed. 

i t s  h i s t o r i c a l l y  low p r i c e  and because o f  the  convenience o f  i t s  u t i l i z a t i o n .  A i r  k 
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Mostsbar ley m a l t i n g  p l a n t s  a r e  q u i t e  o l d ,  w i t h  30 t o  50 years o r  more being 
common ages, a l t h w g h  i n  many cases more recent  m a l t i n g  t r a i n s  have been added 
i n  e x i s t i n g  f a c t o r i e s  t o  operate i n  p a r a l l e l  w i t h  the  o l d e r  process u n i t s .  
These o l d  f a c t o r i e s  n a t u r a l l y  tend t o  n a t u r a l  gas as f u e l  f o r  t he  reasons prev ious-  
l y  r e l a t e d .  R e t r o f i t  t o  coa l ,  f o r  example, would o f t e n  be very d i f f i c u l t  and ex- 
pensive because o f  the l a rge  amount o f  space requ i red  f o r  t he  more complex coa l -  
f i r e d  f a c i l i t y .  Some modern p l a n t s  have been b u i l t ,  however, us ing o t h e r  f u e l s .  
I n  p a r t i c u l a r ,  e l e c t r i c  hea t ing  has been i n s t a l l e d  i n  one f a c t o r y  and an o i l - f i r e d  
furnace i n  another.  

The hea t ing  loads i n  a m a l t  f a c t o r y  vary considerably .  The most important 
f a c t o r s  i n  determin ing annual f u e l  requirements a r e  the  average temperature and 
humid i t y  o f  ambient a i r ,  and whether cooled a i r  l eav ing  the  k i l n  i s  p a r t i a l l y  re -  
cyc led  o r  completely discharged t o  the  atmosphere. Most o l d e r  f a c t o r i e s  do not  
r e c y c l e  exhaust a i r ,  again because the h i s t o r i c a l l y  low f u e l  p r i c e s  d i d  n o t  j u s t i f y  
t h e  requ i red  c a p i t a l  expendi ture t o  enable r e c y c l e  ope ra t i on .  I n  genera l ,  d e s p i t e  
the h ighe r  f u e l  p r i c e s  o f  today, r e t r o f i t t i n g  a p l a n t  t o  pe rm i t  r e c y c l i n g  i s  o f t e n  
t o o  c o s t l y .  Accord ing ly ,  t y p i c a l  t o t a l  energy consumption i n  a g a s - f i r e d  p l a n t  
w i t h o u t  r e c y c l e  i s  about 90,000 Btu per bushel o f  m a l t .  O f  t h i s  amount, up t o  80% 
o f  t h e  heat load i s  requ i red  f o r  t he  k i l n i n g  opera t i on ,  w i t h  t h e  remainder being 
used d u r i n g  germinat ion and f o r  space hea t ing  o f  the f a c t o r y .  

A modern p l a n t  would n e c e s s a r i l y  i nvo l ve  r e c y c l i n g  so as t o  reduce energy con- 
sumption ra tes ,  e s p e c i a l l y  d u r i n g  peak per iods i n  the cyc le ,  These f a c t o r s  a r e  con- 
s idered i n  more d e t a i l  i n  t h e  f o l l o w i n g  sec t i ons  o f  t h i s  chapter .  Sect ion B 
descr ibes the  c l a s s i c  m a l t i n g  process i n  more d e t a i l ,  w h i l e  Sect ion C exp la ins  the 
techniques and costs  o f  app ly ing  a low-temperature geothermal source t o  a m a l t  
p l a n t .  Sect ion D prov ides a b r i e f  d e s c r i p t i o n  o f  an a l t e r n a t e  geothermal ly heated 
f a c t o r y .  

B. The Bar ley M a l t i n g  Process (15, 17) 

The b a r l e y  m a l t i n g  process i s  shown schemat i ca l l y  i n  F igu re  9. Al though spec- 
i f i c  equipment types and o p e r a t i n g  c o n d i t i o n s  may vary from f a c t o r y  t o  f a c t o r y ,  t h i s  
Figure presents the essential aspects of  the process. In this section, the process 
w i l l  f i r s t  be q u a l i t a t i v e l y  descr ibed. Then, t h e  f a c t o r s  governing energy consump- 
t i o n  r a t e s  w i l l  be covered i n  more d e t a i l .  

Before d e s c r i b i n g  t h e  m a l t i n g  process i n  any d e t a i l , ,  t he  o v e r a l l  energy and 
water requirements f o r  a ' ' t y p i c a l  , ' I  n a t u r a l  gas f i r e d  b a r l e y  p l a n t  w i  1 1  be summar- 
ized. Based on a p l a n t  capac i t y  o f  4 m i l l i o n  bushels per year, t he  t o t a l  f u e l  re -  
quirements w i l l  be i n  the  range of 340,000 t o  400,000 m i l l i o n  Btu per year.  O f  
t h i s  amount, about 80% w i l l  be consumed i n  t h e  k i l n ,  w i t h  the  remainder being used 
f o r  t h e  germinat ion c y c l e  and space hea t ing .  T o t a l  d a i l y  usage o f  e l e c t r i c i t y  w i l l  
be about 20,000 k i l o w a t t  hours. The t o t a l  water requirement f o r  a l l  usages i s  
about 1,050 ga l l ons  per minute, most o f  which i s  requ i red  f o r  s teeping a t  l ess  
than 6OoF. 
c lud ing :  type o f  f u e l  used; c l i m a t i c  and water c o n d i t i o n s  a t  a s p e c i f i c  p l a n t  loca- 
t i o n ;  process op t i ons  chosen o f  r e c y c l i n g  k i l n  a i r  o r  no t ;  and k i l n  design. 

These values can change s i g n i f i c a n t l y  depending on many f a c t o r s ,  i n -  
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Bar ley  from s torage i s  conveyed t o  t h e  steep tanks, which a re  g e n e r a l l y  cy- 
l i n d r i c a l  vessels w i t h  con ica l  bottoms. The vessels a r e  cons t ruc ted  o f  m i l d  s t e e l  
and t y p i c a l l y  have a capac i t y  o f  2,000 t o  3,000 bushels.  The b a r l e y  i s  sprayed 

' w i t h  c o l d  water du r ing  f i l l i n g  u n t i l  i t  i s  covered, and i s  a l lowed t o  steep f o r  
per iods  ranging from 12 t o  48 hours. Actual  t imes depend on the  water temperature, 
c o n d i t i o n  o f  t he  ba r ley ,  and the  des i red  p r o p e r t i e s  o f  t he  m a l t  b lend being pre-  
pared. Steeping cont inues u n t i l  t h e  b a r l e y  absorbs an amount o f  water equal t o  
about 44 t o  45% o f  i t s  we igh t  as compared t o  less  than 13% mo is tu re  contained i n  
f i e l d - d r i e d  ba r ley .  Dur ing t h e  soaking pe r iod ,  t h e  beginnings o f  germinat ion  
occur,  and the  b a r l e y  kerne l  begins t o  produce the  enzymes requ i red  l a t e r  t o  com- 
p l e t e  germinat ion  and t o  be used i n  t h e  beer brewing process. 

Steep water should g e n e r a l l y  have a tempera tureo f  l ess  than 6OoF, and p re fe rab ly  
less  than 55OF. I f  n a t u r a l  waters a t  t h i s  temperature l e v e l  a r e  no t  a v a i l a b l e ,  
t he  makeup water i s  cooled i n  a vacuum c h i l l e r .  Th i s  procedure cou ld  r e q u i r e  a 
s i g n i f i c a n t  q u a n t i t y  o f  e l e c t r i c a l  energy, s i n c e  about 1 .4  m i l l i o n  g a l l o n s  o f  water 
a t  5OoF a r e  requ i red  d a i l y  f o r  a m a l t  p l a n t  w i t h  a capac i t y  o f  4 m i l l i o n  bushels 
per year.  Steeping water should be low i n  ammonia, n i t r a t e ,  i r o n ,  and c h l o r i n e  
conten t ,  and should be f r e e  o f  c o l i  b a c t e r i a .  Other than these c o n s t i t u e n t s ,  most 
low s a l i n i t y  waters would be'acceptable,  even i f  t h e  t o t a l  d i sso l ved  s o l i d s  conten t  
somewhat exceeds po tab le  water standards.  

Steeped b a r l e y  i s  t r a n s f e r r e d  t o  the  germinat ion  b i n s  where i t  i s  maintained 
f o r  about 5 days under c a r e f u l l y  c o n t r o l l e d  temperature and humid i ty  c o n d i t i o n s .  
The b i n s  may be la rge ,  concrete,  rec tangu la r  compartments w i t h  a capac i t y  o f  2,000 
t o  4,000 bushels, such t h a t  one germinat ion  b i n  w i l l  charge a s i n g l e  k i l n .  Bar ley 
w i l l  be loaded t o  a depth o f  about t h r e e  f e e t  on a f a l s e ,  p e r f o r a t e d  s tee l - shee t  
f l o o r .  Mo is tu re-sa tura ted  a i r  a t  a c o n t r o l l e d  temperature i s  passed through t h e  
bed t o  ma in ta in  the  requ i red  environment du r ing  germinat ion .  

The r e l a t i v e  humid i t y  o f  c i r c u l a t i n g  a i r  i s  ma in ta ined a t  about 100% t o  
p revent  d r y i n g  o f  t h e  ba r ley .  A f t e r  about 2 days, t he  r e s i d u a l  sur face  mo is tu re  
t h a t  remained on the  g ra ins  l eav ing  the  steep tanks i s  exhausted because of  t h e  
n a t u r a l  r e s p i r a t i o n  processes t h a t  occur du r ing  germinat ion .  From t h i s  p o i n t  on, 
t h e  b a r l e y  i s  sprayed l i g h t l y  w i t h  water  once o r  t w i c e  a day t o  p revent  f u r t h e r  d ry -  
ing.  Water requirements fo r  t h i s  purpose a r e  about 48,000 g a l l o n s  d a i l y  f o r  t he  

ons 4-mi l l ion-bushe l -per -year  f a c t o r y .  Th i s  represents a requirement of  3 t o  5 
o f  water per day per bushel. 

The germinat ing  b a r l e y  i s  ma in ta ined a t  a temperature o f  60 t o  65OF. 
growing process i t s e l f  produces heat,  so t h a t  p a r t i a l  r e c y c l i n g  o f  t h e  a i r  ng 
the  germinat ion  compartment can c o n t r o l  t h e  temperature a t  t he  des i red  l eve  . 
Externa l  heat i s  requ i red  f o r  t he  a i r  o n l y  d u r i n g  very  c o l d  per iods .  I n  a n a t u r a l  
gas f i r e d  process, t h e  makeup a i r  i s  heated d i r e c t l y  as i t  passes through the  gas 
burner.  Only about 5 t o  15% o f  t he  t o t a l  annual heat load o f  t he  f a c t o r y  i s  re -  
qu i red  f o r  the  germinat ion  process. 

Germination i s  a l lowed t o  con t inue  u n t i l  t h e  shoot o f  t h e  growing p l a n t ,  t h e  
acrospyre,  w i t h i n  the  b a r l e y  g r a i n  i s  almost as long as the  husk, b u t  be fo re  i t  
a c t u a l l y  breaks through the  husk. The i n t a c t  husk w i l l  p r o t e c t  t he  p l a n t  d u r i n g  
k i l n i n g  and subsequent hand l ing  and storage. The r o o t l e t  t h a t  a l s o  forms and pro- 
t rudes  from t h e  husk o f  the  young p l a n t  i s  removed by mechanical a g i t a t i o n  f o l l o w -  
i n g  germinat ion  and k i l n i n g  because o f  t he  b i t t e r n e s s  i t  would impart  t o  brewed 
produc ts .  
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The germinated ba r ley ,  o r  green ma l t ,  i s  s t a b i l i z e d  by hea t ing  and d r y i n g  i n  
h o t - a i r  k i l n s  to prevent  f u r t h e r  growth du r ing  s torage.  I t  i s  here t h a t  about 
80% o f  t he  annual process hea t ing  load i s  consumed. The general k i l n  des ign i s  
s i m i l a r  t o  t h a t  o f  the germinat ion compartment. The b a r l e y  i s  f i l l e d  t o  a depth 
o f  2 t o  4 f e e t  on t h e  p e r f o r a t e d  s t e e l  f l o o r  o f  a l a rge ,  rec tangu la r  concrete 
compartment. Hot, d ry  a i r  i s  blown up through the  green ma l t ,  and the cooled, humid 
a i r  l e a v i n g  t h e  g r a i n  bed i s  exhausted t o  the  atmosphere. The k i l n i n g  c y c l e  i s  
completed i n  a day, w i t h  about 18 hours requ i red  f o r  d r y i n g  the  green ma l t ,  one o r  
two hours f o r  c o o l i n g  the  m a l t  product ,  and t h e  remaining t ime f o r  dumping the load 
t o  s torage and then recharg ing t h e  k i l n  w i t h  a new load o f  green ma l t .  

Some k i l n s  a r e  const ructed w i t h  double o r  even t r i p l e  decks; F igu re  10 i s  a 
c ross -sec t i on  o f  a two-deck u n i t .  A two-deck u n i t  w i l l  have a two-day cyc le ,  w i t h  
a load o f  d r i e d  m a l t  being produced each day. To s t a r t  a cyc le ,  t he  d r i e d  m a l t  on 
t h e  lower deck i s  discharged, t h e  p a r t i a l l y  d r i e d  green m a l t  on the  upper deck i s  
dumped t o  the bottom deck, and a f r e s h  load o f  green m a l t  i s  charged t o  the upper 
deck. The d a i l y  hea t ing  c y c l e  then i s  i n i t i a t e d ,  such as the  t y p i c a l  18-hour c y c l e  
shown on Table 3 below. The lower bed i s  completely d r i e d  d u r i n g  t h i s  c y c l e ,  w h i l e  
the upper bed o f  green m a l t  i s  p a r t i a l l y  d r i e d  by the  cooled and p a r t i a l l y  humidi- 
f i e d  a i r  l eav ing  the  lower bed. A t  t h i s  time, t h e  k i l n  i s  cooled by ma in ta in ing  the  
a i r  flow and c l o s i n g  o f f  t he  source of heat.  The beds a r e  dumped and the  c y c l e  i s  
repeated . 

The t w o  impor tant  v a r i a b l e s  i n  k i l n  o p e r a t i o n  a r e  the a i r  mass f l o w  r a t e ,  and 
the  temperature a t  t he  i n l e t  t o  the  m a l t  bed. To main ta in  the f u e l  requirements a t  
t he  lowest p o s s i b l e  l e v e l ,  t he  a i r  f l o w  r a t e  should be minimized. However, two 
f a c t o r s  impose a p r a c t i c a l  lower l i m i t  on a i r  f l o w :  the  r a t e  must be h i g h  enough t o  
p rov ide  un i fo rm and s u f f i c i e n t  con tac t  between a i r  and m a l t  across the  e n t i r e  bed, 
and the  r a t e  must a l s o  be h i g h  enough so t h a t  mo is t  a i r  l eav ing  t h e  bed i s  some- 
what l e s s  than sa tu ra ted  w i t h  water .  As a general  r u l e ,  about 40 t o  60 cub ic  f e e t  
o f  a i r  per minute a r e  requ i red  per  bushel o f  green m a l t  i n  the k i l n .  I f  the d r y i n g  
r a t e  i s  too rap id ,  t he  g r a i n  w i l l  s h r i n k  and c rack  and s u f f e r  general  phys i ca l  dam- 
age. Accord ing ly ,  a c a r e f u l  hea t ing  schedule i s  f o l l owed  depending on the  end use 
o f  t h e  b a r l e y .  A t y p i c a l  schedule shown i n  Table 3 below r e l a t e s  a i r  temperature 
e n t e r i n g  the  k i l n ,  downstream o f  t he  a i r  heater  t o  the l eng th  o f  t ime t h a t  temper- 
a t u r e  i s  t o  be maintained: 

Table 3 

TvDical  K i l n i n a  TemDerature Cvcle 

A i r  Temperature (OF) Hours A i r  Flow Rate 
(cub i c f eet/mi nu t e )  

130 4 120,000 
140 4 120,000 
150 4 120,000 
160 2 96,000 
170 2 96,000 
180 

T o t a l  heat  i ng c y c l  e : 
2 

18 hours 
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Figure 10 
Diagram o f  a "Class ica l"  Two-Floor Kiln 
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The upper k i  1 n i ng temperature 
p e r a t u r e  i s  l i m i t e d  t o  about 
may be k i  l'ned a t  up t o  200 t o  
the  U n i t e d  States.  

depends on the  end use o f  t h e  m a l t .  The f i n a l  tem- 
75 t o  18OoF f o r  p a l e  beers, w h i l e  ma t f o r  dark  beers 
220OF. The lower temperature range i s  more t y p i c a l  i n  

The heat load on the  a i r  heater  depends on t h e  a i r  f l o w  r a t e ,  the  ambient 
a i r  temperature and humid i ty ,  and t h e  k i l n i n g  temperature. I f  no r e c y c l e  i s  used, 
t h e  l a r g e s t  heat  load occurs d u r i n g  t h e  l a s t  two hours o f  the  k i l n  c y c l e .  A t  t h i s  
t ime, which g e n e r a l l y  i s  scheduled to  occur j u s t  a t  dawn, t h e  ambient a i r  temper- 
a t u r e  i s  lowest w h i l e  the k i l n i n g  temperature i s  h ighes t .  However, the  water r e -  
moval r a t e  i s  a l s o  very  low a t  t h i s  p o i n t  i n  t h e  c y c l e ,  so t h a t  the  r a t e  o f  water 
p ickup per  u n i t  volume o f  c i r c u l a t i n g  a i r  i s  v e r y  l o w .  Thus, a t  t h e  end o f  t h e  
cyc le ,  up t o  80% of  the  a i r  leav ing  t h e  k i l n  can be recyc led  through t h e  heater  
w i t h o u t  danger o f s a t u r a t i n g t h e  exhaust a i r .  The r e s u l t a n t  heat  load i s  then about 
40% o f  t h e  load a t  the  same p o i n t  i n  t h e  c y c l e  f o r  a no- recyc le  system. 

A t  t h e  s t a r t  o f  t h e  k i l n  c y c l e ,  on t h e  o t h e r  hand, the  r e q u i r e d  heat  load i s  
near i t s  maximum value, even though ambient a i r  i s  then near i t s  maximum temperature 
( f rom about 10 a.m. t o  2 p.m.) and t h e  k i l n i n g  temperature i s  a t  i t s  minimum p o i n t  
o f  13OoF. T h i s  i s  because the d r y i n g  r a t e  i s  most r a p i d  a t  t h i s  p o i n t  i n  the  c y c l e ,  
w i t h  perhaps 50 t o  60% o f  the mo is tu re  i n  the  m a l t  being removed. Thus, the k i l n  
a i r  i s  e a s i l y  sa tura ted ,  no r e c y c l i n g  i s  p o s s i b l e ,  and t h e  e n t i r e  a i r  f l o w  stream 
must be heated from ambient t o  k i l n i n g  temperature.  

A "typica.1" d r y i n g  curve  for  a double deck k i l n  i s  shown on F i g u r e  1 1 .  I n  
t h i s  example, a 24-hour c y c l e  i s  fo l lowed,  w i t h  one charge o f  m a l t  be ing completed 
every 12 hours. As can be s e e n f r o m t h e  F igure ,  t h e  water removal r a t e  i s  s low a t  
f i r s t  w h i l e  t h e  e n t i r e  system heats up, and then proceeds very  r a p i d l y  as t h e  un- 
bound sur face  water  evaporates.  The evapora t ion  r a t e  then decreases c o n t i n u a l l y  
and markedly, because the  remaining water i s  bound w i t h i n  t h e  pore s t r u c t u r e  o f  
the  m a l t .  
the  g r a i n ,  where i t  i s  p icked up by t h e  moving a i r  stream. As i n d i c a t e d  on F i g u r e  
1 1 ,  t h i s  i s  a s low process. 

T h i s  bound water must f i r s t  evaporate and then d i f f u s e  t o  t h e  sur face  o f  

An e n e r g y - e f f i c i e n t  des ign o f  a k i l n  must cons ider  c a r e f u l l y  the r a t e  o f  evap- 
o r a t i o n  a t  every p o i n t  i n  the  d r y i n g  c y c l e .  Only i n  t h i s  way can a i r  f l o w  and r e -  
c y c l e  r a t e s  be op t im ized so t h a t  h e a t i n g  loads a r e  reduced w i t h o u t  e i t h e r  s a t u r a t -  
ing t h e a i r  o r  inc reas ing  k i l n  c y c l e  t imes. As p r e v i o u s l y  mentioned, most k i l n s  t o -  
day a r e  q u i t e  o l d  and were b u i l t  when energy c o s t s  were so low t h a t  t h e  c a p i t a l  and 
o p e r a t i n g  c o s t s  o f  an a i r  r e c y c l i n g  system cou ld  n o t  be j u s t i f i e d .  
a p p l i c a t i o n  o f  geothermal energy to  k i l n i n g  r e q u i r e s  t h a t  a i r  r e c y c l e  be employed 
so t h a t  h e a t i n g  loads a r e  reduced and t h e  s i z e  and c a p i t a l  c o s t  o f  the  geothermal 
system a r e  n o t  excess ive ly  large.  

The economic 

C .  A Geothermal ly Heated Bar ley M a l t i n g  Process 

1 .  General Considerat ions 

As has been discussed, t h e  r e q u i r e d  heat  load for b a r l e y  m a l t i n g  i s  s i g n i f i c a n t ,  
and i s  spread r a t h e r  u n i f o r m l y  over  t h e  e n t i r e  year .  The t o t a l  annual heat  load f o r  
a 4 -mi l l ion-bushe l  c a p a c i t y  w i l l  range from 340,000 t o  400,000 m i l l i o n  Btu per year,  
depending on whether o r  n o t  r e c y c l e  i s  used. Since t h i s  heat  du ty  a l s o  occurs a t  A 
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r e l a t i v e l y  low temperature, i t  i s  n a t u r a l  t h a t  a low temperature geothermal source 
be considered f o r  t h i s  s e r v i c e ,  T h i s  s e c t i o n  w i l l  analyze the  geothermal ly  heated 
m a l t i n g  process. F i r s t ,  the general  process and economic r e l a t i o n s h i p s  t h a t  
determine t h e  v i a b i l i t y  o f  a geothermal process w i l l  be descr ibed. Then, geother-  
mal process o p t i o n s  w i l l  be presented f o r  a t y p i c a l  p l a n t  and t h e  c o s t  o f  t h e  pre-  
f e r r e d  o p t i o n s  w i t h i n  t h e  c o n t e x t  o f  t h e  San L u i s  V a l l e y  geothermal resource w i l l  
be determined. 

When comparing a geothermal ly  heated p l a n t  t o  o t h e r  heat  sources, care  must 
be taken t o  separate t h e  c o s t s  and c r e d i t s  due t o  t h e  heat ing  medium f rom those 
cos ts  t h a t  a r e  incur red  regard less o f  the  heat  source. I n  t h i s  a n a l y s i s ,  no 
at tempt  has been made t o  r e v i s e  o r  improve the b a s i c  m a l t i n g  process i n  o rder  t o  
make the  geothermal case more e f f i c i e n t .  Rather, o n l y  t h e  heat  t r a n s f e r  p o r t i o n  
o f  the  process i s  considered i n  de termin ing  the  r e l a t i v e  c o s t  o f  geothermal heat.  
The process c y c l e  t h a t  i s  used i s  the  same as t h a t  discussed i n  t h e  prev ious 
s e c t i o n  f o r  o t h e r  f u e l s .  However, as i t  has been po in ted  o u t ,  r e c y c l i n g  o f  k i l n  
a i r ,  which i s  a standard b u t  n o t  u n i v e r s a l  p r a c t i c e ,  i s  economical ly  necessary 
f o r  t h e  geothermal system. 

The comparison o f  geothermal heat  t o  o t h e r  heat  sources must cons ider  b o t h  
operating and capital costs. Capital items for the geothermal case i n c l u d e  pro- 
d u c t i o n  and i n j e c t i o n  w e l l s  and spare w e l l s ,  t r a n s f e r  l i n e s  and pumps, and t h e  a i r  
heat exchanger. When n a t u r a l  gas i s  t h e  f u e l ,  the k i l n  a i r  i s  heated d i r e c t l y  i n  
the  burner  and no a i r  heat  exchanger i s  needed; i n  a d d i t i o n ,  t h e  furnace i s  very  
s imple and p o l l u t i o n  c o n t r o l  requirements a r e  smal l ,  so t h a t  t h i s  i s  the  lowest 
c a p i t a l  c o s t  case. Both c o a l  and o i l  heated systems r e q u i r e  more expensive f u r -  
naces and p o l l u t i o n  c o n t r o l  equipment. I n  a d d i t i o n ,  coal  and o i l  systems r e q u i r e  
a heat  exchanger f o r  i n d i r e c t  h e a t i n g  o f  k i l n  a i r ,  as does the  geothermal case, 
b u t  i t  would be a smal le r  heat exchanger than necessary i n  a geothermal u n i t  be- 
cause of t h e  h i g h e r  temperature o f  t h e  heat ing  medium. 

Wi th respec t  to  o p e r a t i n g  c o s t s  t h a t  e n t e r  i n t o  the  comparison, t h e  c o s t  
o f  f u e l  i s  the o n l y  f a c t o r  when n a t u r a l  gas i s  used. However, t h e  a v a i l a b i l i t y  
o f  n a t u r a l  gas f o r  new, and even some o l d  i n s t a l l a t i o n s  i s  n o t  assured. Geo- 
thermal o p e r a t i n g  cos ts  i n c l u d e  those f o r  pumping and t r e a t i n g  t h e  b r i n e  b e f o r e  
use and r e i n j e c t i o n ,  and for  t h e  maintenance of c a p i t a l  equipment. Coal and o i l  
f i r e d  systems i n c u r  a d d i t i o n a l  o p e r a t i n g  expenses r e l a t i v e  t o  n a t u r a l  gas f o r  
o p e r a t i n g  l a b o r  and equipment maintenance, and f o r  t h e  o p e r a t i o n  o f  p o l l u t i o n  
c o n t r o l  systems. 

The pr imary  f a c t o r s  a f f e c t i n g  the  cos t  of  a geothermal system a r e  the  c o s t  o f  
the  w e l l s  and the  c o s t  o f  t h e  a i r  heater .  A s  i n d i c a t e d  i n  t h e  f o l l o w i n g  d iscuss ion ,  
i t  i s  n o t  p o s s i b l e  t o  make a c l e a r  c u t  choice o f  process des ign parameters s i n c e  
t h e  same v a r i a b l e  w i l l  have opposing e f f e c t s  on t h e  c o s t  o f  d i f f e r e n t  p a r t s  of 
the  system. For example, us ing  a h i g h  temperature b r i n e  reduces the  s i z e  o f  t h e  a i r  
heater  (as discussed l a t e r  w i t h  respect  t o  equat ion  3 ) ,  and reduces t h e  r e q u i r e d  
b r i n e  f l o w  r a t e  (equat ion 4 )  and thus t h e  c o s t  of  b r i n e  t r a n s f e r  l i n e s .  However, 
i t  i s  necessary t o  d r i l l  deeper and more expensive p r o d u c t i o n  w e l l s  t o  achieve 
h i g h  geothermal temperatures, e s p e c i a l l y  i n  the  San L u i s  V a l l e y .  Thus, a p o i n t  
may be reached where h igher  temperatures lead t o  h igher  o v e r a l l  system cos ts .  
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With respect t o  the  a i r  heater ,  i t s  cost  w i l l  depend p r i m a r i l y  upon i t s  su r face  
area, as determined by t h e  equat ion 

Q = UAAT (2) 

where A i s  t he  su r face  area and the  hea t ing  load, Q, i s  f i x e d  by the  process 
requirements. 
i e n t  on the a i r  s i d e  and w i  1 1  be i n  the range o f  I5 t o  25 Btu/hr- f t2-OF. 
the o n l y  s i g n i f i c a n t  c o n t r o l  t h a t  t he  designer can e x e r t  on t h e  exchanger c o s t  
i s  by changing the log-mean temperature d i f f e r e n c e ,  AT, de f i ned  as f o l l o w s :  

The heat t r a n s f e r  c o e f f i c i e n t ,  U, i s  d i c t a t e d  by the f i l m  c o e f f i c -  
Thus, 

F igu re  12 shows two o p t i o n s  f o r  a geothermal ly heated k i l n ;  t he  p r e f e r r e d  op- 

As shown on F igu re  12a, TI and T2 of  equat ion 3 a r e  
t i o n  shown on F igu re  12a i s  discussed i n  t h i s  sec t i on ,  w h i l e  the  a l t e r n a t i v e  
approach shows on F igu re  12b. 
t he  temperatures o f  geothermal b r i n e  e n t e r i n g  and l e a v i n g  the a i r  heater ,  respec- 
t i v e l y ,  and T4 and TS a r e  the corresponding temperatures f o r  a i r .  
T i s  d i c t a t e d  by ambient a i r  c o n d i t i o n s  f o r  t he  no-recyc le case, and the  va lue  
o! T5 i s  d i c t a t e d  by the  m a l t i n g  c y c l e .  Thus, AT i s  increased (and su r face  area, 
A, i s  decreased) when t h e  i n l e t  b r i n e  temperature, TI, i s  h igh.  
a l s o  decreased when the b r i n e  temperature l o s s  i n  the  heater  ( T I - T ~ )  i s  minimized 
so t h a t  T2 remains h igh.  However, reducing t h i s  loss would increase t h e  requ i red  
b r i n e  f l o w  r a t e ,  F, as i n d i c a t e d  by the equat ion below: 

The va lue of  

The area i s  

where c i s  the b r i n e  s p e c i f i c  heat .  Thus, h i g h  b r i n e  tempera tures  reduce heater  
costs  b u t  increase w e l l  costs  as has been discussed. I n  a d d i t i o n ,  h i g h  b r i n e  f l o w  
r a t e s  reduce a i r  heater  costs  b u t  increase b r i n e  t r a n s f e r  cos ts .  I n  o rde r  t o  
est imate the  ac tua l  ope ra t i ng  c o n d i t i o n s  t h a t  tend t o  reduce o v e r a l l  costs  on b a l -  
ance, a parametr ic  se t  o f  des ign c a l c u l a t i o n s  have been made. The r e s u l t s  o f  
t h i s  a n a l y s i s  a r e  presented i n  subsect ion 3 a f t e r  t he  f o l l o w i n g  statement o f  
design bases. 

P 

2. Design Bases 

The k i l n i n g  temperature c y c l e  g i ven  i n  Table 3 prov ides the design o b j e c t i v e  
of the geothermal ly heated p l a n t .  
of  t he  designer a r e  ambient a i r  c o n d i t i o n s  i n  the San L u i s  Va l l ey ,  and t h e  depth 
and temperature o f  t he  geothermal resource. Atmospheric da ta  a r e  presented i n  Table 
4 ,  and w e l l  c o s t  data a r e  discussed l a t e r .  

The p r i n c i p a l  des ign f a c t o r s  o u t s i d e  the  c o n t r o l  
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Tab le  4 

San L u i s  V a l l e y  Weather Data 

Source : Na t i ona 1 Weather Bureau 

Month Average Monthly Average Month ly  Average Monthly 
Tempera t u r e  M i n imum R e l a t i v e  Humldi t y  

(OF) Tempe r a  t u r e  (%I  
(OF 1 

Dry Bulb Wet Bu 1 b 

January 17 15 -0.7 68 

Feb rua r y  23 21 5.5 66 

March 31 26 14.6 55 

Apr i 1 41 34 24.5 47 

May 51 42 33.5 46 

June 60 50 41.5 47 

J u l y  65 56 47.9 57 

August 63 55 45.8 59 

Se p t em be r 55 47 36.2 55 

October 40 38 25.0 54 

November 30 26 11.7 63 

Decem be r 19 17 1 .o 69 

Probable number of days per  year  t h a t :  

Maximum temperature exceeds: 90°F 0 days 
Maximum temperature i s  l e s s  than: 32OF 34 days 

Minimum temperature i s  l e s s  than:  32OF 256 days 
OOF 56 days 
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The average ambient temperature i n  the  V a l l e y  i s  42OF. For design purposes, 
The minimum temperature can be ex- however, the extreme c o n d i t i o n s  must be taken, 

pected t o  f a l l  below O°F on more than 15% of the days d u r i n g  the year, and the  
minimum temperature u s u a l l y  occurs j u s t  b e f o r e  sun r i se ,  when k i l n i n g  temperatures 
a r e  a t  a maximum. For t h i s  case, t he  design ambient a i r  temperature has been 
se t  a t  -2OoF, which occurs when the  k i l n  temperature i s  180OF. 

The o the r  extreme opera t i ng  case occurs d u r i n g  t h e  f i r s t  4 hours o f  t he  k i l n  
cyc le ,  when a k i l n  a i r  i n l e t  temperature o f  13OoF i s  requ i red .  Al though t h i s  
g e n e r a l l y  occurs d u r i n g  the  warmest p a r t  o f  t h e  day, i t  i s  a c r i t i c a l  design p o i n t  
because of the h i g h  r a t e  o f  water evaporat ion t h a t  takes p lace  e a r l y  i n  t h e  c y c l e .  
I f  the ambient a i r  i s  warm and has a h i g h  humid i ty ,  t h e  k i l n  exhaust a i r  i s  almost 
sa tu ra ted  and no r e c y c l e  i s  poss ib le .  For t h i s  case, an ambient a i r  temperature o f  
80OF a t  a r e l a t i v e  humid i t y  o f  80% has been e s t a b l i s h e d  as the des ign bas i s .  

On the  o t h e r  hand, daytime temperatures d u r i n g  the  s t a r t  o f  t he  k i l n i n g  
cyc les  w i l l  o f t e n  be very c o l d  d u r i n g  w i n t e r  months. When t h i s  occurs,  t h e  ambient 
a i r  w i l l  be q u i t e  d r y  and r e c y c l i n g  may be poss ib le .  For t h i s  design case, an 
ambient a i r  temperature o f  -1OOF has been es tab l i shed  f o r  t he  t ime pe r iod  when 
the k i l n  temperature i s  13OOF. These t h r e e  des ign cases form t h e  bas i s  of t h e  
parametr ic  a n a l y s i s ,  and they a r e  summarized i n  Table 6 o f  the f o l l o w i n g  subsection. 

The design capac i t y  o f  t h e  m a l t i n g  p l a n t  i s  s e t  a t  4 m i l l i o n  bushels per year, 
which i s  considered t o  be t h e  sma l les t  economical ly v i a b l e  s i z e  f o r  a new p l a n t .  
The f a c t o r y  w i l l  c o n s i s t  o f  f o u r  3,000-bushel k i l n s  ope ra t i ng  333 days per year,  f o r  
an on-stream f a c t o r  o f  about 91%. The design i s  based on s i n g l e  deck k i l n s .  The 
h igher  c a p i t a l  cos t  and increased c m p l e x i t y  o f  a double deck k i l n  o p e r a t i o n  could 
probably  be j u s t i f i e d  w i t h  present-day energy p r i c e s ,  s ince  t h e  double deck i s  more 
energy e f f i c i e n t  than the s i n g l e  deck. The c a l c u l a t i o n s  f o r  t h e  double deck design 
a r e  much more complex, however, and could n o t  be j u s t i f i e d  w i t h i n  t h e  scope o f  t he  
present  study. 

The t o t a l  a i r  f l o w  r a t e  t o  the k i l n  s t a r t s  a t  120,000 cub ic  f e e t  per minute 
where i t  remains f o r  12 hours, as the  k i l n i n g  temperature i s  increased success ive ly  
from l 3 O O F  t o  14OOF and 15OoF, as i n d i c a t e d  i n  Table 3.  The f l o w  r a t e  i s  then re-  
duced t o  96,000 cub ic  f e e t  per minute f o r  the l a s t  6 hours o f  t he  d r y i n g  cyc le ,  
a t  successive temperatures o f  160, 170, and 18OOF, and f o r  the c o o l i n g  per iod.  The 
t o t a l  a i r  f l o w  inc ludes the  makeup p l u s  the r e c y c l e  a i r .  Recycle r a t e s  w i l l  vary  
f rom zero t o  79% o f  the t o t a l  a i r  f l o w  r a t e ,  depending on c y c l e  c o n d i t i o n s  and 
ambient a i r  humid i t y .  

Product ion and r e i n j e c t i o n  w e l l  costs  a r e  i n d i c a t e d  i n  Table 5 below. I t  i s  
assumed t h a t  t he  requ i red  number o f  i n j e c t i o n  w e l l s  w i l l  be a t  l e a s t  one-hal f  the 
number o f  p roduc t i on  w e l l s .  A t  l e a s t  one spare w e l l  o f  each type i s  provided. 
Product ion ra tes  o f  up t o  25O,OOO pounds per hour a r e  considered a t t a i n a b l e  i n  
determin ing cos ts  f o r  t h i s  s tudy,  a l though i t  appears probable t h a t  h ighe r  ra tes  
a r e  p o s s i b l e  i n  t h e  San L u i s  V a l l e y .  
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Table 5 

Estimated Well D r i l l i n g  Costs i n  t h e  San L u i s  V a l l e y  

a 

B r i n e  We1 1 We1 1 
Temperatures Depth c o s t  

(OF 1 ( f e e t )  ($1 

300 
260 
220 

10,000 
9,000 
7,500 

650,000 
550,000 
450,000 

Surface t r a n s f e r  l i n e s  f rom the w e l l s  t o  the  p l a n t  w i l l  be requ i red .  The 
range o f  l i n e  diameters w i l l  be 4 t o  8 inches, and maximum dis tances w i l l  be on the 
o rde r  o f  3,000 f e e t  from e i t h e r  i n j e c t i o n  o r  p roduc t i on  w e l l s  t o  the  p l a n t .  The 
c o s t  o f  i n s t a l l e d  t r a n s f e r  l i n e s  w i l l  range from 30 t o  45 d o l l a r s  per f o o t .  

Expected composi t ions o f  t h e  b r i n e  a r e  g iven i n  Tab le22  i n  the  Appendix. 
s i g n i f i c a n t  b r i n e  t reatment cos ts  a r e  expected as long as the b r i n e  i s  contained 
as a l i q u i d  under pressure arid o u t  o f  con tac t  w i t h  a i r .  
no t  l i b e r a t e  C02 and thus the! pr imary cause o f  s c a l e  p r e c i p i t a t i o n  w i l l  be avoided. 
I n  a d d i t i o n ,  t h e  absence o f  oxygen i n  a b r i n e ,  a c o n d i t i o n  t h a t  can.be maintained 
as long as the b r i n e  i s  kept  pressur ized i n  c losed vessels  and l i n e s ,  w i l l  keep 
co r ros  i o n  r a t e s  from a t t a i n  i rig s i  gn i  f i cant  1 eve1 s.  

No 

Pressur ized b r i n e  w i l l  

Despi te  these precaut ionary des ign phi losophies,  a charge w i l l  be a t t r i b u t e d  
t o  b r i n e  t reatment so t h a t  t he  est imated p r o j e c t  cos ts  w i l l  be conservat ive.  I t  i s  
assumed t h a t  the b r i n e  w i l l  be a c i d  t r e a t e d  t o  remove a l l  carbonates and b icarbon-  
a tes ,  and then base t r e a t e d  t:o c o n t r o l  t he  pH a t  a non-corros ive l e v e l .  For t h i s  
purpose, i t  i s  assumed t h a t  5 , u l f u r i c  a c i d  and sod 
per pound, w i l l  be used. I t  i s  recognized t h a t  a 
system would probably be developed du r ing  a d e t a i  

3. Geothermal System Design 

The Dreferred Drocess f o r  qeothermal b r i n e  i 

um hydroxide, both a t  10 cents 
less expensive pret reatment  
ed design. 

shown schemat i ca l l y  on F igu re  
12a. The 'var ious f l o w  'streanis and equipment i tems on t h i s  f i g u r e  c o n t a i n  key 
l e t t e r s  t o  i n d i c a t e  tem e ra t i i r es  and f l o w  ra tes .  The values o f  these v a r i a b l e s  
f o r  t h e  va r ious  design cases a r e  i n d i c a t e d  i n  Table 6. T h i s  t a b l e  summarizes 
process parameters f o r  khree d i f f e r e n t  b r i n e  temperatures (22OoF, 260°F, and 30OoF) 
f o r  each o f  the th ree  bese cases discussed i n  t h e  prev ious subsect ion.  Table 6 
w i l l  be analyzed i n  d e t e i l  a f t e r  t h e  process f l o w  sheet i s  reviewed. 

F igu re  12a shows tbe  k i l n i n g  aspect o f  t h e  b a r l e y  m a l t i n g  opera t i on .  The k i l n  

I 
P 

consumes about 80% o f  tFfe energy i n p u t  t o  the p l a n t  and operates a l l  year long. 
The remaining energy consumption f o r  hea t ing  a i r  t o  the germinat ion va ts  and f o r  
space hea t ing  occurs o n l y  d u r i n g  c o l d  weather. Energy u t i l i z a t i o n  i n  those 
sec to rs  a r e  a t  much lower temperatures than those r e q u i r e d  f o r  t h e  k i l n ,  and would 
use discharge b r i n e  fro!n the a i r  heater  as t h e i r  energy source. The ana y s i s  t h a t  
f o l l o w s  i s  based on o n l y  the k i l n  ope ra t i on .  
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R e f e r r i n g  t o  F igu re  12a, p r e t r e a t e d  geothermal water,  a t  a temperature T 1  and 
f l o w  r a t e  F1, i s  f e d  t o  the  a i r  heater .  The d r y i n g  a i r  a t  a f l ow  r a t e  F4 passes 
through the  heater  wherein i t s  temperature i s  r a i s e d  from T4 t o  T5; t he  va lue o f  
T5 changes p e r i o d i c a l l y  a t  va r ious  stages i n  the  c y c l e  as shown i n  Table 3. The 
a i r  e n t e r i n g  t h e  heater  i s  a combined stream o f  r e c y c l e  a i r  ( a t  temperature T6 
and f l o w  r a t e  F3) and ambient makeup a i r  ( a t  temperature T3 and f l o w  r a t e  F2) .  
The exhaust a i r  ( temperature T6 
evaporated from the ma l t ,  As i s  noted i n  Table 3, t h e  r e c y c l e  a i r  f l o w  r a t e  (F3) 
v a r i e s  over the d r y i n g  cyc le .  

and f l o w  r a t e  F5) c a r r i e s  o u t  a l l  t h e  water 

There a r e  t h r e e  p r i n c i p a l  design parameters t h a t  have a s i g n i f i c a n t  e f f e c t  
on the  c o s t  o f  geothermal hea t ing .  These are:  ( 1 )  the temperature o f  produced geo- 
thermal waters;  (2)  the amount o f  geothermal water requ i red ;  and (3)  the s i z e  of  
the a i r  heater .  There i s  a complex i n t e r a c t i o n  among these parameters t h a t  i s  
expla ined below. The f i n a l  cos ts  depend s t r o n g l y  on the temperature o f  d ischarge 
b r i n e  (T2) and t h e  f l o w  r a t e  o f  r e c y c l e  a i r  (Fj). 

1 )  
p r o d u c t i  
Table 5. 
$650,000 
the requ 
o f  we1 1s 
p l a n t .  

Since water temperature i s  a f u n c t i o n  o f  w e l l  depth, t he  cos t  o f  a s i n g l e  
n w e l l  increases as t h e  geothermal temperature increases, as shown i n  
Th is  c o s t  v a r i e s  approx imate ly  f rom $450,000 per w e l l  f o r  22OOF water t o  

for  300°F water.  On the  o t h e r  hand, w i t h  h ighe r  geothermal temperatures, 
red b r i n e  f l o w  r a t e  decreases. This  f a c t o r  may decrease t h e  t o t a l  number 
requ i red ,  as w e l l  as the  c o s t  o f  t r a n s f e r r i n g  b r i n e  f rom the w e l l s  t o  the 

2)  The amount o f  b r i n e  requ i red  determines the  number o f  p roduc t i on  and i n j e c -  
t i o n  w e l l s ,  and t h e r e f o r e  t h e  d r i l l i n g  cos t .  
design heat load i n  t h e  a i r  heater  (Q) and t h e  d ischarge b r i n e  temperature (T2) as 
f o l  lows: 

Th is  f l o w  r a t e  (F1) depends on the  

Thus, t o  decrease F 1 , e i t h e r  T2or Q must be decreased. 
s i z e  o f  the a i r  heater  p r o p o r t i o n a t e l y ,  w h i l e  decreasing T2 increases the  heater  
s i z e  i n  a more complex way, as i s  discussed below. 

Decreasing Q decreases the 

3 )  The s i z e  and c o s t  of t he  a i r .  heater  i s  d i c t a t e d  p r i m a r i l y  by the heat load 
(Q) and t h e  o u t l e t  temperature approach (T2-T5). 
warm a i r  (F ) w i l l  decrease the  heat load. As has been po in ted  o u t  i n  Sect ion 6, 

a t  l ess  than 90 t o  95%. High r e c y c l e  r a t e s  can always be employed a t  the end o f  t he  
d r y i n g  c y c l e  when water evaporat ion r a t e s  a r e  low and k i l n  temperatures a r e  h igh.  
Recycle f l o w  can be employed a t  t h e  s t a r t  o f  t he  d r y i n g  c y c l e  o n l y  when the  r e l a t i v e  
humid i t y  of  ambient a i r  i s  very  low. On normal ly  humid summer days, no r e c y c l e  
i s  pe rm i t ted  a t  the s t a r t  of  t h e  c y c l e ,  bu t  on c o l d  w i n t e r  days r e c y c l e  i s  f e a s i b l e .  

Increas ing the  r e c y c l e  f l o w  o f  

t he  s i n g l e  ? low r a t e  i s  t a i l o r e d  t o  ma in ta in  the  r e l a t i v e  humid i t y  o f  exhaust a i r  

With respect  t o  t h e  b r i n e  d ischarge temperature (T2),  a compromise must be made 
on the  bas i s  o f  economic cons ide ra t i ons .  Low values reduce the  b r i n e  f l o w  r a t e  
as suggested by equat ion 5. On the  o t h e r  hand, low values reduce the  temperature 
d i f f e r e n c e ,  (T2-T5),  so t h a t  t h e  s i z e  o f  t he  a i r  heater  increases. 
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On t h e  b a s i s  o f  these c o n s i d e r a t i m s ,  severa l  comparat ive des ign cases were 
developed f o r  t h r e e  br ine tempera ture ,  f o r  each o f  which severa l  d ischarge b r i n e  
temperatures were evaluated, a s  summarized i n  Table 7. I n  every case, t h e  a i r  heat-  
e r  was s i z e d  f o r  each of t h e  t h r e e  des ign cases, i n d i c a t e d  i n  Table 6. The f i r s t  
des ign p o i n t  o f  Table 6 i s  d u r i n g  t h e  f i r s t  s tage of d r y i n g  w i t h  warm i n l e t  a i r  
and no r e c y c l e  and w i t h  a heat  load o f  28.8 m i l l i o n  Btu per  hour.  A l though the heat  
load i s  low,  t h e  h i g h  i n l e t  temperature tends t o  decrease t h e  temperature d i f f e r e n c e  
f o r  heat t r a n s f e r  and t h i s  may r e s u l t  i n  a l a r g e  heater .  The second des ign case 
o f  Table 6 a l s o  occurs dur ing  t h e  f i r s t  d r y i n g  stage, b u t  w i t h  very  c o l d  i n l e t  
a i r .  T h i s  a i r  con ta ins  almost no mois ture,  even a t  h i g h  r e l a t i v e  h u m i d i t i e s ,  so 
t h a t  h i g h  r e c y c l e  r a t e s  a r e  a'llowed. Case 2 has the  h i g h e s t  heat load of  39.4 
m i l l i o n  Btu per hour. The t h ' i r d  des ign case o f  Table 6 i s  a t  t h e  end of t h e  
h e a t i n g  c y c l e  w i t h  a very  l o w  ambient a i r  temperature, b u t  a h i g h  r e c y c l e  a i r  r a t e .  
T h i s  case w i l l  tend t o  r e q u i r e  a l a r g e  a i r  heater  because t h e  h i g h  heater  o u t l e t  
temperature reduces the  temperature d r i v i n g  f o r c e  f o r  heat t r a n s f e r .  

The r e s u l t s  o f  the  comparat ive analyses f o r  these des ign cases a r e  summarized 
i n  Table 7. A l l  of the  subca!;es t h a t  were considered a r e  n o t  inc luded i n  Table 7 ,  
b u t  t h e  t rends o f  t h e  c r i t i c a l  parameters can be seen. For any of t h e  base cases, 
as the  temperature o f  d ischarge b r i n e  decreases, the  r e q u i r e d  b r i n e  f l o w  r a t e  
decreases b u t  t h e  a i r  heater  sur face  area increases. As the  i n l e t  b r i n e  tem- 
p e r a t u r e  decreases, bo th  t h e  r e q u i r e d  b r i n e  f l o w  r a t e  and t h e  a i r  heater  sur face  
area increase. S i g n i f i c a n t l y ,  Table 7 shows t h a t  t h e  b r i n e  f l o w  r a t e  and a i r  
heater  s i z e  a r e  c o n t r o l l e d  by Case 3, and not  Case 2, even though Case 3 has a 
lower heat  load. T h i s  i s  due t o  the  f a c t  t h a t  t h e  temperature o f  a i r  e n t e r i n g  the 
k i l n  f o r  Case 3, which occurs a t  t h e  end o f  the  c y c l e ,  a r e  h i g h e r .  Thus, heat 
wi thdrawal  per  pound o f  b r i n e  i s  reduced, as i s  the  temperature d r i v i n g  f o r c e  across 
the  heater  . 

Wi th Case 3 hav ing been e s t a b l i s h e d  as the  b a s i s  f o r  design, i t  remains t o  
determine which b r i n e  temperature leads t o  the lowest c o s t .  The pr imary  c o s t  
f a c t o r s  a r e  the  c a p i t a l  cos ts  f o r  p r o d u c t i o n  and i n j e c t i o n  w e l l s ,  t r a n s f e r  l i n e s  
and pumps, and t h e  a i r  h e a t e r .  The h igher  temperature geothermal f l u i d  o f  3OO0F 
leads t o  lower cos ts  i n  a l l  c a t e g o r i e s  except w e l l  c o s t .  The a n a l y s i s  on Table 8 
i n d i c a t e s  t h a t  a 26OoF b r i n e  !jource i s  t h e  l e a s t  c o s t l y  f o r  the San L u i s  V a l l e y  
s i t u a t i o n .  Th is  i s  based on comparing Cases 3-a2, 3 - b l ,  and 3-c l  f rom Table 7 .  
However, t h i s  s tudy i s  n o t  op t im ized and i s  based on severa l  a r b i t r a r y  f a c t o r s  i n -  
cated below, so t h e  conc lus ion  cou ld  change somewhat. 

I t  was assumed i n  t h e  s tudy  t h a t  t h e  p r o d u c t i o n  and i n j e c t i o n  w e l l s  a r e  3,000 
f e e t  f rom the  m a l t i n g  p l a n t ,  ,and t h a t  t r a n s f e r  l i n e  c o s t s  a r e  32 and 43 d o l l a r s  per 
f o o t ,  r e s p e c t i v e l y ,  f o r  6 and 8 inch  l i n e s .  Case 3a2 and 3-b l  r e q u i r e  a 6 - inch  
t r a n s f e r  l i n e  w h i l e  Case 3-c l  r e q u i r e s  an 8 - i n c h  l i n e .  I n s t a l l e d  c o s t s  f o r  s t a i n -  
less  s t e e l ,  f i n n e d  tube a i r  heaters  a r e  assumed t o  be $8.50 per  square f o o t  o f  
heat t r a n s f e r  sur face,  Based on t h e  b r i n e  f l o w  r a t e s  g i v e n  i n  Table 8, one produc- 
t i o n  and i n j e c t i o n  w e l l ,  w i t h  one spare for  each s e r v i c e ,  a r e  adequate f o r  Cases 
3-a2 and 3 - b l .  Case 3-c l  r e q u i r e s  two w e l l s  w i t h  one spare f o r  each serv ice .  Well 
cos ts  were g iven i n  Table 5. 
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Table 6 

Heat Load Summary 
Bar lev M a l t i n q  K i l n  

Bases: P l a n t  c a p a c i t y  of 4 m i l l i o n  bushels per year.  
K i l n i n g  c y c l e  as g iven i n  Table 3.  
Ambient a i r  c o n d i t i o n s  a p p l i c a b l e  t o  the San L u i s  Va l ley ,  Colorado. 

Ambient A i r  K i l n  O u t l e t  A i r  Heater Case A i r  Heater - 
No. O u t l e t  Flow Rel.  Recyc 1 e ReI. Heat Load 

Temp. Rate Temp. Humidi ty Rate Temp. Hum. 
(OF) (1000 CFM) (OF) ( % I  (%) (OF) (%) ( l o 6  Btu/hr )  

1 130 120 80 80 0 80 90 28.8 

2 130 120 -10 50 79 80 90 39.4 

3 180 100 - 20 50 75 165 80 31.2 

The above cases bes t  represent  t h e  1 i k e l y  ranges o f  values o f  o p e r a t i n g  parameters 
f o r  t h e  s t a t e d  bases. 

A 
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Table 7 

Summary o f  Designcases for Bar ley M a l t i n g  K i l n  

Bases: Capaci ty  of 4 m i l l i o n  bushels per year 
Heat t r a n s f e r  c o e f f i c i e n t s  = 17 Btu/hour-ft2-OF 
Cases 1 ,  2, and 3 descr ibed i n  Table 6. 
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A i r  Heater 
Surface 

Case Geothermal A i r  Heater Cond i t ion  B r i n e  
B r i n e  Q A i r  A i r  B r i n e  Flow 
Temp. i n  o u t  o u t  Rate Area 
(OF 1 (1o6Btu/hr) (T6) (T5) (T2) (1000 l b / h r )  ( f t 2 )  

1 :a1 300 28.8 80 130 90 136.1 30,000 
a2 120 158.6 18,900 

b l  260 90 168.6 36,300 
b2 120 204.8 22,200 

221.5 46,600 c l  220 90 
c2 120 288.0 27,600 

2 : a l  300 39.4 61 130 75 173.9 37,100 
200.4 24,900 a2 105 

b l  260 75 212.3 44,600 
b2 105 237.9 29,200 

c l  220 75 271.5 56,800 
c2  105 314.9 36,100 

3:a l  300 31.2 119 180 130 181.7 40,300 
a2 160 220.2 25,000 

b l  260 130 238.7 52,900 
b2 160 309.8 31,500 

c l  220 130 345.9 81 ,900 
c2 160 518.3 45,300 

The t h r e e  main cases d e t a i l e d  above encompass t h e  l i k e l y  ranges o f  b a r l e y  k i l n i n g  
process o p e r a t i n g  parameters. 
temperatures as feed t o  k i l n  a i r  heater .  Case 3 was determined t o  be t h e  bes t  
general  b a s i s  f o r  process design, and subcase 3-b l  was f i n a l l y  se lec ted  as the most 
economical a l t e r n a t i v e  a t  t h e  present  l e v e l  o f  a n a l y s i s .  

The subcases, a-c,  each a r i s e  f rom d i f f e r e n t  b r i n e  



Table 8 

C a p i t a l  Cost o f  Geothermal Heat ing System f o r  M a l t i n g  K i l n  

Basis:  Capaci ty o f  4 m i l l i o n  bushels per year 
Case 3 from Table 7. 

Subcase 3-a2 3-b l  3 - c l  

Geothermal B r  i ne 
Temperature (OF) 3 00 260 220 

B r i n e  Flow (1000 lb /hour)  220 239 346 

No. o f  Wel ls 4 4 6 

C a p i t a l  Cost (1000 $ )  

We1 1s 2,600 2,200 2,700 

L ines,  Pumps and Surge 269 2 69 3 60 

A i r  Heater 21 0 450 700 

Vessels 

80 80 80 Fans 

T o t a l  3,159 2,999 3,840 

-- 

These t h r e e  subcases f o r  t h e  chosen des ign bas is  represent  the  most 
economical a l t e r n a t i v e s  a t  t h e  above geothermal b r i n e  temperatures.  
These s e l e c t i o n s ,  and t h e  f i n a l  cho ice  o f  subcase 3-b l ,  were made on 
t h e  b a s i s  o f  n e t  b r i n e  f l o w ,  requ i red  number o f  w e l l s ,  depths o f  w e l l s ,  
and heat  t r a n s f e r  sur face  area. 
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Est imated o p e r a t i n g  cos ts  fo r  the system of $2.63 per m i l l i o n  Btu a r e  i n -  
d i  ted i n  Table 9 below. For t h i s  purpose, c a p i t a l  cos ts  a r e  amort ized a t  15% 
per year.  The average annual k i l n i n g  heat  load i s  est imated t o  be 192,000 m i l l i o n  
Btu per year,  based on a year-around average o f  32 m i l l i o n  Btu per hour, f o r  18 
hours per day, 333 days per year.  Th i s  i s  about two- th i rds  o f  the expected average 
heat load f o r  a p l a n t  o p e r a t i n g  w i t h o u t  a i r  r e c y c l e  around the k i l n .  

Table 9 

K i l n i n g  Energy Costs f o r  Case 3-bl  

T o t a l  c a p i t a l  c o s t  
Annual ized c a p i t a l  c o s t  (15%) 
Annual heat load (m i  1 1  i o n  Btu) 

C a p i t a l  c o s t  of energy (per m i l l i o n  Btu) 

Average b r i n e  f l o w  r a t e  ( l b /hou r )  
Annual b r i n e  t reatment  costs*  
Annual power costs  (pumps and fans)"?; 
T o t a l  o p e r a t i n g  cos ts  f o r  u t i l i t i e s  

U n i t  u t i  1 i t y  costs  (per m i  1 1  i o n  Btu) 
Energy c o s t  (per m i  1 1  i o n  Btu) 

* B r i n e  t reatment costs  o f  $25 per m i l l i o n  pounds. 
*&Based on 150 HP, and 3c/Kwh e l e c t r i c i t y  c o s t s .  

D. Opt ional  Geothermal Process 

$2,999,000 
450 , QOO 
192,000 

$2.34 

239,000 
34,300 
20,600 
54,900 

$0.29 
$2.63 

The process design o p t i o n  i l l u s t r a t e d  schemat i ca l l y  on F igu re  12b was a l s o  
i n v e s t i g a t e d  i n  some d e t a i l .  I n  t h i s  case, steam from f l ashed  geothermal b r i n e  
prov ides heat t o  the  a i r  heater  as the  steam condenses a t  t he  constant  temperature, 
TI. By t h i s  means, t h e  average temperature d r i v i n g  f o r c e  across the  heater  i s  
s i g n i f i c a n t l y  h ighe r  than f o r  t h e  des ign o p t i o n  of F i g u r e  12a, so t h a t  t h e  s u r f a c e  
area and the  heater  c o s t  decrease. However, requ i red  b r i n e  f l o w  r a t e s  would i n -  
crease s i g n i f i c a n t l y ,  as would w e l l  cos ts ,  s ince  the  e x i t  b r i n e  temperature i s  
much h ighe r  than f o r  t he  o p t i o n  o f  F igu re  12a. Th is  i s  i l l u s t r a t e d  by the f o l l o w -  
ing t a b l e  f o r  the Case 3 c o n d i t i o n s  o f  Table 6, f o r  which a f l a s h  temperature of 
19OOF i s  taken. The design heat load i s  31.2 m i l l i o n  Btu per hour. 

Table 10 

Required B r i n e  Flow Rates f o r  Vapor Recompression Opt ion 

B r i n e  A i r  Heater F lash B r i n e  Flow 

(OF) (OF 1 (OF) (1000 l b / h r )  
Temperature Out l e t  Temp. Temp.-T1 Rate 

300 180 
2 60 180 
220 180 

190 
190 
190 

280 
442 

1,037 

67 



I 

I n  o r d e r  to  reduce t h e  wel lhead b r i n e  f low ra tes ,  t h e  f e a s i b i l i t y  of a second 
f l a s h  on t h e  r e s i d u a l  b r i n e  stream was inves t iga ted .  The steam vapors a t  t h e  
lower temperature, T2, a r e  then compressed t o  the  pressure requ i red  t o  condense 
a t  T 1 .  
savings invo lved so t h a t  t h i s  case i s  n o t  economical. 

The c a p i t a l  c o s t  o f  the  steam compressers i s  very  h i g h  f o r  the heat load 

E. Conclusions 

I n  summary, t h e  c o s t  a n a l y s i s  f o r  t h e  a p p l i c a t i o n  o f  the  San L u i s  V a l l e y  (o r  
a s i m i l a r  q u a l i t y )  geothermal resource t o  t h e  b a r l e y  m a l t i n g  i n d u s t r y  i n d i c a t e s  
t h a t  geothermal energy supp l ies  can be economical ly  c o m p e t i t i v e  w i t h  c u r r e n t l y  
a v a i l a b l e  f o s s i l  f u e l  a l t e r n a t e s .  I n  a d d i t i o n ,  geothermal energy e x h i b i t s  some 
d i s t i n c t  advantages w i t h  respect  t o  long-term cos t  p r o j e c t i o n s ,  environmental  con- 
s i d e r a t i o n s ,  and s t a b i l i t y  o f  supply.  Fur ther  e f f o r t s  o f  s p e c i f i c  resource de- 
velopment v i a  d r i l l i n g  programs, water  q u a l i t y  and q u a n t i t y  eva lua t ions ,  w e l l  t e s t -  
ing,  and ref inements i n  t h e  systems needed t o  app ly  geothermal resource p o t e n t i a l  t o  
i n d u s t r i a l  processes would markedly enhance t h e  a t t r a c t i v e n e s s  o f  t h e  geothermal 
a l t e r n a t i v e  i n  the  near f u t u r e .  

A 
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V I I I .  THE SOUTHERN FRONT RANGE C I T I E S  OF COLORADO: 

DEMOGRAPHIC ANALYSIS OF WATER AND ENERGY NEEDS 

. 

Gas 

A. 

a l y s  

PurDose and Subiects o f  Ana lys i s  

The study ta rge ted  th ree  Front  Range Colorado c i t i e s  as the sub jec ts  i n  an an- 
s o f  the energy costs  associated w i t h  the c o n s t r u c t i o n  o f  a major p i p e l i n e  t o  

t r a n s f e r  geothermal water t o  users d i s t a n t  f rom the  resource. To date, t h i s  k i n d  
of a p p l i c a t i o n  o f  hydrothermal resources has received c o n s i d e r a t i o n  i n  areas where 
the  cumulat ive consumer market a t  a p rospec t i ve  p i p e l i n e ' s  end severe ly  l i m i t e d  
the  t o t a l  amount o f  heat t h a t  could be consumed, and thus, l i m i t e d  the  requ i red  
p i p e l i n e  s i ze .  
t r a n s f e r  d is tances.  The cos t  o f  a major hydrothermal t r u n k l i n e  i s  developed para- 
m e t r i c a l l y  i n  our a n a l y s i s .  The t a r g e t  c i t i e s  a re  Canon C i t y ,  Colorado Spr ings, 
and Pueblo, located i n  a t r i a n g l e  w i t h i n  45 mi les  o f  one another.  The p o t e n t i a l  
market f o r  consumption o f  heat and water i n  the t a r g e t  c i t i e s  has been est imated; 
coord inated w i t h  the  parametr ic  design o f  p i p e l i n e  c a p a c i t i e s ,  t h i s  market est im-  
a t e  f a c i l i t a t e s  the  approximat ion o f  probable ranges o f  energy and water cos ts .  
Prospect ive i n d u s t r i a l  a p p l i c a t i o n s  o f  moderate temperature water were surveyed 
w i t h  a v iew toward those i n d u s t r i e s  found i n  Colorado and the San L u i s  Va l l ey  Region 
p r e s e n t l y .  

Th i s  1 i m i t a t i o n  has the e f f e c t  o f  reducing economical l y  v i a b l e  

The F ron t  Range reg ion  o f  Colorado runs no r th - to -sou th  a t  t he  eastern thresh-  
ho ld  o f  t he  Rocky Mountains a t  about the c e n t e r l i n e  o f  the State.  I n  recent  years,  
t h i s  reg ion  has been one o f  the n a t i o n a l l y  leading areas o f  p o p u l a t i o n  and economic 
growth. The bases i n  t h i s  study f o r  t he  e s t i m a t i o n  o f  growth i n  the  demand f o r  
resources i n  t h a t  area a r e  a p p l i c a b l e  data on popu la t i on  growth and on present  
energy consumption r a t e s .  included i n  the  data on popu la t i on  growth a r e  p ro jec -  
t i o n s  f o r  f u t u r e  years.  Data f o r  Alamosa and the  San L u i s  V a l l e y  a r e  a l s o  present-  
ed. 

B. Popu la t i on  Analyses 

Growth and development i n  t h e  wes te rn  U n i t e d  Sta tes  i s  perhaps t h e  b i g g e s t  
issue f a c i n g  communities exper ienc ing the  r a p i d  changes which have occurred over 
the l a s t  t en  years.  Colorado i s  i n  many respects  the hub o f  much of t h i s  growth and 
development pressure.  I t  o f f e r s  the  c l i m a t e  and 1 i f e  s t y l e  des i red  by most and s t i  1 1  
prov ides employment o p p o r t u n i t i e s  and t o l e r a b l e  costs  o f  l i v i n g .  With the t h r u s t  
o f  energy development s h i f t i n g  t o  t h e  west, Colorado i s  viewed as p l a y i n g  an impor- 
t a n t  r o l l  i n  p r o v i d i n g  f o r  the needs o f  t he  e n t i r e  na t i on .  As a r e s u l t ,  cont inued 
pressures f o r  growth have created s i g n i f i c a n t  concern among government agencies, 
area businesses, and c i t i z e n  groups. Beyond a n a t u r a l  i n c l i n a t i o n  t o  avo id  r a p i d ,  
unplanned development, communities a r e  becoming i n c r e a s i n g l y  s e n s i t i v e  t o  f i n i t e  
l i m i t s  t h a t  e x i s t  f o r  u t i l i t i e s .  Since the l a t e  1960's,  Colorado c i t i e s  have f e l t  
the e f f e c t  o f  n a t u r a l  gas supp l i es  n o t  be ing a v a i l a b l e  t o  meet demand even f o r  
r e s i d e n t i a l  use alone. Major Front  Range c i t i e s  l i k e  Denver, Colorado Spr ings, and 
Pueblo a l l  faced m o r i t o r i a  f o r  new gas customers t o  one degree o r  another.  The 
1976-1977 w i n t e r  mountain snowfa l l  accumulat ion,  which was f o r t y  percent  below 
normal, a l s o  caused mandatory water r a t i o n i n g  and m o r i t o r i a  f o r  new-home se rv i ces .  
I n  o t h e r  words present  water and n a t u r a l  gas;? supp l i es  have been overtaken by growth 
demand which shows l i t t l e  s i g n  o f  subs id ing.  

;: 95 percent o f  a l l  Colorado urban residences a r e  heated w i t h  n a t u r a l  gas. 
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1 .  Key I n d i c a t o r s  

Popu la t ion  s t a t i s t i c s  bes t  r e f l e c t  the  t rends o f  mun ic ipa l  serv ices.  Fore- 
c a s t s  o f  an a r e a ’ s  t o t a l  p o p u l a t i o n  and i n d u s t r i a l  employment a r e  among t h e  bes t  
measures o f  e s t i m a t i n g  f u t u r e  water  and heat ing  demands. For t h i s  reason d iscuss-  
i o n  i n  t h i s  s e c t i o n  begins w i t h  a b r i e f  rev iew o f  p o p u l a t i o n  s t a t i s t i c s  f o r  Colo- 
rado and the c i t i e s  o f  Colorado Spr ings, Canon City,and Pueblo a long the  Fron t  
Range, and Alamosa w i t h i n  t h e  San L u i s  V a l l e y ,  as loca ted  on F i g u r e  13. T h i s  
rev iew i s  fo l lowed by a f o r e c a s t  o f  f u t u r e  p o p u l a t i o n  accord ing t o  the best ,  most 
w i d e l y  accepted es t imates .  Between 1960 and 1970, Colorado’s  p o p u l a t i o n  increased 
f rom 1,753,947 t o  2,209,258, an annual average o f  2.3 percent .  T h i s  compares t o  a 
n a t i o n a l  average annual growth r a t e  d u r i n g  t h i s  p e r i o d  o f  1.3 percent .  Between 
1970 and 1975 the  S t a t e  grew by 14.7 percent  t o  a p o p u l a t i o n  o f  2,534,000. Of  t h e  
t o t a l  increase i n  t h i s  f i v e - y e a r  p e r i o d  (325,000) about 35 percent  can be a t t r i b -  
u ted  t o  n a t u r a l  increase, t h e  d i f f e r e n c e  between b i r t h s  and deaths,  w h i l e  the r e -  
maining 65 percent  i s  a r e s u l t  o f  in -migra t ion .  

Colorado Spr ings i s  loca ted  seventy m i l e s  south o f  Denver a long the e a s t e r n  
s lope o f  t h e  Fron t  Range o f  t h e  Rocky Mountains. T h i s  community i s  h e a v i l y  i n -  
f luenced by ne ighbor ing  m i l i t a r y  f a c i l i t i e s  and has exper ienced the  most r a p i d  
growth i n  the  S t a t e .  I n  1960 the Colorado Springs Standard M e t r o p o l i t a n  S t a t i s -  
t i c a l  Area (SMSA - inc ludes a l l  of E l  Paso County) had a p o p u l a t i o n  o f  143,742 
w h i l e  70,192 res ided w i t h i n  c i t y  l i m i t s  a lone.  I n  1970 t h e  county grew t o  
235,972 w h i l e  t h e  c i t y  t o t a l e d  135,060 res idents ,  represent ing  average annual i n -  
creases o f  5.1 and 6.8 percent ,  r e s p e c t i v e l y .  Between 1970 and 1975 t h e  county  
and c i t y  est imated popu la t ions  reached about 300,000 and 180,000, r e s p e c t i v e l y .  
T h i s  represented an average annual growth r a t e  o f  5 percent  f o r  E l  Paso County and 
6 percent  f o r  Colorado Spr ings. O f  t h e  t o t a l  county  increase, 24 percent  i s  
a t t r i b u t a b l e  t o  n a t u r a l  increase w i t h  i n - m i g r a t i o n  making up the  balance, a huge 
76 percent .  Those who migra ted  t o  t h i s  area inc luded m i l i t a r y  (40%), employment 
r e l a t e d  (45%) and r e t i r e e s  (15%). 

. 

Canon C i t y  i s  loca ted  45 m i l e s  southwest o f  Colorado Spr ings i n  the  f o o t h i l l s  
o f  the  Fron t  Range w i t h i n  t h e  Arkansas R i v e r  V a l l e y  i n  Fremont County. I n  1960 t h e  
community’s p o p u l a t i o n  was 8,973 which grew t o  9,206 by 1970, represent ing  a nom- 
i n a l  average annual r a t e  o f  0.3 percent .  Between 1970 and 1975 p o p u l a t i o n  reached 
13,770, a dramat ic  change f rom t h e  prev ious decade o f  e s s e n t i a l l y  no growth 
t o  a p e r i o d  where annual growth averaged 8 .4  percent .  The tremendous recent  i n -  
f l u x  exper ienced by the  community has c rea ted  excess demands f o r  munic ipa l  ser -  
v i c e s  as discussed l a t e r  i n  t h i s  chapter .  

Pueblo i s  d i r e c t l y  south o f  Colorado Spr ings, a l s o  a long the  eas tern  s lope about  
110 m i l e s  from Denver. T h i s  i s  the  most i n d u s t r i a l i z e d  community f o r  i t s  s i z e  i n  
Colorado, employing l a r g e  segments o f  t h e  work f o r c e  i n  p r o d u c t i o n  o f  s t e e l  products ,  
aluminum p i s t o n s  and b a l l  bear ings,  meat packing, t e x t i l e s ,  i n s u l a t i o n ,  and m i l i t a r y  
i n s t a l l a t i o n s .  The community grew from 91,181 i n  1960 t o  97,453 i n  1970 and 107,000 
i n  1975, represent ing  annual growth r a t e s  o f  0.7 and 1.9 percent  r e s p e c t i v e l y  f o r  
these per iods .  As these s t a t i s t i c s  r e f l e c t ,  Pueblo has n o t  grown l i k e  i t s  neighbors 
t o  the n o r t h ;  however, recent  es t imates  r e f l e c t  increased development i n  a manner 
s i m i l a r  t o  t h a t  o f  Colorado Spr ings. In the  process Pueblo i s  changing f rom an 
i n d u s t r i a l  t o  a s e r v i c e  based economy, r e l y i n g  more and more on munic ipa l  s e r v i c e s  
and u t i l i t i e s .  
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Alamosa, i n  t h e  San L u i s  Va l ley ,  i s  loca ted  212 m i l e s  f rom Denver and i s  the  
commercial cen ter  o f  sou th-cent ra l  Colorado. The community developed as a re -  
s u l t  o f  t h e  Denver and R io  Grande R a i l r o a d  e s t a b l i s h i n g  a te rmina l  a t  Alamosa t o  
serve t h i s  a g r i c u l t u r a l  community. The 1960 p o p u l a t i o n  was est imated a t  6,140 
reaching 6,880 by 1970 ( 1 . 1  percent  annual average).  I n  1975 the  p o p u l a t i o n  had 
grown to  7,300 represent ing  a s i m i l a r  growth r a t e  o f  1.2 percent .  

Tab le l l summar i zes  t h e  growth recorded f o r  t h e  s tudy areas between 1960 and 
1975. Since the  1972 Census Bureau r e p o r t  o f  manufactur ing employment, Pueblo i n  
p a r t i c u l a r  has mounted an ex tens ive  p u b l i c  r e l a t i o n s  campaign t o  promote business 
growth. Chamber of Commerce s t a t i s t i c s  show t h a t  manufactur ing t o t a l  employment 
i s  inc reas ing  w h i l e  unemployment has dropped i n  t h e  l a s t  year f rom 6.2 t o  4.9 
percent  . 

Table 1 1  

Loca 1 e 

Popu la t ion  Growth S t a t  i s t i cs 

Popu la t ion  
1975 (es t . )  

Annual % Popu la t ion  Increase 
1960- 197oh: 1970- 1975 

Canon C i  t y  13,800 
Colorado Spr ings 180,000 
Pueb 1 o 107,000 
Alamosa 7,300 

0.3 
6.8 
0.7 
1 . 1  

Popu la t ion  Growth P r o j e c t i o n s  ( t o  the  year 2000) 

8.4 
5 
1.9 
1.2 

Loca 1 e Popu la t ion  Average % Annua 1 I ncrease;k 
( i n  2000) 

Canon C i t y  24,000 
Colorado Spr i ngs 370,000 
Pueblo 165,000 
Alamosa 12,000 

2.2 
2.9 
1.7 
2.0 

2 Based on 1975 popu la t ions  
Nat iona l  average i n  t h i s  p e r i o d :  1.3% .L -1. 

I. ,. 

2. Fu ture  P r o j e c t i o n s  

Forecasts of  p o p u l a t i o n  o f t e n  become v o l a t i l e  issue,  e s p e c i a l l y  regard ing  t h e i r  
accuracy, i n  communities exper ienc ing  r a p i d  growth. For t h i s  reason a range o f  
p r o j e c t i o n s  was considered f o r  each s tudy area, drawing on fo recas ts  made by State,  
l o c a l  and/or reg iona l  p lann ing  agencies, U.S.  Department of  Commerce--Office of 
Business and Economic Research, Current  Environmental P r o t e c t i o n  Agency Wastewater 
F a c i l i t y  Plans, l o c a l  development commissions, and chamber o f  commerce r e p o r t s .  
These p r o j e c t i o n s  a r e  a l s o  summarized i n  Table 11. 
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Many est imates p rov ide  a h igh- low range f o r  f u t u r e  years w h i l e  o the rs  r e l y  on 
Colorado Spr ings/ a c o n t i n u a t i o n  o f  p r e v a i l i n g  t rends and geograph c 1 i m i t a t i o n s .  

E l  Paso County p r o j e c t i o n s ,  prepared by the  Pikes Peak Area Counci l  o f  Governments, 
looks a t  employment o p p o r t u n i t i e s  and economic base i n t e r a c t i o n s  through the cohor t  
s u r v i v a l  method developed f o r  i n i t i a l  use i n  San Diego. For Canon C i t y ,  recent  
p r o j e c t i o n s  developed f o r  r e g i o n a l  wastewater p lanning seem t o  be w i d e l y  accepted 
and a p p r o p r i a t e  f o r  our purposes. The Pueblo Area Counci l  o f  Governments prepared 
h igh,  low, and average p r o j e c t i o n s  f o r  the Pueblo Standard M e t r o p o l i t a n  S t a t i s t i c -  
a l  Area (SMSA) us ing the "Colorado Popu la t i on  and Employment Forecast ing Model 
(CPE)"  developed by the U n i v e r s i t y  o f  Colorado. 
s u r v i v a l  technique and develops range est imates s i m i l a r  t o  those o f  t he  S t a t e  Div-  
i s i o n  o f  Planning. The San L u i s  Counci l  o f  Governments, i n  c o n j u n c t i o n  w i t h  an 
a i r p o r t  master p lanning study, developed fo recas ts  f o r  Alamosa C i t y  and East 
Alamosa. These fo recas ts ,  and county est imates by the  State,  represent  t h e  most 
c u r r e n t  i n fo rma t ion  a v a i l a b l e  f o r  Alamosa and a r e  used as such f o r  t h i s  study. 

Th is  model a l s o  was the cohor t -  

C . Mun i c i pa 1 Water Consumpt i o n  

Potable water i n  Colorado comes from any o f  th ree  sources: su r face  stream d i -  
vers ion,  t rans-bas in d i v e r s i o n ,  and a q u i f e r  w e l l s .  Western s lope communities 
r e l y  p r i m a r i l y  on su r face  d i v e r s i o n s  w i t h  some w e l l s ,  w h i l e  eas te rn  s lope c i t i e s  
depend more and more on w e l l s  and t rans -bas in  d i v e r s i o n s .  Major m e t r o p o l i t a n  
areas a long the  eas te rn  s lope have developed ex tens i ve  water p r o j e c t s  i n  the  
mountains d i v e r t i n g  water f rom the  Colorado R ive r  bas in  v i a  long tunnels  and aug- 
mentat ion systems. These d i v e r s i o n  p r o j e c t s  a r e  t o p i c s  o f  heated debate between 
eastern and western s lope res iden ts .  Recent drought c o n d i t i o n s  have served t o  
i n t e n s i f y  the t rans -bas in  d i v e r s i o n  issue, as r a p i d  growth s t r a i n s  a v a i l a b l e  re -  
serves. Fo l l ow ing  a r e  b r i e f  d e s c r i p t i o n s  of water usage i n  t h e  t a r g e t  areas. T o t a l  
water consumption f i g u r e s  a r e  presented i n  Table 12. 

Canon C i t y :  Canon C i t y  takes i t s  water from t h e  Arkansas R ive r .  Annual con- 
sumption i n  1975-1976 was about 5,600 a c r e - f e e t ,  w i t h  a peak va lue  corresponding 
t o  a gross annual r a t e  o f  11,000 ac re - fee t .  Major improvements and a d d i t i o n s  t o  
the C i t y  water system a r e  a n t i c i p a t e d  i n  the coming two decades. 

Colorado Spr ings: The C i t y  o f  Colorado Springs ob ta ins  po tab le  water f rom de- 
veloped watersheds i n  the mountains west o f  the c i t y ,  f rom t rans -bas in  d i v e r s i o n s  
from the Arkansas and Blue R ive r  Basins f u r t h e r  t o  the  west a,id northwest,  from 
th ree  F ron t  Range w e l l s  east  and south of  the c i t y ,  and from l o c a l  streams. T o t a l  
average annual y i e l d  was est imated a t  80,000 a c r e - f e e t .  

-. Pueblo: S t a t i s t i c s  obta ined from t h e  Pueblo C i t y  government show t h a t  t o t a l  

Present t reatment  f a c i l i t i e s  a r e  s ized f o r  
1976 water consumption was approx imate ly  27,000 a c r e - f e e t .  
a r e  about 188 percent o f  t he  average. 
about 170 percent  o f  t h a t  peak load. The source o f  water i s  the Arkansas River .  

Peak consumption r a t e s  

San L u i s  Val ley:  Water consumption f i g u r e s  f o r  the Va l l ey ,  publ ished i n  the  
"State Water Plan, Phase 1 :  Appra isa l  Report o f  Present Water Resources and Uses," 
February 1974, a t t r i b u t e  6,000 a c r e - f e e t  t o  munic ipa l  consumption and 617,000 acre- 
f e e t  t o  a g r i c u l t u r e .  The pr imary water sources a r e  the  Rio Grande River  and thou- 
sands o f  w e l l s  i n t h e  V a l l e y ' s  unconf ined a q u i f e r .  
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Table 12 

Summary o f  T o t a l  Water Consumption 

(Acre-Feet per  Year) 

Canon C i t y  
Colorado Spr i ngs 
Pueb 1 o 
San L u i s  V a l l e y  

5,600 
80 , 000 
27,000 

623,000 
735,-boo 

D. Energy Consumption 

Fuel  consumption data,  f o r  n a t u r a l  gas i n  1976, has been prov ided by P u b l i c  
Serv ice  Company o f  Colorado. T h i s  i n f o r m a t i o n  i s  dep ic ted  g r a p h i c a l l y  i n  F igures 
14 through 17, and summarized i n  Table 13 accord ing t o  r e s i d e n t i a l ,  commercial, 
and i n d u s t r i a l  ca tegor ies .  A d d i t i o n a l l y ,  we ob ta ined s t a t i s t i c s  on n e t  energy 
consumption f o r  a number o f  the  l a r g e s t  users i n  t h e  t h r e e  F r o n t  Range c i t i e s  and 
i n  the  San L u i s  V a l l e y .  These f i g u r e s  a r e  presented i n  Tab le  14.. F o r  comparison, 
the l a t t e r  Table a l s o  shows the  approximate annual t o t a l  f u e l  energy consumed t o  
produce process steam f o r  a 5,000-ton-per-day beet sugar p l a n t ,  o p e r a t i n g  on a 
120-day annual campaign. 

Table 13 

T o t a l  Annual Gas Consumption-- ( M i  1 1  ions o f  B t u ' s )  

Canon C i t y  
Colorado Spr ings 
Pueblo 
San L u i s  V a l l e y  

R e s i d e n t i a l  Commercial i n d u s t r i a l  M i  1 i t a r y  

2.54 E06 -- 1.01 E06 5.97 E05 
8.70 E06 7.61 E06 2.56 E06 1.64 E06 
3.69 E06 1.59 E06 3.28 E06 -- 

1.08 E05 -- 6.60 E05 5.52 E05 

E. Demographical ly Based Market Est imates 

The fo rego ing  data g ives  a good, approximate p i c t u r e  o f  t h e  water  and energy 
consumption r a t e s  f o r  t h e  F r o n t  Range c i t i e s  and the  San L u i s  V a l l e y .  The F r o n t  
Range c i t i e s  together  consumed a lmost  113,000 a c r e - f e e t  o f  water  i n  1976. 
c a p i t a  water usage has been increas ing  r e g i o n a l l y  j u s t  as per  c a p i t a  energy con- 
sumption increases w i t h  s t r o n g  economic and p o p u l a t i o n  growth i n  many cases; b u t  
f o r  t h i s  study, i t  i s  beyond t h e  scope o f  work t o  at tempt  t o  account f o r  such 
v a r i a t i o n s .  Only p o p u l a t i o n  p r o j e c t i o n s  w i l l  be used i n  p r o j e c t i n g  p r o p o r t i o n a l  
increase i n  resource demand, and, as discussed, such p r o j e c t i o n  becomes very  tenuous 
beyond a very  few years i n t o  t h e  f u t u r e .  

Per 
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The cumulat ive p o p u l a t i o n  p r e d i c t i o n  f o r  t h e  t h r e e  F r o n t  Range c i t i e s ,  f o r  
t h e  year  2000, i s  559,000 i n h a b i t a n t s ,  amounting to  more than 85 percent  increase. 
Thus, water consumption can be est imated t o  reach about 210,000 a c r e - f e e t  annua l ly  
by 2000, assuming popu la t ion ,  commerce, and i n d u s t r y  p r o f i l e s  f o r  t h e  r e g i o n  r e -  
main roughly  e q u i v a l e n t  t o  t h i s  present  p o i n t  i n  t ime. T h i s  i s  a good assumption; 
the i n t e r e s t  o f  these c i t i e s  i n  growth e x p l i c i t l y  e x h i b i t s  concern f o r  r e a l i z -  
ing  c a r e f u l l y  c o n t r o l l e d  growth i n  o r d e r  t o  a v o i d  develop ing 
economic w e a l t h  i n  the  process. 

m a l d i s t r i b u t i o n s  o f  

Again making no at tempt  t o  p r e d i c t  v a r i a t i o n s  i n  per  c a p i t a  energy consump- 
t i o n  r a t e s ,  the  increase i n  energy consumption for t h e  F r o n t  Range c i t i e s  may be 
est imated on t h e  b a s i s  of the  expected p o p u l a t i o n  growth by t h e  year 2000, f o r  an 
increase o f  85 percent  of  present  l e v e l s .  Present ly ,  energy consumption f o r  t h e  
t h r e e  c i t i e s  t o t a l s  about 31.6 t r i l l i o n  B t u ' s  annua l ly ,  e x c l u d i n g  the p o r t i o n  
a t t r i b u t e d  t o  m i l i t a r y  f a c i l i t i e s .  
B t u ' s  annua l ly .  

The p r o j e c t e d  v a l u e  would be 58.4 t r i l l i o n  

F. A p p l i c a t i o n s  f o r  Geothermal Heat (14)  

As shown i n  Chapters V and V I I ,  a 302OF geothermal resource shows s t rong,  pros- 
p e c t i v e  a p p l i c a b i l i t y  f o r  replacement o f  l a r g e  amounts o f  process heat i n  indus- 
t r i a l  p l a n t s  e x e m p l i f i e d  by t h e  process ing o f  food products  such as beet sugar and 
mal ted b a r l e y .  The promis ing economics i n  t h e  case o f  t h e  sugar p l a n t  des ign i s  
p a r t i c u l a r l y  n o t a b l e  because t h a t  process i s  f i r s t  among the  foods i n d u s t r i e s  i n  
energy consumption ( 1  1 ) .  

A survey o f  o t h e r  p o s s i b l e  a p p l i c a t i o n s  was conducted. With respect  t o  the  
e x i s t e n c e  and u t i l i z a t i o n  o f  a r e s e r v o i r  i n  t h e  San L u i s  V a l l e y ,  i t  was d e s i r a b l e  
t o  i d e n t i f y  p o t e n t i a l  candidates among i n d u s t r i e s  indigenous t o  t h i s  r e g i o n  o f  the  
U.S. The v a r i e t y  o f  a g r i c u l t u r a l  products  i n  t h e  r e g i o n  o f f e r s  numerous, ready 
prospects,  no tab ly  d a i r y  products ,  b a r l e y ,  potatoes f o r  s t a r c h  or food products ,  
lumber, aquacul ture,  and l i v e s t o c k  management. There a r e  two p o t a t o  process ing 
p l a n t s  i n  t h e  San L u i s  Va l ley ,  and a t  l e a s t  one o f  them i s  p r e s e n t l y  under tak ing  
s teps t o  deal w i t h  p o l l u t i o n  problems r e l a t e d  t o  f o s s i l  f u e l  use. Da i ry  products  
and eggs process ing systems g e n e r a l l y  operate a t  tempera tures  o s t e n s i b l y  well s u i t -  
ed t o  moderate temperature geothermal resource c a p a b i l i t i e s ,  and a r e  very  a t t r a c t i v e  
f o r  f u r t h e r  a n a l y s i s .  Basic  meta ls ,  r e f r a c t o r y  m a t e r i a l s ,  and a s e l e c t i o n  o f  min- 
e r a l s  a r e  key i n d u s t r i a l  products  throughout t h i s  s e c t o r .  A goodly number o f  i n -  
d u s t r i e s  l i s t e d  i n  t h e  l i t e r a t u r e  and showing o p e r a t i n g  temperatures i n  s u i t a b l e  
ranges a r e  p r e s e n t l y  o p e r a t i n g  i n  the  v i c i n i t y  o f  the  Fron t  Range t a r g e t  c i t i e s .  
Some pr ime i n d u s t r i a l  t a r g e t s  f o r  a n a l y s i s  and r e c r u i t m e n t  i n  t h i s  r e g i o n  i n c l u d e  
the f o l l o w i n g  (15) :  
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Process Range o r  Maximum Heat ing Medium 
Operat ing Tem- 
pera t u  res  

(OF 1 

Concrete Block and Br i ck  
Borax 
Brom i ne 
Chlor i ne 
Phosphoric Ac id 
KC 1 
Sod i um 
Glass 
Lumber 
Syn the t i c  Rubber 
Steel  
Text i 1 es 
Soup Canning 
Da i r y  
Gasohol 

165-350 
140-210 

225 
150-300 
250-320 
200-250 
240- 275 

70-350 
150-350 

250 
150-220 
70-300 

140-2 10 
140-212 
120-280 

Steam 
S team/a i r 
Siteam 
Steam 
Steam/a i r 
Steam/a i r 
Steam/ai r 
Steam/a i r 
Steam/a i r 
Steam/ai r 
Steam/ai r 
Steam/a i r 
Steam/a i r 
Steam/ai r 
S t e a d a i r  

A recent  Department o f  A g r i c u l t u r e  program t o  develop processes f o r  t he  manufacture 
o f  a l coho l  f rom c e l l u l o s t i c  m a t e r i a l s  i s  e s p e c i a l l y  a t t r a c t i v e  f o r  severa l  reasons. 
F i r s t ,  i t  i s  s t i p u l a t e d  t h a t  no such "gasohol" process t o  be used as a study 
model can be a ne t  f o s s i l  f u e l  energy consumer. Second, the  process can be devel -  
oped i n  c o n j u n c t i o n  w i t h ,  s p e c i f i c a l l y ,  t he  beet sugar process as a source o f  
raw m a t e r i a l s .  

The v a r i e t y  o f  seemingly a t t r a c t i v e  prospects f o r  convers ion t o  geothermal 
energy i s  very  encouraging on t h e  bas i s  o f  t he  comprehensive f e a s i b i l i t y  s tud ies  
o f  t h i s  p r o j e c t .  D e f i n i t e  a n a l y t i c a l  steps should soon be taken t o  r e f i n e  and 
broaden our  d e t a i l e d  data on t h e  r e a l  costs  o f  i n d u s t r i a l  geothermal process heat-  
ing  based on r i go rous  process design. 
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Table 14. Major-User Energy Consumption S t a t i s t i c s  

~~ 

(MMB t u ) 
Canon C i t y  Annual Energy Usage Pueblo Annual Energy Usage 

1. Colorado S ta te  P e n i t e n t i a r y  117,800 1. Dana Corpora t ion  10,600 
2. 
3 .  
4. 
5. 
6. 
7. 
8 .  
9. 

10. 

C o t t e r  Corpora t ion  
Colorado R e f r a c t o r i e s  
Fremont Paving 
DFC Ceramics 
S t .  Thomas More Hosp i ta l  
Canon C i t y  .High School 
Royal Gorge Flower Farms 
Western Forge Corpora t ion  
T o t a l  

Colorado Spr ings 
1. USAF Academy 
2. F o r t  Carson Army BAse 
3. Peterson A.F. Base 
4. U n i d e n t i f i e d  
5. U n i d e n t i f i e d  
6. U n i d e n t i f i e d  
7. U n i d e n t i f i e d  
8. U n i d e n t i f i e d  
9. U n i d e n t i f i e d  

10. U n i d e n t i f i e d  
1 1 .  T o t a l  

148,700 
63,700 
16,800 
18,900 
7,300 
9,800 

44,800 
18,400 

446,200 

1,489,400 
1,745,900 

21 6,500 
80,100 
69,000 

219,500 
I 117,100 

104,900 
631 ,900 
92,800 

4,767,100 

2. Aspen Ski Wear 
3. Colorado S ta te  Hosp i ta l  
4. U .  Southern Colorado 
5. Pueblo School D i s t r i c t  #60 
6. St. Mary Corwin Hosp i ta l  
7. Parkview Hosp i ta l  
8. Pueblo C i t y  H a l l  

9. T o t a l  

1,700 
333,000 

10,500. 
75,800 

103,900 
20,800 

4,700 

561,000 

San L u i s  V a l l e y  
1. Adams S ta te  Co l lege 147,500 
2.  Nonparei 1 S ta rch  Company 136,200 
3 .  Alamosa High School 112,600 
4. Monte V i s t a  Veterans Center 37,000 
5. T o t a l  mcm 

Beet Sugar P lan t  (Process Steam) 
5,000 Ton/Day Capaci ty 1,825,900 
120-Day Campaign 
0.85 Boi l e r  E f f i c i e n c y  
75 Percent Steam on Beets 
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I X .  OVERLAND TRANS-SHIPMENT OF GEOTHERMAL WATER 

A. Basis f o r  Ana lys is  o f  Long-Distance Transpor t  

A p r e l i m i n a r y  a n a l y s i s  was made o f  t h e  economic f e a s i b i l i t y  o f  t r a n s p o r t i n g  
very  l a r g e  q u a n t i t i e s  of  geothermal energy over  long d is tances  t o  t h e  l o c a t i o n s  of 
concentrated o r  aggregate energy consumers. The bas is  f o r  under tak ing t h i s  e f f o r t  
i s  t h e  f a c t  t h a t  most geothermal resources a r e  loca ted  i n  remote areas w i t h  respect  
t o  v i a b l e ,  l a r g e  users.  I t  appears f e a s i b l e  t h a t  i n d i v i d u a l ,  l a r g e  users,  such as 
sugar r e f i n e r s  or  b a r l e y  m a l t s t e r s ,  would be a b l e  t o  economical ly  e s t a b l i s h  a p a r t  
o f  t h e i r  opera t ions  near s p e c i f i c  geothermal s i t e s .  However, a very  l a r g e  number 
of years a r e  l i k e l y  t o  pass be fore  l i v i n g  p a t t e r n s  change s i g n i f i c a n t l y  i n  the  
sense t h a t  l a r g e  p o p u l a t i o n  s h i f t s  toward geothermal areas cou ld  occur because of  
f a c t o r s  o f  energy cos ts  and energy a v a i l a b i l i t y .  
i t  i s  more probable t h a t  l a r g e  increases i n  geothermal energy u t i l i z a t i o n  w i l l  
occur i n  t h e  next  t e n  t o  t h i r t y  years o n l y  i f  t h e  energy o r  f l u i d  from a geothermal 
resource i s  moved t o  e x i s t i n g  conglomerat ions o f  users.  

I n  v iew o f  these cons idera t ions ,  

Transpor t ing  moderate temperature geothermal energy tends t o  be expensive i n  
many cases because of a h i g h  r a t i o  of c a p i t a l  c o s t s  t o  ne t  a v a i l a b l e  energy. These 
i n i t i a l  c o s t s  a r e  g e n e r a l l y  h igh,  for  b o t h  l a r g e  and smal l  geothermal systems, and 
due t o  economics o f  s c a l e  they do n o t  n e c e s s a r i l y  increase r a p i d l y  as t h e  system 
s i z e  increases. Several o t h e r  s t u d i e s  have been made o f  smal l  t o  medium-size 
p i p e l i n e s  f o r  t r a n s f e r r i n g  geothermal water  t o  smal l  communities o r  i n d u s t r i a l  
complexes, and these s t u d i e s  showed t h e  economic t r a n s f e r  d is tances  were most probably  
less than 100 m i l e s  i n  t h e  range of l i n e  s izes  considered. B lanket  statements on 
such c o s t s  a r e  no t  r e l i a b l e  because o f  t h e  complex dependence o f  t h e  c o s t s  on the 
resource q u a l i t y , , t h e  d i s t a n c e  and type of  t e r r a i n  t raversed,  and t h e  cos ts  o f  d i s -  
t r i b u t i o n  and d isposa l  systems a t  the  consumer end o f  t h e  p i p e l i n e .  Thus, each 
p o t e n t i a l  a p p l i c a t i o n  f o r  over land trans-shipment o f  h o t  water  r e a l l y  r e q u i r e s  i n -  
d i v i d u a l ,  d e t a i l e d  a n a l y s i s .  However, i t  i s  f r u i t f u l ,  as a f i r s t  s tep  i n  e v a l u a t i n g  
t h e  r e a l i s t i c  scope o f  p o t e n t i a l  use f o r  t h e  San L u i s  V a l l e y  geothermal resource, 
t o  consider  t h e  l i k e l y  r a n g e a b i l i t y  of such a p i p e l i n e  system c o s t .  

The r e s u l t s  o f  t h e  present  s tudy p r o v i d e  suppor t  f o r  t h e  economic v i a b i l i t y  o f  
t r a n s p o r t i n g  very  l a r g e  amounts o f  energy over  d is tances  o f  t h e  order  o f  150 m i l e s .  

B. Design Procedure 

A major p ipe1 i n e  de l  i v e r y  system was designed p a r a m e t r i c a l l y  t o  eva lua te  a range 
o f  f l o w  r a t e s  i n  economic terms. Other s t u d i e s  have considered p i p e l i n e s  of up t o  
30- t o  36- inch diameters.  The lower l i m i t  se lec ted  f o r  s tudy i n  t h i s  p r o j e c t  i s  24 
inches. In  f i x i n g  t h e  upper l i m i t  f o r  a p i p e l i n e  diameter,  we f i r s t  c a l c u l a t e d  t h e  
t o t a l  a v a i l a b l e  heat i n  t h e  geothermal water ,  assuming a s e n s i b l e  heat loss  through 
user consumption equ iva len t  t o  a 15OoF temperature drop. A t  a f l o w  r a t e  o f  100,000 
a c r e - f e e t  per  year,  t h a t  q u a n t i t y  o f  heat  i s  n e a r l y  40 t r i l l i o n  B tu 's  annua l ly .  I n  
t h e  preceding chapter ,  Table 13 summarizes t h e  energy consumption f o r  t h e  Front  Range 
t a r g e t  c i t i e s  and f o r  t h e  San L u i s  V a l l e y ,  g i v i n g  a t o t a l  energy consumption o f  l e s s  
than 35 t r i l l i o n  B t u ' s  annua l ly .  Thus a 100,000 acre- fee t -per -year  i n f l u x  o f  geo- 
thermal water  about doubles a l l  present  energy consumption l e v e l s  i f  f u l l y  u t i l i z e d ,  
and t h i s  goes w e l l  beyond the  energy demand e x t r a p o l a t i o n s  based d i r e c t l y  on popula- 
t i o n  p r o j e c t i o n s  t h a t  extend t o  the  year 2000. As an upper l i m i t  on p i p e l i n e  s izes ,  
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then, a 60- inch l i n e  was s p e c i f i e d ,  which would convey 85,300 a c r e - f e e t  annua l ly  
a t  a l i n e  v e l o c i t y  o f  6 f e e t  p e r  second. Four p r o s p e c t i v e  p i p e l i n e  diameters were 
used f o r  t h i s  a n a l y s i s :  24-inch, 36-inch, 48-inch, and 60- inch. 

A l i m i t e d  degree o f  des ign d e t a i l  and s o p h i s t i c a t i o n  was considered e x p l i c i t l y  
i n  t h e  i n v e s t i g a t i o n .  To t h e  g r e a t e s t  ex ten t  p o s s i b l e ,  a l l  aspects o f  design were 
c o n s e r v a t i v e l y  f a c t o r e d  i n t o  t h e  o v e r a l l  i n s t a l l e d  component cos ts .  Manufacturers 
o r  i n s t a l l e r s  o f  major c a p i t a l  items such as pumps, i n s u l a t i o n ,  and large-d iameter  
p i p i n g  were contacted f o r  d i r e c t  h e l p  i n  e s t i m a t i n g  c o s t s .  Sources a t  the  U.S. 
Bureau o f  Reclamation were h e l p f u l  i n  p r o v i d i n g  i n f o r m a t i o n  on c u r r e n t  standards f o r  
s i z i n g  la rge-sca le  p i p e l i n e s ,  f o r  commonly accepted o p e r a t i n g  procedures and parameters, 
and f o r  i n f o r m a t i o n  used i n  q u a n t i f y i n g  cos t  est imates f o r  i n s t a l l e d ,  b u r i e d  s t e e l  
p i p e l i n e s  on a weight  bas is .  There were broad d i f f e r e n c e s  i n  the  var ious  est imates 
prov ided d i r e c t l y  o r  which were developed on the bas is  o f  d iscuss ions  w i t h  m u l t i p l e  
contac ts .  For the  c o s t  o f  i n s t a l l e d  p i p i n g ,  i t s e l f ,  data developed d u r i n g  work 
on t h e  Susanvi 1 l e  Geothermal Energy P r o j e c t  (Longyear, 1976) was used i n  genera t ing  
low-range values t o  compare a g a i n s t  o t h e r  h igher  i n s t a l l e d - p i p e  cos t  est imates.  

The r o u t e  chosen f o r  the  p i p e l i n e  was se lec ted  f o r  i t s  d i r e c t n e s s .  I t  would 
r e q u i r e  a 1,500-foot e l e v a t i o n  change w i t h i n  t h e  San L u i s  V a l l e y ,  a tunne l  approx- 
imate ly  5 m i l e s  long (Note: The proposed tunnel  would run  under Hayden Pass, which 
i s  s i t u a t e d  eas t -nor theas t  of V i l l a  Grove, Colorado),  and then up t o  4,000 f e e t  o f  
e l e v a t i o n  change on a predominant ly d o w n h i l l  r u n  t o  t h e  Fron t  Range t a r g e t  c i t i e s .  
The r o u t e  i s  t a b u l a t e d  i n  g r e a t e r  d e t a i l  i n  Table 15. 

Cost est imates f o r  i n s t a  l a t i o n  o f  major p i p e l i n e s  s p e c i f i c a l l y  i n  rugged t e r r a i n  
o f  the  s o r t  proposed f o r  t h i s  des ign case a r e  v i r t u a l l y  impossib le  t o  a c q u i r e  from 
t h e  p i p e l i n e  i n d u s t r y  w i t h o u t  a c o s t l y  des ign s tudy.  I t  was po in ted  o u t  by Beard (18),  
l a t e  i n t h e  study, t h a t  a p i p e  i n e  r o u t e  t o  the  south and e a s t  o f  Alamosa, though i t  
would be 25-30 percent  longer  than t h e  proposed rou te ,  may be p r e f e r a b l e  because i t  
would e n t a i l  t r a v e r s i n g  less  severe t e r r a i n  and a l s o  holds t h e  a t t r a c t i v e  p o s s i b i l i t y  
o f  shar ing  e s t a b l i s h e d  highway o r  r a i l r o a d  r igh ts -o f -way.  The c o s t  est imates presented 
l a t e r  i n  t h i s  chapter  were based on t h e  s h o r t e r ,  more d i f f i c u l t  rou te .  The e f f e c t  o f  
t h i s  cho ice  i s  minimized, however, because a range o f  p o s s i b l e  c o s t  va lues was used 
in the cost estimate, so as to clearly reflect the uncertainties indicated above. 

C .  Bases for  Design 

Design data f o r  t h e  p i p e l i n e  a r e  summarized i n  Tab le  16, i n c l u d i n g  diameters,  
c a p a c i t i e s ,  w a l l  th ickness,  f r i c t i o n a l  pressure losses,  and u n i t  mass. A l s o  shown 
a r e  i n s t a l l e d  u n i t - c o s t  maxima and minima, which i n c o r p o r a t e  c o s t s  f o r  t h e  assembled 
(welded) s t e e l  p ipe ,  a p p l i c a t i o n  o f  i n s u l a t i o n  (bu t  n o t  t h e  c a p i t a l  cos t  of i n s u l a t i o n ) ,  
and b u r i a l  o f  t h e  p i p e l i n e .  Data p e r t a i n i n g  t o  the  e f f e c t s  o f  20 fps v e l o c i t i e s ,  
used t o  absorb p o t e n t i a l  energy, a r e  a l s o  inc luded i n  t h e  Table.  

1.  P i p e l i n e  Capac i t ies ,  F r i c t i o n a l  Losses 

Two f l u i d  v e l o c i t i e s  were se lec ted .  For most s i t u a t i o n s  a v e l o c i t y  o f  6 f e e t  
per second ( f p s )  wa? used. S i g n i f i c a n t  d o w n h i l l  g r a d i e n t s  w i l l  occur ,  n e c e s s i t a t i n g  
some means of absorbing t h e  assoc ia ted  p o t e n t i a l  energy a d d i t i o n  t o  the f l u i d .  I n  
such cases the f l u i d  v e l o c i t y  was increased t o  20 f p s  t o  take  advantage o f  increased 
f r i c t i o n a l  pressure losses. P o r t i o n s  o f  the ne t  d o w n h i l l  runs were scaled down i n  
diameter t o  achieve v e l o c i t i e s  o f  20 f p s ,  based on the  v o l u m e t r i c  f l o w  r a t e s  f o r  
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24-inch, 36- inch, 48-inch, and 60- inch l i n e s  f l o w i n g  a t  6 fps .  To avo id  ambigui ty  
p o s s i b l y  in t roduced i n  d iscuss ion  o f  p i p e l i n e  cases because o f  the  v a r i a t i o n s  t h a t  
occur i n  p i p e l i n e  s izes  w i t h i n  a g iven case study, t h e  cases for  t h i s  study a r e  
designated accord ing t o  the  i n i t i a l  t r u n k l i n e  s i z e s  f o r  f l o w  r a t e s  a t  6 f p s  i n  t h e  
San L u i s  Val ley; '  i .e . ,  t h e  24- inch, 26- inch, 48- inch, and 60- inch cases, respect -  
i v e l y .  

F r i c t i o n a l  pressure losses were c a l c u l a t e d  v i a  t h e  Fanning f r i c t i o n  f a c t o r  co- 
e f f i c i e n t s ,  f o r  water a t  approx imate ly  3OO0F, us ing  t h e  equat ion f o r  imcompressible, 
t u r b u l e n t  f l o w  i n  a condu i t :  

where : 
Ap - pressure loss, p s i  

t = l i q u i d  d e n s i t y ,  l b m / f t 3  
f = Fanning f r i c t i o n  f a c t o r  f rom Moody c h a r t  
L = condu i t  leng th ,  f e e t  
D = condu i t  i n s i d e  d iameter ,  f e e t  
v = f l u i d  v e l o c i t y ,  f e e t  p e r  second 
gc= g r a v i t a t i o n a l  constant ,  32.2 ft-lbf/lb,-sec 2 

A d i a b a t i c  f l o w  i s  assumed, such t h a t  a l l  f r i c t i o n a l  energy l o s s  i s  t r a n s f e r r e d  as 
work on t h e  f l u i d ,  leading t o  a r i s e  i n  f l u i d  temperature.  Related t o  the  above 
equat ion,  t h e  f r i c t i o n a l  work performed on t h e  f l u i d  i n  one m i l e  may be expressed as: 

2 
w = -  2 f L v  f o o t  lbf/lb, 

g CD 
(7) 

T h i s  express ion was converted t o  Btu u n i t s  and used t o  determine t h e  temperature r i s e  
f o r  each case, us ing  equat ion (8 )  below. Table 16 summarizes f l o w  r a t e s ,  d iameters,  
f r i c t i o n a l  pressure losses, and t h e  temperature r i s e  ( a t  a 20 f p s  v e l o c i t y  o n l y ) .  

(8) 0 AT = W/778Cp F/mi l e  

where: 

P 
C 

2. Wall Thicknesses and I n s t a l  led  PiDe Costs 

= l i q u i d  s p e c i f i c  heat,  Btu/lb,-OF 

Minimum p i p e  w a l l  th icknesses were se lec ted  c o n s e r v a t i v e l y ,  p a r t i a l l y  based 
on U.S.  Bureau of  Reclamation p i p e l i n e  des ign c r i t e r i a .  The des ign data i s  based 
on 60- inch s t e e l  p ipe,  for a maximum pressure o f  520 p s i a  and weighing 704 pounds 
per f o o t  o f  leng th ;  t h e  s t e e l  has an approximate d e n s i t y ,  Q, o f  490 l b / f t 3 .  
minimum w a l l  th ickness i s  determined as f o l l o w s  f o r  a one- foot  s e c t i o n  o f  60- inch 
diameter p i p e l i n e ;  

The 

M = 704 l b / f t  = ( q P t / 4 )  (2D+t)  ( 9 )  
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The vapor pressure o f  300°F water  i s  67 p s i a ;  f o r  des ign purposes t h e  minimum 

For a l t e r n a t i v e  p i p e  
pressure r a t i n g  o f  t h e  p i p e l i n e  was taken as 85 ps ia .  
inches was thus se lec ted  for  a 24- inch p i p e l i n e  a t  85 ps ia .  
d iameters and o p e r a t i n g  pressures,  minimum w a l l  th icknesses may be c a l c u l a t e d  
i n  d i r e c t  p r o p o r t i o n  t o  t h e  above values. 
a p p l i c a t i o n  o f  i n s u l a t i o n ,  and i n c l u d i n g  b u r i a l  o f  t h e  p i p e  below the  f r o s t  l i n e ,  
were est imated t o  be about $0.90 per  pound. These cos ts  a r e  p l o t t e d  as a f u n c t i o n  
o f  l i n e  diameter i n  F igure  18. 

A minimum th ickness  of  0.25 

The i n s t a l l e d  c o s t s  o f  such p i p e  w i t h  

The p i p e  system i s  segmented such t h a t  maximum pressures do n o t  exceed 520 p s i a .  
I n  those d o w n h i l l  sec t ions  f o r  which v e l o c i t i e s  a r e  r a i s e d  t o  20 f p s ,  t h e  pressure 
drops incur red  were designled such t h a t  the  maximum pressure i n  any segment would 
a l s o  be less  than 520 p s i a .  Consequently, t h e  p i p e l i n e  i s  considered t o  c o n s i s t  o f  
many segments, each having a w a l l  th ickness o f  t h e  average o f  the  p a i r s  o f  extreme 
values corresponding t o  85 p s i a  and 520 ps ia ,  depending on t h e  p i p e l i n e  diameters 
invo lved.  Th is  data i s  a l s o  summarized i n  Table 16. 

I n  comparison, data is a l s o  shown i n  Table 16 f o r  b u r i e d  s t e e l  p i p e l i n e  cos ts ,  
based on data f rom Longyea,r (13) f o r  the  Susanv i l le ,  C a l i f o r n i a  geothermal p r o j e c t  
study, conducted i n  1975 and 1976. An annual i n f l a t i o n  r a t e  o f  about 6% was a p p l i e d  
t o  the  ad jus ted  January 1975 data.  Costs based on t h e  Longyear data a r e  a l s o  
p l o t t e d  on F igure  18. These cos ts  had t o  be e x t r a p o l a t e d  i n  t h e  range o f  54- t o  
60- inch p i p e  diameters.  

3. Temperature Losses, I n s u l a t i o n  Costs 

Heat losses t o  t h e  surroundings were analyzed f o r  b o t h  b u r i e d  and above- 
2 ground p i p i n g .  

hr°F; f o r  b u r i e d  F ipe  an e f f e c t i v e  o u t s i d e  f i l m  c o e f f i c i e n t  was used, having a 
. va lue  of  1 B t u / f t  hr°F. I n s i d e  f i l m  c o e f f i c i e n t s  ranged between 65 and 515 B t u / f t 2  

hr°F f o r  25OoF water ,  and between 70 and 585 Btu / f t2hroF f o r  3OO0F water.  
c o n d u c t i v i t i e s  o f  s t e e l  arid i n s u l a t i n g  m a t e r i a l  were taken as 25 Btu/hr f t ° F  and 
0.05 Btu/hr ft°F, r e s p e c t i v e l y .  

For sur face  p ipes,  o u t s i d e  f i l m  c o e f f i c i e n t s  were taken as 30 B t u / f t  

Thermal 

Numerous se ts  o f  c a l c u l a t i o n s  were run  f o r  p i p e l i n e s  ranging f rom 8- inch  t o  
72- inch diameters.  Heat losses were determined for  f i x e d  th icknesses of i n s u l a t i o n ,  
w i t h  v a r i a t i o n  o f  i n s i d e  f i l m  c o e f f i c i e n t s  over  t h e  ranges presented above. In -  
s u l a t i o n  th icknesses were determined such t h a t  f l u i d  temperature losses a t  a v e l o c i t y  
o f  6 f p s  were r e s t r i c t e d  t o  25OF. I n  a d d i t i o n ,  based on San L u i s  V a l l e y  weather 
data presented i n  Chapter V I I ,  ex tens ive  e v a l u a t i o n  was made o f  heat  l o s s  as a 
f u n c t i o n  o f  p o s s i b l e  l o g  mean temperature d i f f e r e n c e s .  Table 17 presents  minimum, 
maximum, and average values for  the  o v e r a l l  heat t r a n s f e r  c o e f f i c i e n t s ,  based on i n -  
s i d e  sur face area o f  t h e  p i p e l i n e ,  as determined f o r  bo th  b u r i e d  and above-ground 
p i p e l i n e s  us ing  1 and 2 inches o f  i n s u l a t i o n ,  and t a k i n g  c o n s i d e r a t i o n  f o r  t h e  
l a r g e s t  range o f  i n s i d e  f i l m  c o e f f i c i e n t s .  The narrow range of values o f  t h e  
o v e r a l l  c o e f f i c i e n t ,  U ,  over  t h e  broad ranges o f  d iameters and f i l m  c o e f f i c i e n t s  con- 
s idered  i s  noteworthy.  The r e s u l t s  show t h a t  a b u r i e d  p i p e l i n e  w i t h  1 inch o f  
i n s u l a t i o n  w i l l  l o s e  about: 50 percent  less  heat than t h e  same p i p e l i n e  above ground; 
w i t h  2 inches o f  i n s u l a t i o n ,  t h e  g r e a t e s t  savings i n  heat  losses f o r  a b u r i e d  
p ipe  amount t o  o n l y  about 22 percent  o f  t h e  above-ground heat losses. 
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For a worst-case l o g  mean temperature d i f f e r e n c e  o f  27OoF, a l l o w i n g  about a 
5OoF f l u i d  temperature drop a t  10°F ambient temperature, a b u r i e d  24- inch p ipe-  
l i n e  would r e q u i r e  about 8 inches o f  i n s u l a t i o n ,  w h i l e  a 60- inch l i n e  would r e -  
q u i r e  about 6 inches o f  i n s u l a t i o n .  Table 18 presents  cos ts  f o r  7 inches o f  e x t e r i o r  
i n s u l a t i n g  m a t e r i a l  f o r  t h e  range o f  p i p e l i n e  diameters considered, based on data 
f o r  Johns-Mansvi l le l i q u i d  i n s u l a t i n g  m a t e r i a l  supp l ied  i n  55 g a l l o n  drums, t o  
p r o v i d e  a worst-case es t imate  f o r  a b u r i e d  p ipe1 ine.  

Costs f o r  a p p l i c a t i o n  o f  t h e  i n s u l a t i o n  a r e  b u i l t  i n t o  the  c a p i t a l  cos ts  o f  
t h e  i n s t a l l e d  p i p e l i n e ,  presented on F i g u r e  18. 

4. Water Treatment 

A c o n s e r v a t i v e l y  est imated b r i n e  q u a l i t y  i s  presented i n  Table 22 found i n  
Appendix C .  Treatment f o r  p i p e l i n e  t rans-shipment c o n s i s t s  o f  a c i d i f i c a t i o n  t o  d r i v e  
o f f  carbon d i o x i d e ,  fo l lowed by n e u t r a l i z a t i o n  w i t h  a base. T h i s  g ives a pre-  
t reatment  cos t  o f  $25 per m i l . l i o n  pounds o f  b r i n e .  

5.  Pump i ng Requ i reme% 

W4thin the  San L u i s  V a l l e y  t w o  pumping s t a t i o n s  a r e  necessary t o  supply 
f e e t  o f  s t a t i c  head p l u s  compensation f o r  f r i c t i o n a l  losses.  Between Canon C 
and Colorado Spr ings, two s t a t i o n s  a r e  necessary t o  supply  1,300 f e e t  o f  s t a t  
head p l u s  compensation f o r  f r i c t i o n a l  losses. In te rmed ia te  surge vessel  capac 
i s  no t  inc luded i n  t h e  cos ts .  

,500 
t Y  

t Y  
C 

For a f i n a l  p i p e l i n e  des ign i t  would probably  be economical t o  i n c o r p o r a t e  
hydro-generat ing equipment f o r  use i n  t h e  d o w n h i l l  runs f o l l o w i n g  t r a n s i t  o f  t h e  
Hayden Pass tunne l ,  i n  o rder  t o  p a r t i a l l y  recover  p o t e n t i a l  energy f rom t h e  severa l  
thousand f e e t  o f  h y d r o s t a t i c  head a v a i l a b l e .  T h i s  would be done i n  l i e u  o f  u s i n g  
reduced p i p e l i n e  diameters t o  damp t h e  p o t e n t i a l  energy added t o  t h e  water .  
The associated run  lengths a t  reduced diameters would be 4 t o  5 mi les ,  o f f e r i n g  
l i t t l e  c a p i t a l  c o s t  b e n e f i t .  The use o f  genera t ing  p l a n t s ,  on t h e  o t h e r  hand, cou ld  
compensate f o r  a major p o r t i o n  o f  t h e  requ i red  pumping power. 
approximate t o t a l  system pumping c o s t s  f o r  var ious  p i p e l i n e  c a p a c i t i e s ;  i t  i s  
assumed t h a t  60 percent  o f  t h e  gross f l o w  w i l l  be d i r e c t e d  t o  Colorado Spr ings f o r  
t h e  purposes of  s i z i n g  pumping s t a t i o n s  on t h a t  l e g  o f  t h e  system. 
27 percent  would be d i r e c t e d  t o  Pueblo, b u t  t h a t  l e g  of t h e  system would r e q u i r e  
no pumping as t h e r e  i s  a700- foo t  drop i n  e l e v a t i o n .  

Table 19 presents  

An a d d i t i o n a l  

6. Tunnel Costs 

The c o s t  for  a tunnel  5 m i l e s  long under Hayden Pass and between e l e v a t i o n s  o f  
9,500 t o  9,000 f e e t  i s  est imated t o  be approx imate ly  $4.5 m i l l i o n  per m i l e ,  o r  
$22.5 m i l l i o n  complete. 

D.  P roduc t ion  and Disposal  o f  Geothermal F l u i d s  

The l a r g e s t  p i p e l i n e  capac i ty  considered would c a r r y  85,300 acre- fee t  annua l ly .  
To supply t h i s  ne t  volume would pequi re 100 w e l l s ,  each f l o w i n g  a t  about 530 g a l l o n s  
per minute.  
f o r  t h e  San L u i s  V a l l e y  resource, based on the  r e s u l t s  o f  t h e  h y d r o l o g i c a l  evalua- 
t i o n  discussed i n  Chapter I l l .  For a conserva t ive  r e s u l t ,  a maximum o f  110 
produc t ion  w e l l s  a r e  used i n  t h e  c o s t  analyses o f  t h i s  chapter .  The smal le r  p ipe-  

T h i s  f l o w  r a t e  i s  approx imate ly  the  minimum est imated c a p a b i l i t y  
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l i n e  s i z e s  a r e  assessed p r o p o r t i o n a t e l y  fewer w e l l s .  
on the  bases f i r s t  s t a t e d  i n  Chapter V .  The r e q u i r e d  depth f o r  a t t a i n i n g  
3O2OF f l u i d  temperatures i s  10,000 f e e t ;  d r i  1 1  i n g  and complet ion cos ts  amount 
t o  $65 per  f o o t  o f  depth. ’The ne t  c o s t  per  w e l l  i s  then $650,000, I t  i s  a l s o  
assumed t h a t  t h e  same number o f  i n j e c t i o n  w e l l s ,  o f  t h e  same depth and t o t a l  
cos t  as p roduc t ion  w e l l s ,  w i l l  be requ i red  f o r  d isposa l  o f  spent b r i n e .  

These w e l l s  a r e  designed 

I t  i s  h i g h l y  speculat i ive t o  propose s p e c i f i c  geothermal waste water d isposa l  
methods f o r  t h e  Fron t  Range t a r g e t  c i t i e s .  The presumed i n j e c t i o n  of t h e  water 
i n  deep w e l l s  i s  one o p t i o n .  Other p o s s i b i l i t i e s  i n c l u d e  adding the  cooled 
b r i n e  t o  t h e  Arkansas River- f rom Canon C i t y  o r  Pueblo, i r r i g a t i o n ,  consumption 
i n  i n d u s t r i a l  and niunicipa’l water  systems, o r  f u r t h e r  t r a n s p o r t  o f  t h e  water  t o  the 
o u t l y i n g  p l a i n s  areas i n  need o f  water.  Consider t h e  f u r t h e r  use o f  geothermal 
water for  m u n i c i p a l - i n d u s t r i a l  consumption. 

The t h r e e  Fron t  Range c i t i e s  i n  t h i s  study, as w e l l  as Denver and o t h e r  
develop ing metropol  i t a n  areas i n  Colorado’s  Fron t  Range s t r i p ,  have t o  p l a n  we1 1 
ahead o f  t h e  present  f o r  major water  i m p o r t a t i o n  and t reatment  systems t o  supply  
t h e i r  r a p i d l y  growing munic ipa l  and i n d u s t r i a l  water needs. As ide f rom t h e  
economic expense o f  g a t h e r i n g  t h e  sparse ly  d i s t r i b u t e d  water  supp l ies  i n  t h e  
western mountain reg ions,  r j t rong c o m p e t i t i o n  f o r  water i s  a l s o  a major problem 
t o  contend w i t h .  f ’ resent ly t h e  l a r g e  g a t h e r i n g  systems s e r v i n g  the metropol  i t a n  
areas a r e  almost e x c l u s i v e l y  sur face  water‘ supp l ied .  A geothermal p i p e l i n e  i n  
c o n j u n c t i o n  w i t h  a f u l l  t reatment  p l a n t  cou ld  p r o v i d e  p o t a b l e  water  as w e l l  as 
heat.  Consumption o f  geothermal water wou’ld p a r t i a l l y  re1 i e v e  t h e  compet i t ion  f o r  
sur face  waters.  

The necessary t reatment p l a n t  t o  produce p o t a b l e  water  f rom geothermal e f f l u e n t  
o b v i o u s l y  may be expected t o  be more c o s t l y  than would be r e q u i r e d  f o r  contemporary 
mun ic ipa l  water  sy!;tems r e c e i v i n g  much b e t t e r  q u a l i t y  feed water .  Equa l ly  as 
obv ious,  though, t h e  cos t  o f  such a water  d e l i v e r y  and t reatment  system would be 
p a r t i a l l y  borne by bo th  t h e  use o f  t h e  energy i n  the  h o t  water ,  and the consumption 
o f  the  water .  

Thus, the  f i n a l  c o n s i d e r a t i o n  from t h e  p e r s p e c t i v e  of  energy supply--waste 
water d isposa l - - leads  to  severa l  a l t e r n a t i v e  u t i 1  i z a t i o n s  o f  t h e  resource. 
P r a c t i c e s  such as lengthening the  beet  sugar process ing campaign, f i n d i n g  m u l t i p l e  
compat ib le  heat consumers, and re -us ing  geothermal water  as water a f t e r  the heat 
conten t  i s  depleted,  a l l  have the  common e f f e c t  o f  a l l o w i n g  cos ts  t o  be amort ized 
over a broader consumer base. Taking b o t h  heat and water  f rom a geothermal 
r e s e r v o i r  i s  n o t  a new concept.  The water and energy needs o f  the  Fron t  Range area 
o f  Colorado s t r o n g l y  suggest making d e t a i l e d  e v a l u a t i o n  o f  such a l t e r n a t i v e s .  

E. Subsid iary  Gebthermal ‘Water Hand1 i n g  Systems 

D i s t r i b u t i o n  p f  h o t  water  from a t e r m i n a l  p o i n t  i n  a l a r g e  t r u n k l i n e ,  t o  
end users such as f a c t b r i e s ,  r e f i n e r i e s ,  commercial cen ters ,  or  homes would a l l  be 
by very  s i m i l a r  p i p i n g  systems. The complex i ty  and, t h e r e f o r e ,  t h e  c o s t s  o f  these 
systems would havelvery broad p o s s i b l e  ranges. Those c o s t s  have n o t  been inc luded 
i n  t h i s  a n a l y s i s .  

I 
,I 

As a bas is  f o r  rough est imates,  however, cons ider  the  sugar process m o d i f i c a -  
t i o n s .  The c a p i t a l  cos ts  o f  d e l i v e r i n g  ho t  water and then e x t r a c t i n g  t h e  heat 
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amounted t o  about 30 t o  40 percent  of t h e  t o t a l  w e l l  c o s t s .  So, t o  es t imate  t h e  
t o t a l  cos ts  o f  m u n i c i p a l - i n d u s t r i a l  water  d i s t r i b u t i o n  and heat recovery systems 
t o  enable t h e  use o f  geothermal energy, one cou ld  s t a r t  by u s i n g  40 percent  o f  
t h e  t o t a l  w e l l  cos ts  f o r  bo th  p roduc t ion  and r e i n j e c t i o n .  

F.  Summary o f  P i p e l i n e  Costs 

1 .  Based on t h e  Proposed Route 

Table 20 presents  a c o s t  summary f o r  the  f o u r  t r u n k l i n e  cases based on 24-, 
36-, 48-, and 60- inch diameters,  i n i t i a l l y .  I t  i s  t o  be remembered t h a t  heat con- 
sumption based on n a t u r a l  gas u t i l i z a t i o n  f o r  t h e  r e g i o n  s tud ied  p r e s e n t l y  t o t a l s  
about 35 t r i l l i o n  B t u ' s  annua l ly .  An economical p i p e l i n e  w i l l  p robably  supply 
enough heat  t o  amount t o  a s u b s t a n t i a l  p o r t i o n  o f  present  consumption l e v e l s .  Thus, 
implementat ion o f  u t i l i z a t i o n  o f  heat  from h o t  water  a t  t h a t  magnitude i s  a long- 
term p r o p o s i t i o n  r e q u i r i n g  no t  o n l y  c a r e f u l  p lann ing ,  b u t  a l s o  a s h i f t  toward a 
g rea t  deal o f  new o r  uncommon, though n o t  h i g h l y  s o p h i s t i c a t e d ,  engineer ing 
technology. U t i l i z a t i o n  o f  the  ho t  water i s  based on r e a l i z a t i o n  o f  a 150OF 
temperature drop through consumption; an i n i t i a l  25 t o  5O0F w i l l  be l o s t  i n  t r a n s i t .  
For t h e  smal le r  p i p e l i n e  systems, t h e  $22.5 m i l l i o n  tunnel  cos t  becomes a 
very  s u b s t a n t i a l  energy-cost f a c t o r .  The t rend o f  cos ts  f a v o r i n g  t h e  l a r g e r  p ipe-  
l i n e s ,  as w e l l  as t h e  c o s t  magnitudes, i n  t h e  c o n t e x t  o f  p r o j e c t e d  p o p u l a t i o n  and 
energy consumption growth r a t e s ,  f u r t h e r  emphasizes the  major s c a l e  o f  t h e  under- 
t a k i n g  o f  over land trans-shipment of geothermal water .  

The p i p e l i n e  legs between Canon C i t y  and Colorado Spr ings, and between Canon 
C i t y  and Pueblo c a r r y  60 and 27 percent  o f  t h e  gross wel lhead f l o w ,  r e s p e c t i v e l y ,  
and diameters f o r  those legs a r e  a p p r o p r i a t e l y  reduced t o  m a i n t a i n  6 f p s  v e l o c i t i e s .  
T h i s  s p l i t  o f  v o l u m e t r i c  f l o w s  i s  based on t h e  r e l a t i v e  amounts o f  gas consumed, 
as l i s t e d  i n  Table 13;  t h i s  b a s i s  excludes the  gas consumption l i s t e d  f o r  m i l i t a r y  
f a c i l i t i e s .  

Sec t ion  A o f  Tab le  20 presents  t h e  cos t  analyses f o r  t h e  p i p e l i n e  systems, o m i t t i n g  
t h e  c o s t s  o f  p roduc t ion  and d isposa l  w e l l s ,  and as noted i n  s e c t i o n  E, above, 
o m i t t i n g  s u b s i d i a r y  d i s t r i b u t i o n  and heat  recovery systems. Sec t ion  B of Tab le  20 
presents  a comprehensive c o s t  e s t i m a t e  f o r  a t runk1 i n e  geothermal water  d e l  i v e r y  
system f rom t h e  San L u i s  V a l l e y  t o  t h r e e  te rmina l  c i t i e s ,  i n c l u d i n g  t h e  t o t a l  w e l l  
cos ts  w i t h  o t h e r  c a p i t a l  charges. The r e s u l t s  presented i n  s e c t i o n  A a re ,  thus,  
component c o s t s  f o r  t h e  b u l k  d e l i v e r y  systems, alone; t h e  r e s u l t s  i n  s e c t i o n  B 
represent  gross c o s t s  f o r  the  long d i s t a n c e  trans-shipment o f  geothermal energy be- 
tween reg ions.  A t h i r d  l e v e l  o f  a n a l y s i s ,  f a c t o r i n g  i n  t h e  c o s t s  for d i s t r i b u t i o n  
and heat recovery systems a t  t h e  te rmina l  c i t i e s ,  can r e a d i l y  be performed f o l l o w -  
ing  des ign and c o s t  es t imat ion .  The most general  approach t o  accountin'g f o r  the  
l a s t  f a c t o r ,  presented i n  s e c t i o n  E, would increase t h e  maximum est imated c o s t s  
i n  Table 20-B by about 6 percent  f o r  a 24- inch p i p e l i n e ,  and by about 7 . 4  
percent  f o r  a 6 - inch  l i n e .  

The f i n a l  cos ts  presented i n  Tab le  20-8 lead t o  severa l  conc lus ions.  The 
minimum c o s t  est imates p r e d i c t  t h a t  t h e  c o s t  of t r a n s p o r t i n g  geothermal water ,  t o  be 
used o n l y  as an energy source, w i l l  decrease markedly w i t h  inc reas ing  p i p e l i n e  
capac i ty ;  t h i s  decrease cont inues above the  60- inch l i n e  s i z e .  Consider ing present  
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average energy c o s t  f i g u r e s ,  these est imates show t h a t  un less convent ional  energy 
cos ts  e s c a l a t e  r a p i d l y  i n  coming years,  i t  would be d i f f i c u l t  t o  j u s t i f y  cons ider ing  
a p i p e l i n e  p r o j e c t  of smal le r  d iameter than 36 inches, where the  p i p e l i n e  c o s t  as 
a minimum would amount t o  about $3.05 per  m i l l i o n  B t u ' s .  The minimum c o s t  
est imates r e f l e c t  f a v o r a b l e  economies o f  sca le.  

The maximum c o s t  est imates,  on t h e  o t h e r  hand, a r e  more expensive and a l s o  less  
f a v o r a b l e  i n  t h a t  t h e  b e n e f i t s  of economies o f  s c a l e  a r e  s e r i o u s l y  d imin ished 
f o r  p i p e  diameters g r e a t e r  than 36 inches. The maximum est imates i n d i c a t e  a p i p e l i n e  
would approach a l i m i t  o f  about $3.60 t o  $3.70 per  m i l l i o n  B t u ' s  c o n t r i b u t i o n  
t o  t h e  c o s t  of energy f o r  l i n e s  o f  48- inch and l a r g e r  d iameters.  

2. 

An a l t e r n a t e  r o u t e  was considered, running f i r s t  south,  then eas t  o f  Alamosa 

Based on an A l t e r n a t i v e  P i p e l i n e  Route 

f o l l o w i n g  Highway 160, and then running n o r t h  t o  Pueblo, f i r s t ,  ins tead of  t o  
Canon C i t y .  T h i s  r o u t e  adds approx imate ly  30 percent i n  length  t o  the main t r u n k -  
l i n e  o f  t h e  r o u t e  used i n  t h e  base cases. The p i p e l i n e  branches t o  Canon C i t y  
and Colorado Spr ings a r e  assumed t o  be the  same as f o r  t h e  base cases. The 
t e r r a i n  v i a  t h i s  r c u t e  i s  l e s s  severe, making c o n s t r u c t i o n  e a s i e r  and less  c o s t l y ;  
t h e  added d i s t a n c e  may lead t o  approx imate ly  i d e n t i c a l  pumping requirements 
i n  s p i t e  o f  l e s s e r  e l e v a t i o n  changes. The p o s s i b i l i t y  o f  "piggy-backing" t h e  
p i p e l i n e  a long t h e  e x i s t i n g  major highway r igh t -o f -ways  was c i t e d  by Beard as a 
s i g n i f i c a n t  i n c e n t i v e .  Furthermore, t h e  expensive Hayden Pass tunnel  would be 
e l im ina ted .  

The q u a n t i f i a b l e  c o s t  d i f f e r e n c e s  r e s u l t  f rom t h e  e x t r a  d i s t a n c e  and e l i m i n a -  
t i o n  o f  the  tunne l ,  a f f e c t i n g  p i p e l i n e  mass and i n s u l a t i o n .  A l l  o t h e r  f a c t o r s  and 
cos ts  remained constant .  These f a c t o r s  were used t o  re -es t imate  o v e r a l l  p i p e l i n e  
cos ts  correspondin: t o  those i n  Table 20-A, based on c o s t  data developed independent ly 
i n  th is  study. I n  s d d i t i o n ,  i n  t h e  a l t e r n a t e  r o u t e  t h e  potential-energy-absorbing 
s i z e  reduc t ions  usc,d w i t h  the  base cases were n o t  inc luded.  The f o l l o w i n g  va lues 
may be compared t o  t h e  corresponding maxima l i s t e d  i n  Table 20-A: 

Main L i n e  Diameter ( i n c  es) 24 36 48 60 
T o t a l  C a p i t a l  Cost:. (10 t $1 109.3 245.9 417.1 668.5 
T o t a l  Hour ly  Costs ($ /h r )  2150 4770 81 10 12,900 
Energy Costs ($/MM Btu) 3.65 3.59 3.44 3.50 

These va lues i n d i c a t e ,  on a p r e l i m i n a r y  bas is ,  t h a t  t h e  longer  r o u t e  would be 
more expensive than t h a t  used i n  t h e  base cases f o r  p i p e l i n e  diameters g r e a t e r  than 
24 inches. 
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Table 15 

Segment AH;? Ap$:$; E leva t ions  Length 
(Term i na 1 Poi n t s )  ( f e e t )  ( p s i )  ( f e e t )  (mi les )  

' Well s i te-Tunnel  1500 650 7500-9000 44 
Tunnel -500 220 9000-8500 5 

Tunnel-Arkansas R iver  - 1800 780 8 500- 6700 4 
Arkansas River-Canon C i  ty+c*'k - 1000 430 6700-5700 32 
Canon Ci ty-Pueblo -700 300 5700-5000 32 
Canon Ci ty-Colorado Spr ings 1300 560 5700-7000 30 

- 1000 430 7000-6000 15 
T o t a l  P i p e l i n e  Mi leage 162 

+ E l e v a t i o n  change 
H y d r o s t a t i c  pressure change 
T h i s  segment of  the  r o u t e h a s  been routed t o  avo id  Royal Gorge 

-L .L 

.L & -1. 

I\ I. 

,. I. ,. 
Tab le  16 

Summary o f  P i p e l i n e  Design Data 

A. For 6 f p s :  

L i n e  diameters ( i n . )  
Capac i t ies  (acre- feet /year)  
Avg. Wall Thickness ( i n . )  
F r i c t i o n  Losses (psi /mi l e )  
U n i t  P ipe  Mass ( # / f o o t )  
U n i t  Cost ( $ / f o o t )  
Uni t Cost ( $ / f o o t )  a 

24 36 

0.55 0.85 
8.6 5.2 
144 335 
130 302 
114 162 

13,600 30,700 

6. Same c a p a c i t i e s  as "A," b u t  f o r  20 f p s :  

L i n e  diameters ( i n . )  
Capaci t i e s  (acre- fee t /year )  
Avg. Wal l  Thickness ( in . )  
F r i c t i o n  Losses ( p s i / m i l e )  
U n i t  P ipe Mass ( # / f o o t )  
U n i t  Cost ($ / foo t )  
Length o f  Run (mi les)  
Net F r i c t i o n  Losses ( p s i )  
Temp. R ise  o f  F l u i d  (OF/mile) 
F r i c t i o n  Fac tor ,  f 

14 
13,600 
0.35 
181 
53.7 
48.30 

4 
724 
0.6 

0.0040 

20 
30,700 

0.45 
114 
98.4 
88.60 

4 
456 
0.4 

0.0036 

48 60 
54,600 85 , 300 

1.10 1.40 
3.7 2.8 
577 919 
519 827 
222 302 

26 32 
54,600 85,300 

0.60 0.75 
83 63 

171 263 
154 237 

4 5 
332 315 
0.3 0.2 

0.0034 0.0032 

a 
Costs based on Longyear ( 1 3 ) .  
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Table 17 

Fange o f  Overa l l  Heat Trans fer  C o e f f i c i e n t s  
( f o r  1 and 2 inches o f  i n s u l a t i o n )  

Pi,pel i n e  Diameter 
( inches) 

O v e r a l l  Heat Trans fer  C o e f f i c i e n t s  (B tu / f t2hroF)  

Sur face Pipe Bur ied Pipe 
(1" i n s u l . ) / ( 2 "  i n s u l . )  (1" i n s u l . ) / ( 2 "  i n s u l . )  

8 (minimum) 0.68 / 0.38 0.45 / 0.31 
72 (maximum) 0.62 / a  0.40 / 0.25 

Average f o r  1 1  Diameters 0.63 / 0.33 0.41 / 0.26 

Table 18 

I n s u l a t i o n  Costs Per M i l e  o f  P i p e l i n e  

I n s i d e  Diameter 
( i  fiches) 

I n s u l a t i o n  
Cu. F t  Der M i l e  $ Der M i l e  

14 
20 
24 
36 
48 
60 

17,500 26,300 
22,500 33,800 
25,900 38,900 
36,000 54,000 
46,100 69,200 
56,300 84,500 

Bases: 7 - i n c h  l a y e r  o f  i n s u l a t i o n  
$1.50 per  c u b i c  f o o t  o f  i n s u l a t i o n  
Application o f  insulation included a s  part of  installed pipeline capital 

c o s t ,  F igure  18. 
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Table 19 

Pumping System C a p i t a l  and Operat ing Costs 

Bases: 2 s t a t i o n s  i n  San L u i s  V a l l e y  pumping water  t o  750 f t .  s t a t i c  head p l u s  f r i c t i o n a l  1osseSeach; 
2 s t a t i o n s  i n  Front  Range network pumping t o  650 f t .  s t a t i c  head p l u s  f r i c t i o n a l  losses, each; 
l i n e  v e l o c i t y  i s  6 f p s ;  water i s  a t  302OF, 0.93 S . G . ;  pump e f f i c i e n c y  = 85%. 

Val l e y  Gross F r i c t i o n a l  Horsepower Net E l e c t  r i ca 1 C a p i t a l  Costs per  
Trunk1 i ne Capaci t y  Losses a Per Costs, A1  1 S t a t  iona 
Diameter S t a t  iona S t a t  i onsb 
( inches)  (gpm) (ps i /mi  l e )  ($/hour)  (10%) 

24 8,430 8.6, 20 2350; 1600 180 0.75, 0.48 

36 - 19,000 5.2, 15 4530; 31 30 340 

48 3 3  , 800 3 .7 ,  12 7450; 5080 560 

a N 60 52 , 900 2.8, 10 1 1,100; 7430 830 3.43, 2.25 

a Values g iven r e f e r  t o  pumping w i t h i n  t h e  V a l l e y  and on the  Front  Range, r e s p e c t i v e l y ;  60% o f  gross capac i ty  
i s  pumped i n  Fron t  Range t r u n k l i n e  t o  Colorado Spr ings. 

E l e c t r i c i t y  valued a t  3~ per  kwh. 
b 

Q .  
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i nc 1 uded. 

F igu re  18 

I n s t a l  l e d  Geothermal P ipe l  i n e  Costs. 
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Table 20-A 

Geothermal Pipe1 i n e  Costs 

System Exclud ing We1 1s f o r  Product ion,  I n j e c t i o n  

Case 

Main L i  e Diameter ( Inches) 
Capaci t y  (Acre-Feet/Year) 
Heat Content (MM B&u/hr);': 
P i p e l i n e  Costs (10 $ )  

Maxi mum 
Minimum 

I n s u l a t i o n  Cost (106$) 

Pump S t a t i o n  Costs (10 $ )  
T o t a l  C a p i t a l  Cost (10 6 $ )  

Annual C a p i t a l  Charges (lo6$)+<;$ 

Tunnel Cost ( I O , $ )  8 6 

Maxi mum 
Minimum 

Max i mum 
Minimum 

Annual B r i n e  Treatment Costsa 
T o t a l  Annual Costs (IO6$) 

Maxi mum 
Minimum 

Maxi mum 
Minimum 

Net Hour 1 y Costs ($ /h r  ) 

E l e c t r i c a l  Costs ( $ / h r l c  
T o t a l  Hour ly  Costs ($ /h r )  

Maxi mum 
Minimum . 

Maxi mum 
Minimum 

Energy Costs ($/MM Btu) 

A 

24 
13,600 

589 

- 

- 
85.1 
80.8 

5.4 
22.5 

2.5 

115.5 
111.2 

17.3 
16.7 
0.9 

18.2 
17.6 

2,080 
2,010 
180 

2,260 
2,190 

3.84 
3.72 

B 

36 
30,700 

1,330 

186.3 
117.6 

7 .4  
22.5 

4.8 

221 .o  
152.3 

33.2 
22.8 

1.9 

35.1 
24.7 

4,010 
2,820 
3 40 

4,350 
3,160 

3.27 
2.38 

- 

- 

:: Bases - 15OoF Temperature drop by consumption; 
0.93 S.G. ;  1.0 (Btu/#OF) 

Assessed a t  15% of T o t a l  C a p i t a l  Costs -1. -8. ,. I .  

a. Costs a r e  $25 per m i l l . i o n  pounds o f  b r i n e  
b. 100% stream f a c t o r  
c .  Assessed a t  3e/kwh 

C 

48 
54,600 
2,360 

319.0 
155.1 

9.4 
22.5 

7.8 

358.7 
194.8 

53.8 

3.5 

57.3 
32.7 

6,540 
3,730 
560 

7,100 
4,290 

1.82 

- 

- 

29.2 

3.01 

D 

60 
85,300 

3,690 

514.0 
207.3 

11.5 

11 .4  

- 

- 

22.5 

559.4 
252.7 

83.9 
37.9 

5.4 

89.3 
43.3 

10,190 
4,940 
830 

11,020 
5,770 

2.99 
1.56 

NOTE: End-user d i s t r i b u t i o n  system and heat-recovery c a p i t a l  costs  n o t  inc luded - 
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Table 20-8 

Geothermal P i p e l i n e  Costs 

- Sbstem I n c l u d i n g  We1 1s f o r  Product ion,  I n j e c t i o n  

Case A B C D 

Ma i n L i ne D iameter ( inches)  24 36 48 60 

T o t a l  No. o f  Wel ls 

T o t a l  Well Costs (106s) 

T o t a l  C a p i t a l  Costs 

Maxi mum 

M i  n i mum 

Annual C a p i t a l  Charges 

Maxi mum 

35 79 141 220 

22.8 51.4  91.7 143.0 

138.3 272.4 450.4 702.4 

134.0 203.7 286.5 395.7 

20.7 40.9 67.6 105.4 

Minimum 20.1 30.6 43.0 59.4 

Energy Costs ($/MM Btu) 

Maxi mum 4.50 3.93 3.68 3.65 

Minimum 4.38 3.05 2.49 2.23 

Note: End-user d i s t r i b u t i o n  system and heat recovery c a p i t a l  cos ts  no t  inc luded.  

2: Cost components no t  e x p l i c i t l y  shown-may be i n f e r r e d  from Tab le  20-A 

;:“Assessed a t  15% o f  T o t a l  C a p i t a l  Costs 
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INTRODUCTION 

Genera 1 

Th i s  r e p o r t  d 'scusses  the  geothermal p o t e n t i a l  o f  t h e  San L u i s  Va l l ey ,  i n  
sou th -cen t ra l  Colorado. The Va l l ey  i s  i n  the  count ies  o f  Saguache, R i o  Grande, 
Alamosa, and Conejos. F i g u r e  19 shows the  topographic fea tu res  o f  the area. 

Th is  r e p o r t  i!; based upon a study o f  data e i t h e r  pub1,ished o r  ex t rac ted  from 
t h e  f i l e s  o f  var io i rs  p u b l i c  agencies, The pr imary  o b j e c t i v e  has been t o  syn thes ize  
e x i s t i n g  geologica' l  and geophysical i n f o r m a t i o n  on t h e  study area and t o  eva lua te  
t h e  p rospec t i ve  geothermal resources. 

Summary and Conclu!;ions 

Present i n f o r r i a t i o n  on geothermal resources o f  . the San L u i s  V a l l e y  i n d i c a t e s  
the  most p romis ing  t a r g e t  i s  a r e s e r v o i r  under l y ing  t h e  c ross  hatched area of  F igu re  
3 .  I t  i s  est imated t h a t  i n  a zone between t h e  approximate depths of 8,600 and 
9,500 f e e t  t h e r e  ai-e about 1 .3  x 1 0 l 2  cub ic  f e e t  o f  water a t  a minimum temperature 
o f  25OoF. The watc r  i s  est imated t o  c o n t a i n  about 2,000 mg/l d i sso l ved  m a t e r i a l .  
Permea-b i l i t ies  i n  i:he zone a r e  probably h i g h  and capable o f  suppor t ing  h i g h  l e v e l s  
of produc t ion  and i ' e i n j e c t i o n  through w e l l  systems. 

There i s  no d i r e c t  i n fo rma t ion  on s t r a t a  deeper than 9,500 f e e t .  Geophysical 
data have been in t t t rp re ted  t o  i n d i c a t e  t h a t  t h e  igneous basement f l o o r  i s  a t  a 
depth o f  30,000 fec:t. Th is  es t ima te  i s  probably somewhat t o o  g r e a t .  I n  any event,  
t h e  p o t e n t i a l  exisi:s f o r  f i n d i n g  r e s e r v o i r  temperatures i n  excess of 25OoF a t  
depths below 9,500 f e e t .  

The a q u i f e r  s:rstem which inc ludes  the  pr imary  r e s e r v o i r  resource probably o u t -  
crops and i s  rechai-ged i n  t h e  San Juan Mountains. I n  t h e  c e n t r a l  San L u i s  V a l l e y  
the  r e s e r v o i r  i s  t ' g h t l y  contained under severa l  thousand f e e t  o f  sha le  and c l a y .  
Some minor upward t l ischarge occurs,  probably p r i m a r i l y  a long f a u l t  zones. 

Genera 1 

GEOLOG 1 C SETT I NG 

The San L u i s  \ ' a l l e y  i s  i n  t h e  n o r t h e r n  p a r t  o f  a geo log i c  f e a t u r e  c a l l e d  the  
R io  Grande R i f t  (Ctiapin, 1971) .  I n  s imp le  terms, t h e  r i f t  i s  a nor th -south  zone 
a long which t h e  e a r t h ' s  c r u s t  has been downdropped r e l a t i v e  t o  t h e  c r u s t a l  m a t e r i a l  
eas t  and west o f  t t ie zone. I t  i s  pos tu la ted  as a tens iona l  f e a t u r e  bounded by 
normal f a u l t s  alonsl t h e  V a l l e y  w a l l s .  The eas t  w a l l  o f  t h e  V a l l e y  i s  formed by 
the  g r a n i t i c  and m(:tamorphic rock  mass o f  t h e  Sangre de C r i s t o  Mountains (F igu re  19) 
The west w a l l  o f  t t ie  V a l l e y  c o n s i s t s  o f  t he  v o l c a n i c  t e r r a i n  o f  t h e  San Juan 
Mountains. Th is  somewhat s i m p l i s t i c  p a t t e r n  i s  compl icated by a p l e t h o r a  of  
secondary and t e r t i a r y  f a u l t s ,  f o l d s ,  and v o l c a n i c  fea tu res  which a r e  no t  y e t  
en t i re1 y dec i pheretl . 

According t o  (:hapin (1971) ,  r i f t i n g  a long the  R io  Grande V a l l e y  began a t  l e a s t  
18 m i l l i o n  years a!lo du r ing  t h e  Miocene epoch. P r i o r  t o  t h a t  t ime, a s e r i e s  of 
sedimentary Paleozoic rocks had been deposi ted unconformably over  a Precambrian 
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c r y s t a l l i n e  complex o f  igneous and metamorphic rocks.  Beginning i n  t h e  Oligocene, 
j u s t  p r i o r  t o  the  development o f  the  r i f t ,  v o l c a n i c  e r u p t i o n s  spread lava and ash 
across t h e  Va l ley .  The e r u p t i o n s  cont inued d u r i n g  the development o f  the r i f t ,  
ending d u r i n g  the l a t e  Miocene. 

As  the  r i f t  v a l l e y  developed, sediments began t o  be eroded from the bounding 
h igher ,  mountainous areas. These sediments were spread across the  v a l l e y  f l o o r  
as coa lesc ing  a l l u v i a l  fans interbedded w i t h  Miocene-age lava f lows.  Depos i t ion  
o f  t h e  sediments, c a l l e d  t h e  Santa Fe fo rmat ion  (Powel l ,  1958), cont inued i n t o  t h e  
P l iocene epoch. The sedimentary p o r t i o n  o f  t h e  Santa Fe fo rmat ion  c o n s i s t s  o f  
conglomerate, sand, g r a v e l ,  and c l a y ,  probably  n e a r l y  a l l  o f  f l u v i a l  o r i g i n .  
The v o l c a n i c  m a t e r i a l  i s  most abundant i n  basal  p o r t i o n s  of t h e  format ions,  be- 
coming scarce o r  absent i n  h igher  s t r a t a .  Maximum th ickness o f  t h e  Santa Fe 
fo rmat ion  i n  t h e  San L u i s  V a l l e y  i s  thought by Powell (1958, p.20) t o  be i n  excess 
o f  5,000 f e e t .  

Dur ing the  P le is tocene the  Alamosa fo rmat ion  was deposi ted over t h e  Santa Fe 
fo rmat ion .  The Alamosa ranges f rom zero t o  more than 2,000 f e e t  i n  th ickness .  
I t  c o n s i s t s  of a l l u v i a l  fan  sediments a long t h e  V a l l e y  w a l l s ,  grading i n t o  f i n e -  
g ra ined p laya  depos i ts  near V a l l e y  center .  I t  i s  t h i n n e s t  and coarses t  near the  
V a l l e y  w a l l s ,  becoming f i n e r  g ra ined and t h i c k e s t  near V a l l e y  center .  

A t h i n  veneer o f  Recent sediments o f  v a r i a b l e  th ickness  o v e r l i e s  t h e  Alamosa 
fo rmat ion .  

Subsurface and Geophysical I n v e s t i g a t i o n s  

Measurements o f  heat f l o w  have been made i n  t h e  San L u i s  V a l l e y  r e g i o n  and a r e  
discussed i n  R e i t e r ,  e t  a l .  (1974). He p o i n t s  o u t  t h a t  t h e  h i g h e s t  heat f l o w  va lues 
were measured a l o n  t h e  west margin of the  V a l l e y .  The va lues t h e r e  range up t o  
about 2.5 p cal /cm sec, which i s  about 1.5 t imes t h e  g l o b a l  average o f  1.5 1-1 cal /cm 
sec. Ostens ib ly ,  t h e  area of h i g h  heat  f low would seem t o  be t h e  bes t  prospect  f o r  
e x p l o r a t i o n  f o r  geothermal resources. However, the  p a u c i t y  o f  data p o i n t s  measured 
by R e i t e r ,  e t  a l . ,  may have caused them t o  over look  h i g h  geothermal g r a d i e n t s  i n  
t h e  v i c i n i t y  o f  a w e l l ,  #1-32 Mapco-State (F igure  191, i n  t h e  eas tern  p o r t i o n  o f  
the  V a l l e y  near Alamosa, Colorado. 

9 2 

B a r r e t t  and Pear l  (1976) have accumulated i n f o r m a t i o n  on t h e  thermal spr ings  
and w e l l s  o f  t h e  V a l l e y .  I n  c o n t r a s t  t o  R e i t e r ' s  work, t h e  c o n c e n t r a t i o n  of  these 
f e a t u r e s  (F igure  19) i n  t h e  c e n t r a l  and eas ternpor t ions  o f  t h e  V a l l e y  suggests the 
l o c a t i o n  o f  t h e  b e s t  geothermal prospects  i n  t h a t  area. Using the  geochemical methods 
descr ibed by Fourn ie r ,  White, and Truesde l l  
(1974), Pear l  (personal  communication, 1977) ob ta ined the  r e s e r v o i r  temperatures 
l i s t e d  i n  Table 21. Depths o f  t h e  r e s e r v o i r  were n o t  s p e c i f i e d .  As a source o f  com- 
par ison ,  Renner e t  a l .  (1976, page 136) a l s o  used t h e  geochemical data t o  c a l c u l a t e  
r e s e r v o i r  temperatures based on data from Minera l  Hot Spr ings,  loca ted  i n  t h e  
n o r t h e r n  b a s i n  o f  the  V a l l e y .  
f e e t  depth.  
Appendix B con ta ins  the  f u l l  r e p o r t .  

(1974), and by Fourn ie r  and Truesde l l  

They d e r i v e d  a r e s e r v o i r  temperature f 22OoF a t  5,000 
Est imated heat conten t  o f  t h e  r e s e r v o i r  was 4.76 x 10" B t u ' s .  
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Table 21.--Geotherinal r e s e r v o i r  temperature der ived  by the  Colorado Geologica l  
Survey us ing  the geochemical methods descr ibed by Fourn ie r ,  White, and 
Truesde l l  (1974) and by Fourn ie r  and T r u e s d e l l  (1974). See F i g u r e  19 f o r  
we1 1 and s p r i , i g  l o c a t i o n s .  

Loca t i on Temperature (OF) and A n a l y t i c  Method 
SiO,  

L 
Na, K, Ca Minimum Maxi mum 

Shaws Warm Spr i ngs 
Splashland We1 1 
M inera l  Hot Spr ings 
San Dunes Hot Spr i  79s 
V a l l e y  View Spr ings 

21 2 248 387 
387 284 
194 203 264 
284 293 

Too Complex 

K e l l e r  (1974) descr ibed t h e  r e s u l t s  o f  s u r f a c e  geophysical  s t u d i e s  a t  the  
n o r t h e r n  p o r t i o n  O F  t h e  San L u i s  V a l l e y  near Minera l  Hot Spr ings (F igure  1 9 ) .  
The method used was measurement o f  e l e c t r i c a l  r e s i s t i v i t y .  Since t h a t  t ime,  
a d d i t i o n a l  d e t a i  let4 s t u d i e s  have been conducted by Arestad (1977) and Stoughton 
(1977) us ing ,  r e s p , x t i v e l y ,  r e s i s t i v i t y  and se ismic p rospec t ing  methods. Resu l ts  
o f  t h i s  work, a l s o ,  have been l a r g e l y  conf ined t o  t h e  extreme n o r t h e r n  end of  t h e  
San L u i s  V a l l e y  ne3r Minera l  Hot Spr ings, V a l l e y  View Spr ings, and F u l l i n w i d e r  
Spr ings.  The g e o p i y s i c a l  s t u d i e s  were i n t e r p r e t e d  t o  i n d i c a t e  a downfaul ted 
b a s i n  c o n t a i n i n g  b'3tween 6,000 and 8,000 f e e t  o f  sediments o v e r l y i n g  c r y s t a l 1  i n e  base- 
ment m a t e r i a l .  R e s i s t i v i t i e s  i n  t h e  basal  sediments a r e  low, p o s s i b l y  i n d i c a t i n g  
a l i q u i d  thermal r 'zsource. As w i l l  be discussed l a t e r ,  t h e r e  appears t o  be a 
discrepancy betweei  p a r t  o f  t h i s  i n t e r p r e t a t i o n  and t h e  g r a v i t y  da ta  f o r  t h a t  area. 

Stoughton (1977) a l s o  made a cursory  i n t e r p r e t a t i o n  o f  se ismic r e f l e c t i o n  
p r o f i l e s ,  from t r a d e r s e  data taken f u r t h e r  south i n  t h e  V a l l e y  by the Amoco 
Produc t ion  Company. Two of the  p r o f i l e s  i n c l u d e  the  s i t e s  o f  an o i l  e x p l o r a t i o n  
w e l l ,  Colorado S t a t e  F-1, and # l - 3 2  Mapco S t a t e  (F igure  19) .  Stoughton 's  i n t e r -  
pretations agree with the well log data from Colorado State F - I ,  b u t  may n o t  agree 
w i t h  t h e  data f r o m  # l - 3 2  Mapco State.  Stoughton appears t o  show t h e  depth t o  
Precambrian basemeit r o c k  i n  t h e  l a t t e r  w e l l  as much deeper than logged. T h i s  ambig- 
u i t y  w i l l  be discussed more l a t e r .  

Gaca and Kar iq  (1976) conducted a g r a v i t y  survey o f  the  V a l l e y  (F igure  3 ) .  
They analyzed the  data a long a number o f  t raverses  and drew up p r o f i l e s  o f  the  
Precambrian rock s i l r face  u n d e r l y i n g  the  v o l c a n i c  and sedimentary sequence f ill i n g  
the  V a l l e y  (Figure;  20 and 21). I n  genera l ,  t h e  lower t h e  Bouguer g r a v i t y  va lues 
shown i n  F i g u r e  3, t h e  g r e a t e r  t h e  depth t o  t h e  Precambrian i n t e r f a c e .  The s i g n i f -  
icance o f  the d e p t i  t o  t h e  bedrock i s  t h a t  i t  represents  the maximum depth t o  which 
r e s e r v o i r s  capable o f  y i e l d i n g  s i g n i f i c a n t  ,volumes of  thermal f l u i d  might  be found. 
Since temperatures normal ly  increase w i t h  depth, t h e  areas o f  deeper Precambrian 
r o c k  a r e  presumed t o  be t h e  bes t  areas i n  which t o  prospect  f o r  geothermal resources. 
The g r a v i t y  data,  as  i n t e r p r e t e d  by Gaca and Kar ig  (Figures 20 and 21),  i n d i c a t e  
a deeper b a s i n  than Stoughton (1977) and Arestad (1977) p r e d i c t e d  i n  the  extreme 
n o r t h e r n  end o f  t h z  V a l l e y  v i a  se ismic and r e s i s t i v i t y  s t u d i e s .  
i n t e r p r e t a t i o n  o f  4moco seismic data agrees w i t h  the g r a v i t y  i n t e r p r e t a t i o n  of 
Kar ig  and Gaca, regard ing  t h e  eas tern  p o r t i o n  o f  the  V a l l e y .  

However, Stoughton 's  
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A few deep w e l l s  have been d r i l l e d  t o  develop water supp l ies  o r  t o  e x p l o r e  
f o r  petroleum. 
through s t r a t a  t o  9,500 f e e t  i n  what i s  probably  t h e  deepest p o r t i o n  o f  t h e  San 
L u i s  V a l l e y .  Data c o l l e c t e d  d u r i n g  the  d r i l l i n g  opera t ions  have revealed a g r e a t  
deal  o f  u s e f u l  i n f o r m a t i o n  on the  geology and geothermal p o t e n t i a l .  

A r e c e n t l y  d r i l l e d  w e l l ,  # l - 3 2  Mapco S t a t e  (F igure 19),  penetrated 

Other o i l  and water e x p l o r a t i o n  w e l l s  have been d r i l l e d  i n  the V a l l e y .  Most 
o f  the  data f rom these a r e  g i v e n  i n  Powell (1958). Locat ions o f  t h e  deeper w e l l s  
(>500 f e e t )  a r e  shown on F igure  19. The numbered w e l l  l o c a t i o n s  a r e  keyed t o  
Powel 1 (p. 238-280). 

I NTERPRETATI ON 

Hyd rogeol  ogy 

Only t h e  deeper thermal,  hydrogeologic  systems a r e  discussed here.  These 
a r e  u n d e r l y i n g  Alamosa fo rmat ion  sediments a t  depths i n  excess o f  2,000 f e e t .  
Data f rom t h e  Mapco S t a t e  w e l l  i n d i c a t e  t h a t  t h e  p o t e n t i a l  f o r  h i g h l y  permeable 
a q u i f e r s  above a depth o f  6,400 f e e t  i s  very  poor,  and t h a t  prospects  a r e  bes t  
below 9,000 f e e t .  A d r i l l  stem t e s t  (DST # 1  on F i g u r e  19) was r u n  i n  t h e  shal lower  
zone. A t r a n s m i s s i v i t y  o f  only 4 darcy f e e t  (73  g p d / f t )  was obta ined.  

Logs from the  Mapco S t a t e  w e l l  inc luded d r i l l i n g  logs and sample d e s c r i p t i o n s ,  
and e l e c t r i c a l  r e s i s t i v i t y ,  spontaneous p o t e n t i a l ,  b u l k  d e n s i t y ,  gamma, c a l i p e r ,  
and temperature geophysical  logs .  The logs show t h a t ,  except f o r  t h e  very  sha l low 
a q u i f e r s ,  sha le  i s  e s p e c i a l l y  dominant down t o  4,000 f e e t .  
coarser  c l a s t i c s  and v o l c a n i c  m a t e r i a l  become i n c r e a s i n g l y  common w i t h  inc reas ing  
depth. A t  a depth o f  8,620 f e e t  the  sample logs i n d i c a t e  g r a n o d i o r i t e  was encountered. 
G r a n o d i o r i t e  i s  a coarse-gra ined,  s i a l i c  rock  c l o s e  t o  g r a n i t e  i n  composi t ion.  
O r d i n a r i l y  i t s  occurrence would be considered t o  mark t h e  top  of t h e  basement 
sequence. However, t h e  magni tude o f  t h e  anomalous g r a v i t y  d e f i c i e n c y  (F igure  3)  
and t h e  small b readth  of t h e  anomaly, combined w i t h  the d e n s i t y  d i f f e r e n t i a l  between 
sediments and g r a n o d i o r i t e ,  i n d i c a t e  more sediments l i e  below t h e  g r a n o d i o r i t e  
(F igures 20 and 21).  The geophysical  logs a l s o  i n d i c a t e  t h a t  the  l e s s  dense 
m a t e r i a l  expected below t h e  g r a n o d i o r i t e  i s  a l s o  h i g h - p o r o s i t y  m a t e r i a l ,  probably  
e i t h e r  v o l c a n i c  o r  sedimentary. The g r a n o d i o r i t e  may be a s i l l - l i k e  mass i n t r u d e d  
i n t o  the deeper sedimentary/vo lcanic  complex. 

Below t h a t  depth, 

The sample logs i n d i c a t e  t h a t  v e r t i c a l  movement of  f l u i d s  i n  t h e  Mapco S t a t e  
we1 1 area i s  probably  minimal.  Temperature g r a d i e n t s  f rom temperature logs 
c o n f i r m  t h a t  above 9,000 f e e t  l i t t l e  v e r t i c a l  convec t ive  heat f l o w  occurs.  

The a q u i f e r s  of pr imary i n t e r e s t  t o  t h i s  study a r e  loca ted  between depths o f  
8,620 and 9,460 f e e t  i n  t h e  Mapco S t a t e  w e l l .  T h i s  zone appears t o  have a major 
d i s r u p t i v e  e f f e c t  upon t h e  temperature p r o f i l e  (F igure  22).  Bulk  d e n s i t i e s  
(F igure 22) i n d i c a t e  a p o r o s i t y  o f  about 25%. I t  i s  a l s o  t h e  zone i n  which 
d r i l l i n g  logs no te  l o s t  c i r c u l a t i o n  problems, i n d i c a t i n g  h i g h  p e r m e a b i l i t y .  Fur ther ,  
the e l e c t r i c a l  r e s i s t i v i t y  and spontaneous p o t e n t i a l  logs i n d i c a t e  an a q u i f e r  o f  
such h i g h  p e r m e a b i l i t y  t h a t  d i f f e r e n c e s  i n  d e n s i t y  between d r i l l i n g  f l u i d s  and 
fo rmat ion  f l u i d s  may have caused t h e  invading d r i l l i n g  f l u i d  t o  f l o w  a long the  top  
o f  t h e  a q u i f e r .  Th is  l a t t e r  conc lus ion  r e q u i r e s  t h a t  t h e  fo rmat ion  water be h i g h l y  
s a l i n e  and dense. Water q u a l i t y  data,  d iscussed l a t e r ,  suggest t h a t  t h e  fo rmat ion  
water i s  o n l y  moderately more s a l i n e  than t h e  d r i l l i n g  f l u i d .  

n 
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Pat te rns  o f  c i r c u l a t i o n  i n  deeper a q u i f e r s  can o n l y  be speculated upon, 
Except f o r  t h e  Mapco S t a t e  w e l l  t h e r e  i s  l i t t l e  i n f o r m a t i o n  on pressure heads. 
The data a v a i l a b l i :  from DST # l  (F igure  22) i n d i c a t e  pressures a r e  less  than hydro- 
s t a t i c  a t  a l l  depi:hs below the  a q u i f e r s  i n  t h e  upper 1,000 f e e t  of  sediment. The 
se ismic p r o f i l e s  !)resented i n  Stoughton (1977, F igures 23 t o  27) suggest t h a t  
a q u i f e r  systems may ou tc rop  t o  the  west and t h a t  recharge may beg in  over  the  San 
Juan Mountains we!;t of the San L u i s  V a l l e y .  Some o f  t h e  recharge c i r c u l a t e s  
eastward through deeper a q u i f e r s  t o  the  Mapco Sta te  w e l l .  Discharge probably  occurs 
o n l y  by s low t ranr , fe r  upward, p o s s i b l y  a long f a u l t  p lanes, i n t o  shal lower  a q u i f e r s ,  
G r a v i t y  da ta  i n d i c a t e  t h a t  t h e  deeper a q u i f e r  systems a r e  very  r e s t r i c t e d  i n  area, 
so t h a t  s i g n i f i c a n t  d ischarge southward toward New Mexico beneath t h e  R i o  
Grande R iver  i s  not  poss ib le .  

Geothermal Data 

F i g u r e  22 shows the  temperature p r o f i l e  f rom t h e  Mapco S t a t e  w e l l .  The data 
f o r  the  p r o f i l e  were taken from cont inuous temperature logs run  a t  var ious  t imes 
d u r i n g  d r i l l i n g  o l ierat ions.  Such logs a r e  o f t e n  run  be fore  d r i l l i n g  f l u i d s  i n  t h e  
w e l l  bore have hac1 a chance t o  reach thermal e q u i l i b r i u m  w i t h  fo rmat ion  f l u i d s .  
I n  the  case a t  harid, data i n  t h e  form of  d r i l l i n g  f l u i d  temperatures taken a t  
var ious  times a f t e r  c i r c u l a t i o n  had ceased were a v a i l a b l e .  These data f rom two 
d i f f e r e n t  depths t i re  p l o t t e d  on F i g u r e  23 and used t o  es t imate  e q u i l i b r i u m  temper- 
a tu res .  F i g u r e  2:; i n d i c a t e s  t h a t  water temperatures i n  t h e  a q u i f e r  o f  i n t e r e s t  a r e  
a t  l e a s t  250OF a t  about t h e  8,000-foot depth. 

Water temperiitures f rom var ious  o t h e r  w e l l s  i n  t h e  San L u i s  V a l l e y  a r e  a l s o  
p l o t t e d  on t h e  Fislure 22 temperature p r o f i l e .  
Pear l  (1976) and F’owell (1958, Table 7 ) .  The temperatures a r e  p l o t t e d  a t  t h e  t o t a l  
depth o f  each w e l l .  I f  i t  i s  assumed t h a t  t h e  water  came f rom an a q u i f e r  near the 
t o t a l  depth o f  thc: w e l l  and t h a t  i t  had n o t  cooled s i g n i f i c a n t l y  b e f o r e  reaching 
the  sur face,  a sec:ond temperature p r o f i  l e  i s  obta ined.  The p r o f i l e  para1 l e l s  t h e  
one f rom t h e  Mapco S t a t e  w e l l  b u t  i s  about 55OF c o o l e r .  Temperatures i n  the Mapco 
S t a t e  w e l l  a r e  ap i ia ren t ly  h igher  than those encountered t o  d a t e  i n  any o t h e r  w e l l  
i n  t h e  San L u i s  V i i l l e y .  

The data came f rom B a r r e t t  and 

Water Qual i t y  

Publ ished data on q u a l i t y  o f  water  from v a r i o u s  thermal spr ings  and w e l l s  a r e  
a v a i l a b l e  i n  Barrc: t t  and Pear l  (1976), Powell (1958, Table 7 ) ,  and Renner e t  a l .  
(1976, p. 136) .  
Q u a l i t y  of t h i s  wi i ter ,  a l l  f rom t h e  low temperature sources, appears q u i t e  good. 

Homograms o f  some o f  t h i s  da ta  a r e  shown on F igures 24 and 2 5 .  

Two types o f  i n f o r m a t i o n  a r e  a v a i l a b l e  concern ing q u a l i t y  o f  water  i n  deeper, 
h igher- temperature zones penetrated by the  Mapco S t a t e  w e l l .  The f i r s t  o f  these i s  
from analyses of two water samples ob ta ined d u r i n g  DST 81 i n  t h e  zone between depths 
o f  5 , 3 0 4  and 5,491 ‘ f e e t .  F i g u r e  26 i s  a nomogram showing t h e  r e s u l t s  o f  the two 
analyses. Copies o f  t h e  o r i g i n a l  data on f i l e  w i t h  the Colorado O i l  and Gas 
Commission a r e  cor i ta ined i n  Appendix C .  
from t h e  same t e s t  and were taken a t  t h e  same t ime.  The reason f o r  t h e  d i f f e r e n c e  
i n  d i s s o l v e d  m a t e r i a l  i s  n o t  c l e a r ,  a l though one a n a l y s i s  was conducted i n  t h e  f i e l d  
and t h e  o t h e r  a t  i:he l a b o r a t o r y  f a c i l i t i e s  o f  Yapuncich, Sanderson, and Brown. 

The two samples analyzed presumably came 
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The second method o f  de termin ing  water q u a l i t y  i s  through a n a l y s i s  o f  t h e  
spontaneous p o t e n t i a l  logs.  Using t h i s  method y i e l d s  a fo rmat ion  water conduc- 
t i v i t y  o f  about 6,000 wmhos/cm i n  the  zone sampled by DST #l. 
s o l i d s  content  very  c l o s e  t o  the  va lue  ob ta ined by Yapuncich, Sanderson, and 
Brown Labora tor ies  (Appendix C). I t  i n d i c a t e s  a t o t a l  d i s s o l v e d  s o l i d s  conten t  
o f  about 4,000 mg/l. 

T h i s  g ives  a d i s s o l v e d  

Ana lys is  o f  t h e  spontaneous p o t e n t i a l  l o g  data i n  t h e  a q u i f e r  a t  8,700 f e e t  
y i e l d s  a c o n d u c t i v i t y  o f  3,000 umhos/cm, equ iva len t  t o  a t o t a l  d isso lved s o l i d s  
conten t  o f  about 2,000 mg/l. The r e l a t i v e l y  good q u a l i t y  o f  t h i s  water suggests 
a r a t h e r  e f f i c i e n t  c i r c u l a t i o n  system. I n  o t h e r  words, t h e  res idence t ime o f  t h e  
water i n  the a q u i f e r  a t  a h i g h  temperature i s  too  s h o r t  for  ser ious  degradat ion of 
q u a l i t y .  

A q u i f e r  Storage 

The pr imary a q u i f e r  zone o f  i n t e r e s t  appears t o  be about 840 f e e t  t h i c k ,  based 
on e x p l o r a t i o n  t o  date.  I t  might  be t h i c k e r  b u t  d r i l l i n g  i n f o r m a t i o n  i s  n o t  
a v a i l a b l e  f rom deeper zones. Bu lk  d e n s i t i e s  y i e l d  a p o r o s i t y  o f  25%. Using Bouguer 
g r a v i t y  data t o  es t imate  t h e  a r e a l  e x t e n t  o f  t h e  a q u i f e r  zone (F igure  3 )  y i e l d s  a 
sur face o f  225 square m i les .  
c u b i c  f e e t .  I n  o t h e r  words, the  a q u i f e r  zone i s  est imated t o  c o n t a i n  1.3 x 10 
c u b i c  f e e t  o f  water ,  o r  approx imate ly  30 m i l l i o n  a c r e - f e e t .  

To ta l  pore volume o f  the mass would be 1 .3  x 1012 
12 

Because present  data i n d i c a t e  t h e  n o r t h e r n  p o r t i o n  o f  the  San L u i s  V a l l e y  
s t u d i e d  by K e l l e r  (1974), Stoughton (1977) and Arestad (1977) i s  a less va luab le  
geothermal resource, l i t t l e  a t t e n t i o n  has been g i v e n  t o  i t  i n  t h i s  r e p o r t .  Renner 
(1976, p. 136) est imates t h i s  p a r t  o f  t h e  V a l l e y  conta ins  8 x 1 O 1 O  c u b i c  f e e t  o f  
water  a t  an average temperature o f  22OoF. T h i s  es t imate  assumes an a q u i f e r  t h i c k -  
ness o f  5,000 f e e t  a t  depths between 5,000 and 10,000 f e e t .  T o t a l t h i c k n e s s  o f  
the  p o t e n t i a l l y  aqu i fe rous  sediments above t h e  basement complex, accord ing t o  
Stoughton (1977) and Arestad (1977), i s  approx imate ly  6,000 t o  8,000 f e e t .  As noted 
e a r l i e r ,  p o r t i o n s  o f  Stoughton and A r e s t a d ’ s  i n t e r p r e t a t i o n s  a r e  hard t o  r e c o n c i l e  
w i t h  data f rom g r a v i t y  surveys. I t  seems l i k e l y  t h a t  the  r e s e r v o i r  i n  the  n o r t h e r n  
areas i s  deeper than 6,000 t o  8,000 f e e t ,  and may be p a r t  o f  the  same u n i t  as t h a t  
penetrated i n  t h e  Mapco S t a t e  w e l l .  I f  so, t h e  crosshatched area i n  F i g u r e  3 cou ld  
be extended northward some d i s t a n c e .  

Produc t ion  P o t e n t i a l  

There i s  i n s u f f i c i e n t  data a v a i l a b l e  t o  be a b l e  t o  es t imate  w i t h  any p r e c i s i o n  
t h e  p r o d u c t i v e  c a p a b i l i t i e s  o f  t h e  deep geothermal a q u i f e r  i n  Mapco Sta te .  I t  
seems s a f e  t o  speculate,  though, t h a t  p r o d u c t i o n  r a t e s  i n  excess o f  500 g a l l o n s  per  
minute cou ld  e a s i l y  be a t t a i n e d .  R e i n j e c t i o n  r a t e s  i n  the  same range a r e  a l s o  
probably  poss ib le .  Any system o f  wi thdrawal  and r e i n j e c t i o n  w e l l s  for  t h a t  a q u i f e r  
would have t o  be loca ted  w i t h i n  t h e  -270 mgal contour  i n t e r v a l  on F i g u r e  3 .  

Land and Minera l  Ownership 

T 

t 

Publ ished maps (BLM 1975, 1976a, 1976b, 1 9 7 6 ~ )  showing land and minera l  ownership 
a r e  a v a i l a b l e  f o r  about 50% o f  t h e  San L u i s  V a l l e y .  
p o r t i o n  o f  t h e  V a l l e y  and t h e  area eas t  of Range 10E. The Mapco S t a t e  w e l l  was d r i l l e d  
on lands owned by the S t a t e  o f  Colorado. The L u i s  Mar ia  Baca No. 4 Spanish land g r a n t  
o v e r l i e s  much o f  the  bes t  geothermal prospect (F igure  19) .  Wi th  some minor except ions 
the  S t a t e  and federa l  governments c o n t r o l  the  r e s t  i n  t h e  c e n t r a l  San L u i s  V a l l e y .  

The maps cover t h e  extreme s w t h e r n  
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APPENDIX B 

GEOCHEMICAL ANALYSIS 01: MINERAL HOT SPRINGS 

(from Renner, et. al., 1976, p .  136) 
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I N P  RECORO # 107 MIRROQEO ON 3 / 7 6  
NAME: I C H A H M E R L A I N I  rlOT U E L L  t C O L 0  RESOURCE CATAGOHYI HOT UATCR 90 T O  150 C 
Y A H I * I G  F I G :  L NUNOER: 023 OAT€:  0 4 / 1 5  
L O C A T I O N :  

S I A I E :  Ct,O COUNTYISAGUACHE 
LATITUOl :  38 10.10 TOWNSHIP: 45Y 
LONGIIUIIE: 105  55.00 RANGE: IO€ 
€LEV:  1 7 4 7  S E C l I O N :  ? .NEI/4 1 /4  lJ6H: NHPH 

SURFACE H A N I F E s T A T I O N S :  S INTERITHAVERTIYE.HOT S P R I ? d i I S l .  

POCK A N 0  STRUCTURE TYPE: GRABEN. F A U L T S  A C T I V t  M l O C E f I E  TO PRE 
EARi3Y 

SURFACE UISCHAHGE TOTAL:  189.0 L / M l N  E S T I H A T E U :  X 
C A L C I l L A T t O  TOTAL D I S C H A R G E :  L / M I N  OF O€EP U A T E H  
I O T A L  SUHfACE HEAT FLOW: O . O O E . 0 0  C A L / S E C  
AREA OF SUaFACE EX: 0 .0  KHe.2 
APPROX. @ OF HOT SPRINGS:  30 

I T 1  V A L L E Y  .L1 UPPE T E R T I A R Y  V O L C A N I C S  N 

TEMPERATURE: RANGE OF S W I N G  TEMP. 46  C T O  63 C OR 

C M L H I C A L  DATA A N A L Y S I S  DATE 0 9 / 7 4  SOURCE1 URD 1974  U N P U U L I S d E O  IFLOUING U E L L I  
MAX. U E L L  TEMP 60 C AT 3 5 4  M O E P T n  UOTTOM HOLE TEMP. C AT 

S P R I N G  fL0U 
l E M P  L / H I N  P H  SI02 WA IC C I  

3 5 4  M D L P F H  

SO4 C L  H C 0 3  
si.00 1 4 0 . 0 0  1 4 . 0 0  56.00 160 .0  39.0 3 4 8  63 1JZ.S 7.00 

OTHEd C d E H I C A L  O A I A  SEE HALLORY L 8 A R N E T T  F O U  M I N O R  ELEMENTS. 1’4731 GLOHGEi 1920 
SI02 SI02 5102 NA-K-CA OTHER 

A O I A M A T I C  CONOUCTIVE CHALCEDONY 113 5/3 
103.3 103.3 11.2 168.2 9 1 . 3  

RESERVOIR P R O P E H T I E S  
QAIdGE I N  RES lEWP 70 C T O  170 C ASSUMED 
BEST EST.  AVER. TEMP 105.0 
AREA 0.0 TO 0.0 I (W**ZIBEST E S T I M A T E  1.5 KMO.2 
UASEU ON 
D E P T d  TU TOP OF RES. 0.00 KM TO 0.00 K M I  8kST E S T l H A T E  1.50 KH. 
OEPTH TO tJOTTOH OF HES. 0 . 0 0  K H  T O  3.00 KH: MEST E S T I M A T E  3-90 KM. 
T H l C 6 N E S S  0 .00  TO 0 .00  K H I  BEST E S r l M A T E  1-50  *H. 
VOLUME 0.00 TO 0.00 KH**31  8 L S T  E S T I M A T E  2 .25  K M o o 3  
HEAT COtlTENT > IS C 0.00 TO 0.00 E l 8  C A L I  E t S T  E S T I M A T E  0.12 E 1 8  C A L  
P O Q O S I T Y  TO 8 E S T  E S T I M A T E  
P E U H E A U I L I T Y  TO HUA-ICY: 
AVEWAGt U E L L  FLOW TO KGlHRI V E L L  D I A M E T E R  CM 

G E O P H f S I C A L  SUQVEYS: GRAVITY.  OC R E S I S T I V I T Y  
D E V E L W M E N T S :  1 *ELL - I W R I G .  SPA. 
REFEqENCES:  L I P M A N ,  STEVEN, ANO HEHNERT. 19701 JOROAN. 1974;  KNEPPER,  1Y744 S I E R L N T H A L .  l Y 1 0 1  POWELL. 19581 GEOR 

TOP0 HAPS:  V I L L A  GROVE 1 1 2 4 , 0 0 0  

S P R I N G  I O E N T I F I E D : Y E S  
COMMENTS I 
JOilOAN. COLO. SCH. M I N E S  HS T H E S I S .  1914 .  MAS G E O P n Y S I C S  FOR TllE H I N E H A L  HOT SPGS. V A L L E Y  VIEW HOT SPGS AHEA. 

GE. I Y E O :  HALLOHY L BARNETT. I Y 7 3 1  C A C A  AND KAAIG. 19651 K L E I N .  l97ll SCOTT. 1910 .  W I R I N G .  1965 

PREPAREU 8 Y : G A L Y A h D T ~  flENNER 

NAHEI  M I N E H A L  l C H A H B ~ R L A I N 1  MOT U E L L  COCO 
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Table 22 

Design Basis Water Ana lys is  

T o t a l  Dissolved Solids 5800 

ions:  Calcium 200 

--- Carbonate 

Bicarbonate 270 

Others 5330 

PH 7.9 

A 

. 

120 



C L I . 1 2 A  [REV 1 9 O d )  

CHEMICAL & GEOLOGICAL LABORATORIES R E C  E IV E D 
S E ?  2 :] 1974 P. 0. B O X  2794 

Cisper,  Wyoming 

W A T E R  ANALYSIS R E P O R T  
Ilapco, I n c .  DATE July 18, 1974 L A B  ~0.L3169-3 

W i l d c a t  FORMATION 

Colorado S A M P L E  F R O M  DST N O .  1 (MFI:) - 

WELL N O  1-32 S t a t e  LOCATION-- SE NW 32-40N-12E 
FIELD 
COUNTY Almnosa INTERVAL 
STATE--- 

5304-5491 

WATER ANALYSIS PATTERN 
Scale 

Sample above described MEQ per Unit 

Na 

HCO3 2 Ca 

Mg SO. 2 

Fe COa 2 

Na 

Ca 

Mg so. 

Fe cos 

c1 

HCO, 
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p. 0. E m  593 
5V103 

MEQ % Tofal S o l i b  In Pb-fs par  M!lllicn 

By evaporation-- 
- - Conclil uoutm PPM MEa - 

J sodium 2133 92.79 44. n l  
9.88 4.76 A f t e r  ignition 

J CaJCIum 198 

J Magnesium 11 0.90 0.L3 Cdcdated' 6'.7c, 

1 Sulfate 564 11 * 73 5.66 p 3  7.9 

* Carbonate C 0.00 

z Bicarbonate 270 4.42 

Chloride ;IO0 B'i.Q2 $2.21 bpecifk Gravlxy@ 60'F - .*2zE 

0.93 

2.13 onms/incte? 
lleri~.iir!ty @ 63°F 1.12 

Chloride as NaCl <I.' 7 PPM. Total Solids From Resiskvity 2s NaCl 5'3:9 PPM. 

HOTS ~ ~ I Y O  sod ~ ~ t . * s I u r n  xr~orird .s Pd1u.r MEQ =millrq~ir. irms per 111er P P U = P ~ ~ U  pe: mtlllun omulicr-. mr IIW). 1 rPY ~PYI.LI-DI LO O-?% 

WATER ANALYSIS PATTEZXJ 
Scalo ?-EO. Pcr ilriit 
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APPENDIX D 

An A l g o r i t h m  t o  Compare M u l t i p l e  E f f e c t  Evaporator Con f igu ra t i ons  

An a l g o r i t h m  was developed t o  c a l c u l a t e  requ i red  heat exchange su r face  area 
and geothermal b r i n e  feed r a t e s  f o r  any n - e f f e c t  evapora tor  t r a i n  d r i v e n  by f l a s h -  
ed steam from the  b r i n e .  The a l g o r i t h m  enables rap id ,  pa ramet r i c  eva lua t i ons  f o r  
t he  r a m i f i c a t i o n s  o f  v a r y i n g  "n," t h e  number o f  e f f e c t s ,  and f o r  t h e  system re -  
sponses t o  v a r y i n g  key o p e r a t i n g  c o n d i t i o n s .  S p e c i f i c a l l y ,  t h e  user may se t  t h e  
va lues  o f  t he  i n l e t  geothermal b r i n e  temperatures, t h e  range o f  evapora tor  tem- 
pera tures ,  and t h e  dual  f l a s h  temperatures f o r  t h e  b r i n e .  

The essence o f  m u l t i p l e  e f f e c t  evapora t ion  ( o f  water )  i s  t h e  recovery o f  t h e  
l a t e n t  heat f r o m  water  p r e v i o u s l y  evaporated t o  accompl ish a f u r t h e r  p o r t i o n  o f  
t h e  n e t  d e s i r e d  evapora t ion ,  r a t h e r  than u s i n g  e x t e r n a l l y  generated heat t o  
accompl ish 100 percent o f  t he  intended evapora t ion .  T h i s  d i scuss ion  does n o t  
a t tempt  t o  f u r t h e r  e x p l a i n  t h e  schematic f u n c t i o n i n g  o f  m u l t i p l e  e f f e c t  evapora t ion .  
Rather,  t h i s  Appendix p resents  t h e  a l g o r i t h m  and e x p l a i n s  t h e  necessary bases and 
assumptions made t h a t  s i m p l i f y  t h e  e v a l u a t i o n  o f  t he  r e l a t i v e  m e r i t s  o f  m u l t i p l e  
e f f e c t  evapora tor  systems having v a r y i n g  numbers o f  e f f e c t s .  The purpose of such 
an e v a l u a t i o n  i s  t o  enable an op t ima l  s e l e c t i o n  o f  such f a c t o r s  as t h e  number of  
e f f e c t s  and o p e r a t i n g  ranges f o r  temperatures, because t h e  evapora tor  s e c t i o n  i s  
most impor tan t  t o  the  energy e f f i c i e n c y  o f  the  o v e r a l l  process. 

As i s  descr ibed i n  Chapter V ,  t h e  evapora tor  s e c t i o n  i n  a modern sugar r e f i n -  
e r y  i s  t h e  p o i n t  o f  i n p u t  o f  v i r t u a l l y  100 percent  o f  a l l  process steam heat .  T h i s  
has come about because t h e  evapora tors  comprise t h e  h ighes t - tempera ture  s e c t i o n  of  
t h e  process, and as a r e s u l t  t he  energy-conserving p r a c t i c e  o f  cascading heat be- 
g i n s  i n  the  evapora tors .  Present-day p r a c t i c e  i n  t h i s  coun t ry  leads t o  t h e  use of 
as many as f i v e  e f f e c t s  i n  beet sugar p l a n t  evapora tor  sec t i ons .  Th is  i s  p o s s i b l e  
because f u e l - f i r e d  b o i l e r s  can produce h igh- tempera ture  steam r e l a t i v e l y  inexpen- 
s i v e l y  as compared t o  the  c o s t  of incremental  amounts o f  s u r f a c e  area t h a t  a r e  
necessary t o  compensate f o r  sma l le r  temperature d i f f e r e n t i a l s  caused by reduced 
steam temperatures.  The s i g n i f i c a n c e  o f  t h i s  i s  t h a t  t h e  t e c h n i c a l  des ign  prob- 
lems o f  t h e  convers ion  o f  a sugar p l a n t  t o  hydrothermal energy a t  302OF a r e  the  
same as f o r  reduc ing  t h e  o u t l e t  temperature o f  t h e  b o i l e r .  

The a l g o r i t h m  developed a l l o w s  t h e  user t o  s p e c i f y  a geothermal b r i n e  temper- 
a t u r e ,  TG, and two lower temperatures a t  which t o  f l a s h  the  b r i n e ,  To and T 1  where 
To >T1, t o  produce steam for  the  evapora tor  steam ches ts .  The user  a l so  s p e c i f i e s  
t h e  number o f  e f f e c t s ,  n; these f o u r  v a r i a b l e s  may then be r u n  th rough a range 
o f  va lues  t o  produce an approximate, pa ramet r i c  des ign  a n a l y s i s  o f  a m u l t i p l e  
e f f e c t  evapora tor  system. 

There a r e  f o u r  impor tan t  aspects o r  reasons f o r  t he  use o f  two b r i n e  f lashes .  
F i r s t ,  a s i n g l e  f l a s h  w i l l  e i t h e r  r e s u l t  i n  t h e  waste o f  much p o t e n t i a l  hea t ing  
va lue  of  t h e  b r i n e  i f  t h e  f l a s h  temperature i s  h igh ,  o r  seve re l y  r e s t r i c t  o t h e r  
des ign  parameters ( e s p e c i a l l y  temperature d r i v i n g  fo rces )  i f  t h e  f l a s h  temperature 
i s  s e t  low t o  o f f s e t  t h e  former o b j e c t i o n .  The lower f l a s h  temperature determin- 
es the  o v e r a l l  f r a c t i o n  o f  u t i l i z a t i o n  o f  t he  a v a i l a b l e  heat i n  t h e  b r i n e .  The 
upper f l a s h  temperature g i ves  f l e x i b i l i t y  t o  the  es tab l i shment  o f  temperature 
d i f f e r e n t i a l s .  The upper f l a s h  temperature s t r o n g l y  impacts on t h e  amount of  heat 
t r a n s f e r  s u r f a c e  necessary f o r  t h e  whole p l a n t .  Second, however, the  upper b r i n e  
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A 

f l a s h  temperature a l s o  s t r o n g l y  a f f e c t s  the  e f f i c i e n c y  o f  geothermal heat usage; 
f o r  a g i ven  heat  d u t y  r e q u i r e d  o f  t h e  h o t t e s t  steam evolved, t he  h ighe r  t h e  f l a s h  
temperature the  more b r i n e  i s  necessary. Th is  p a r t i c u l a r  p o i n t  i s  d iscussed 
q u a n t i t a t i v e l y  i n  Sec t ion  V .  T h i r d ,  t h e  r a t i o s  o f  t h e  respec t i ve  amwnts  of 
steam produced a t  temperatures T and T should i d e a l l y  be ad jus ted  t o  e x a c t l y  
match and s a t i s f y  t h e  n e t  heat d u t i e s  t o  be se rv i ced  a t  those r e s p e c t i v e  steam 
temperatures w i t h  n e i t h e r  a shor tage no r  excess o f  b r i n e  o r  steam a t  e i t h e r  
temperature.  And, f o u r t h ,  i t  i s  a l s o  des i red  t o  be a b l e  t o  a d j u s t  To and T1  as a 
means of m in im iz ing  heat t r a n s f e r  su r face  area.. As t o  t h e  reasons f o r  us ing  o n l y  
two b r i n e  f l a s h e s  i n  t h i s  a l g o r i t h m ,  i t  was decided t h a t  two b r i n e  f l ashes  would 
adequately i l l u s t r a t e  t h e  t rends  sought, and t h a t  more b r i n e  f l ashes  would compl i -  
c a t e  the  a l g o r i t h m  t o o  f a r ,  

0 1 

Evaporator e f f e c t s  a r e  numbered l t h r o u g h  n, s t a r t i n g  w i t h  t h e  h ighes t  tem- 
p e r a t u r e  body; t h e  model i s  a standard,  fo rward- feed system, and f o r  s i m p l i f i c a -  
t i o n  each evapora tor  i s  assumed t o  bear t h e  same heat  du ty ;  sugar j u i c e  and vapor 
temperatures i n t o  and ou t  o f  each body, i ,  a r e  a l l  i d e n t i f i e d  as T i  f o r  any par -  
t i c u l a r  e f f e c t .  The f i r s t  b r i n e  f l a s h  temperature, To, i s  g r e a t e r  than T 1 ,  o f  
course; t he  second b r i n e  f l a s h  temperature, TI, corresponds to j u i c e  and vapor 
temperatures f rom evapora tor  body number 1. La ten t  heats  o f  t h e  vapors e v o l v i n g  
from each body a r e  correspondingly identified as A1 through An; brine latent heats 
a r e  Aa and Ab, corresponding t o  TO and T1, r e s p e c t i v e l y .  

D e f i n i t i o n s  o f  b r i n e  f l a s h  temperature d i f f e r e n c e s :  

4 = TG-To OF, 
= T0-T) OF 

D e f i n i t i o n s  o f  heat t r a n s f e r  d r i v i n g  fo rces  (OF) :  

E f f e c t  # 1 :  (To-Ti),  
E f f e c t  #2: (Tl-BPE,) - T2, 
E f f e c t  f 3 :  (T2-BPE2) - T3, 

E f fec t  n:  (Tn-l-BPEn-l) - Tn, 

Where BPEi i s  t he  b o i l i n g  p o i n t  e l e v a t i o n  o f  t he  j u i c e  i n  E f f e c t  i. Based on  i n -  
d u s t r i a l  data,  es t imates  were made o f  r e p r e s e n t a t i v e  va lues  f o r  t h e  d i s s o l v e d  s o l -  
i d s  concen t ra t i on  o f  t he  j u i c e s  (OBrix)  i n  v a r i o u s  evapora tor  bodies, f o r  evapora- 
t o r  systems w i t h  one th rough f i v e  e f f e c t s .  B o i l i n g  p o i n t  
e l e v a t i o n  da ta  i s  a v a i l a b l e  f o r  sucrose s o l u t i o n s ,  so t h e  t a b l e  o f  B r i x  values may 
be used d i r e c t l y  t o  t a b u l a t e  B P E l  through BPE, f o r  any group of n - e f f e c t s .  Cumu- 
l a t i v e  values o f  BPEi f o r  n - e f f e c t s  a r e  presented below i n  Tab le  23 as' T B ~ E  such 
t h a t :  

See Tab le  23 f o l l o w i n g .  

n- 
$ B P E i  i TBPE OF 
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Tab le  23 

Sugar S o l u t i o n  Br ix Valuesf: f o r  n - E f f e c t  Evaporator Systems 

No. o f  
E f f e c t s  

E f f e c t  No. 1 2 3 4 5 Cumulat ive TBpE 
(OF 1 

5 

a --  -- - -  -- 
l o  

65 

12 
20 65 

15 
17 26 65 
15 20 31 65 
14 18 23 34 65 18 

-- - -  -- 
-- -- 

-- 

* Based on equal mass increments o f  evapora t i on  i n  each body. Th is  c o n f l i c t s  
somewhat w i t h  the  ear i e r  assumption t h a t  each evapora tor  sees an equal heat du ty ,  
b u t  i t  w i l l  no t  s i g n i  i c a n t l y  a l t e r  t he  a n a l y s i s .  T h i n  j u i c e  t o  t h e  f i r s t  body 
i s  a t  12 B r i x  i n  each case. 

Approximate: 

D e f i n i t i o n s :  

t h e  b r i n e  s p e c i f i c  heat as C = 1.0 Btu/# OF 
P 

Heat a v a i l a b l e  f rom b r i n e :  C *(4+B) Btu/# 
P 

A v a i l a b l e  steam: RG 

Note t h a t :  

Average geothermal steam 

Ja/;\b 2 1 .O 

dXb +@ha = cp 
Xa Ab 

eads t o  t h r e e  p o s s i b i l i t i e s  

a t e n t  heat :  

c<Aa + BAb ha + Ab Btu  
A G =  O ( + B  -2 7 7 -  

Another approx imat ion :  

And by s u b s t i t u t i o n :  

. 
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D e f i n i t i o n s  for  s i m p l i f y i n g  expressions f u r t h e r :  

Average j u i c e  l a t e n t  heat: Btu 
# 
- 

2 
n 

Average temperature d r i v i n g  fo rce :  5 = ( l / n )  CATi O F  

- 
Then s u b s t i t u t e :  AT = l / n  (To-Tn-TBpE) OF 

n 2 0  Let: heat t r a n s f e r  c o e f f i c i e n t s :  U a l l  = C  U i  B t u / f t  h r  F 
- 

Average heat t r a n s f e r  c o e f f i c i e n t :  U = ( l / n )  Ua11 Btu/ f t2hroF 

I n  a manner s i m i l a r  t o  the  proc,edure f o r  approximating s o l u t i o n  B r i x  f o r  
var ious sets o f  evaporator con f igu ra t i ons ,  rep resen ta t i ve  values o f  heat t r a n s f e r  
c o e f f i c i e n t s  were examined f o r  i n d i v i d u a l  e f f e c t s  o f  d i f f e r e n t  n - e f f e c t  systems. 
The f o l l o w i n g  values o f  U,11 were establ ished.  

Table 24 

Cumulative Heat Transfer  C o e f f i c i e n t s  f o r  n -E f fec t  Evaporators 

Ual, ( B t u / f t  2 0  h r  F) No. o f  E f f e c t s  

1 200 
2 600 
3 1000 
4 1400 
5 1800 

The preceding assumptions and approximations w i l l  now be combined t o  c a l c u l a t e :  

I )  Net water evaporated per pound o f  geothermal b r i n e .  
2) Heat t r a n s f e r  sur face area per pound o f  b r i n e  used. 
3 )  

4) To ta l  heat t r a n s f e r  sur face area necessary, again based on use r -spec i f i ed  

To ta l  requi red b r i n e  t o  evaporate an amount o f  water as s p e c i f i e d  by the 
user f o r  an example problem. 

example problem. 
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Theref o r e  : 

W 1  = Net j u i c e  evaporated pe r  pound o f  geothermal b r i n e  

And: d e f i n i n g  Qall as t h e  sum o f  evapora tor  d u t i e s  pe r  pound o f  b r i n e :  

EQi, i = 1 t o  n, 

A 1  = Heat t r a n s f e r  su r face  area  pe r  pound o f  geothermal b r i n e  

- And: l e t t i n g  W = T o t a l  water evaporated from the  j u i c e ,  

B = T o t a l  r e q u i r e d  geothermal b r i n e  

B = (Btu per  evapora tor  body) / (B tu  per  pound o f  b r i n e )  

Then: t h e  t o t a l  requ i red  s u r f a c e  area i s  
3 

4w A S  ,2 f t 2  4 )  A = B A ~  = - 
(Ua11 (A~+X~)’(T,-T,-TS~E) 

The user i s  a b l e  t o  e s t a b l i s h  values for  a complete s e t  of parameters. The pro-  
cedure used i n  t h i s  s tudy  was t o  s e l e c t  se ts  o f  values o f  TI and Tn, t h e  f i r s t  and 
l a s t - e f f e c t  j u i c e  temperatures;  c a l c u l a t i o n s  were then c a r r i e d  o u t  v a r y i n g  n and 

To. The va lue  o f  T1 always pu ts  a lower l i m i t  on t h e  v i a b l e  va lues  o f  TO, depend- 
ing on what va lue  o f  temperature approach i s  deemed p r e f e r a b l e  i n  t h e  f i r s t  e f f e c t .  

. 
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APPENDIX E 

Cost Ana lys i s  o f  Sugar Beet Re f in ing  and Bar ley  M a l t i n g  Processes 

A .  l n t r o d u c t  i on  

The sugar beet r e f i n i n g  and b a r l e y  m a l t i n g  processes a r e  reviewed i n  Chapters 
5, 6 ,  and 7. These chapters  were designed t o  a t t a i n  seve ra l  o b j e c t i v e s .  F i r s t ,  
t h e  normal processes f o r  which f o s s i l  f u e l s  a r e  used as t h e  pr imary  heat  source 
were descr ibed i n  d e t a i l  t o  p r o v i d e  a t e c h n i c a l  bas i s  upon which a geothermal ly -  
heated process des ign  cou ld  be developed. Second, t h e  c r i t e r i a  upon which a 
geothermal des ign  would be based, i n c l u d i n g  t e c h n i c a l  and economic advantages 
and disadvantages for  the  va r ious  des ign  op t i ons ,  were analyzed. T h i r d ,  a near 
optimum geothermal ly-heated process f l o w  sheet was developed f o r  b o t h  of t he  
manufac tur ing  systems. F i n a l l y ,  genera l  cos ts  f o r  'the geothermal hea t ing  system 
were developed i n  each case, and t h e  equ iva len t  energy c o s t s ,  expressed as  d o l l a r s  
per  m i l l i o n  B t u ' s ,  were c a l c u l a t e d .  

Only o v e r a l l  c o s t s  a r e  developed i n  Chapters 5, 6, and 7,  thus enab l i ng  
the  f o u r  o b j e c t i v e s  t o  be achieved i n  a r e l a t i v e l y  s t r a i g h t f o r w a r d  and comprehen- 
s i v e  manner. However, i t  i s  o f  va lue  t o  ana lyze  t h e  equipment s p e c i f i c a t i o n s  and 
c o s t s  i n  more d e t a i l ,  so t h a t  t h e  des ign  engineer w i l l  have a b a s i s  f o r  e v a l u a t i n g  
va r ious  o p t i o n s  as t o  a c t u a l  f l o w  sheets, o p e r a t i n g  c o n d i t i o n s ,  and m a t e r i a l s  o f  
c o n s t r u c t i o n .  To h e l p  meet t h i s  need, a p r e l i m i n a r y  d e t a i l e d  des ign  i s  presented 
i n  t h e  f o l l o w i n g  sec t i ons .  

The designs t h a t  a r e  presented f o l l o w  the  geothermal b r i n e  f rom t h e  p r o d u c t i o n  
w e l l ,  t o  t h e  p l a n t  b a t t e r y  l i m i t ,  t.hrough t h e  process, and then t o  the  i n j e c t i o n  
w e l l .  I t  i s  assumed t h a t  downhole pressures a r e  s u f f i c i e n t  t o  produce a r t e s i a n  
f l o w  o f  t h e  h o t  b r i n e s  w i t h o u t  f l a s h i n g  i n  t h e  w e l l ,  as appears t o  be g e n e r a l l y  
t h e  case i n  the  San L u i s  V a l l e y .  Where t h i s  assumption i s  no t  v a l i d ,  standard 
downhole pumps would be requ i red .  A f t e r  be ing  pumped t o  the  p l a n t ,  t h e  process ing  
o f  t he  b r i n e  v a r i e s  between t h e  sugar and b a r l e y  processes. 

For t h e  basic barley malting d e s i g n ,  t h e  hot b r i n e  is passed through t h e  tubes 
o f  t h e  a i r  heater,  as shown i n  F i g u r e  12 o f  Chapter 7 .  Since t h e  b r i n e  i s  main- 
t a ined  under p ressure  and s tays  i n  t h e  l i q u i d  s t a t e ,  t h e r e  i s  no re lease  of C02 
gas, and consequent ly no tendency f o r  CaCO s c a l e  f o r m a t i o n  t o  occur .  Since t h e  

on Tab le  22, Appendix C ,  and as was discussed i n  Chapter 7,  no s p e c i a l  b r i n e  
t rea tment  i s  r e q u i r e d  f o r  t h i s  b a r l e y  m a l t i n g  des ign  case. 

b r i n e  i n  t h e  San L u i s  V a l l e y  area i s  o f  r e  7 a t i v e l y  h i g h  q u a l i t y ,  as was i n d i c a t e d  

I n  t h e  beet sugar r e f i n i n g  process, on the  o t h e r  hand, i t  i s  necessary t o  
p rov ide  steam t o  t h e  v a r i o u s  evapora t i ng  stages. T h i s  steam i s  p rov ided by f l a s h i n g  
t h e  geothermal b r i n e  i n  successive stages, as shown on F i g u r e  8 o f  Chapter 5.  
Release o f  CO2 dur ing  t h e  f l a s h i n g  c o u l d  lead t o  s c a l e  fo rma t ion  and p lugg ing  o f  
va l ves ,  l i n e s ,  and nozzles.  Acco rd ing l y ,  t h e  b r i n e  i s  p r e t r e a t e d  t o  pe rm i t  
c o n t r o l l e d  removal o f  C02 and adjustment o f  t h e  b r i n e  pH, b e f o r e  reach ing  t h e  
f l a s h  stages. 

The f o l l o w i n g  sec t i ons  d e s c r i b e  these processes i n  some d e t a i l .  Inc luded a r e  
f l o w  sheets and t a b l e s  i n d i c a t i n g  es t imated  equipment s i z e s  and cos ts .  Some 
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paramet r ic  c a l c u l a t i o n s  have been made fo r . some o f  t h e  cases i n  o rde r  t o  p r o v i d e  
an i n d i c a t i o n  o f  minimum cos ts ,  b u t  no a t tempt  has been made a t  o p t i m i z a t i o n  o f  
t h e  system. 
development s i t e ,  such as d i s t a n c e  from the  w e l l s  t o  the  p l a n t  and b r i n e  chemis t ry ,  
and such changes would r e s u l t  i n  m o d i f i e d  des ign  c o n d i t i o n s .  Accord ing ly ,  t he  
r e s u l t s  presented here a r e  p r e l i m i n a r y  and would be expected t o  change f o r  o t h e r  
c o n d i t i o n s .  

Var ious i n p u t  f a c t o r s  c o u l d  change f o r  any s p e c i f i c  geothermal 

I 

B. Beet Sugar R e f i n i n g  Process 

1 .  General D e s c r i p t i o n  

The bas i c  sugar r e f i n i n g  process is descr ibed i n  Chapter 5 and shown on 
F igu res  5 and 6. The adap ta t i on  o f  t h i s  p l a n t  t o  a geothermal heat source, based 
on a modera te tempera tu reb r ine  a t  3OO0F, i s  discussed i n  Chapter 6 and shown on 
F igu re  8. The geothermal p o r t i o n s  o f  t h i s  system a r e  shown i n  more d e t a i l  on t h e  
f o l l o w i n g  F igures  27 and 28. 
t he  geothermal equipment i s  g i ven  i n  Tab le  26, and a summary of c o s t s  i s  g i ven  i n  
Tables 27 through 30. 

The l a t t e r  f i g u r e s  a r e  discussed below. A summary of 

Wellhead production i s  received in Surge Tank 1 from which i t  is pumped to  
the  pre t rea tment  s i t e  w i t h i n  t h e  p l a n t  b a t t e r y  l i m i t s .  The surge tank  has a 
c a p a c i t y  o f  26,000 g a l l o n s ,  t o  p r o v i d e  a res idence t ime  of about f i v e  minu tes .  
The tank  i s  o f  carbon s t e e l  c o n s t r u c t i o n  coated w i t h  an epoxy r e s i n  and 20 f e e t  
long by 15 f e e t  i n  diameter.  I t s  des ign  pressure  i s  80 p s i g  a t  30OoF. The tank  
will be b lanketed  w i t h  n i t r o g e n  gas, when n o t  o p e r a t i n g  under p ressure ,  t o  p revent  
a i r  e n t r y  and t h e  p o t e n t i a l  c o r r o s i o n  problems r e l a t e d  t o  oxygen i n  t h e  b r i n e .  

The pre t rea tment  i s  based on water  a n a l y s i s  i n  Tab le  22, Appendix C .  A t  
t h e  p l a n t ,  t h e  b r i n e  i s  a c i d i f i e d  by i n j e c t i o n  o f  50% s u l f u r i c  a c i d  upstream o f  
a s t a t i c  i n l i n e  m ixe r .  The a c i d  i s  s to red  i n  a 28,000 g a l l o n  tank  cons t ruc ted  o f  
carbon s t e e l  coated w i t h  epoxy r e s i n ,  and main ta ined a t  ambient temperature and 
pressure.  Th is  supply i s  ample f o r  about 20 days o f  ope ra t i on .  I t  i s  t r a n s f e r r e d  
by a gear pump made o f  has te l , loy ,  pneumat ica l l y  operated a t  an average r a t e  of  
about 1 g a l l o n  pe r  minute.  The mixer  i s  s i t u a t e d  i n  themost  c o r r o s i v e  area  o f  
t h e  system and i s  cons t ruc ted  o f  t i t a n i u m .  

The b r i n e  pH i s  reduced t o  4.5 t o  5.5 by a c i d  i n j e c t i o n  t o  conver t  a l l  t h e  
b i ca rbona te  i n t o  d i s s o l v e d  C02 gas. 
steam i n  a packed-column d e g a s s i f i e r  and i s  r e j e c t e d  t o  the  atmosphere. S t r i p p i n g  
steam i s  produced by p a r t i a l l y  f l a s h i n g  t h e  h o t  b r i n e ,  i t s e l f ,  i n  t h e  t o p  o f  t h e  
d e g a s s i f i e r .  The b r i n e  and steam then pass c o n c u r r e n t l y  down through t h e  packed 
s e c t i o n .  Degass i f i ed  b r i n e  i s  c o l l e c t e d  i n  the  column sump and pumped t o  t h e  
process. 
atmosphere. 

The C02 i s  then s t r i p p e d  out of the  b r i n e  by 

The f l ashed  steam c o n t a i n i n g  C02 removed from the  b r i n e  i s  vented t o  t h e  

For t h e  b r i n e  temperature o f  30OOF and the  b i ca rbona te  c o n c e n t r a t i o n  o f  270 
p a r t s  per  m i l l i o n  (ppm) about 1.378 x 10 4 pounds pe r  hour of steam a r e  r e q u i r e d  

a t  e q u i l i b r i u m  t o  remove 95 percent  of  t he  C02; t h e  r e s i d u a l  C02 con ten t  o f  13 ppm 
i s  n o t  expected t o  be a problem i n  subsequent p rocess ing .  As a s a f e t y  f a c t o r ,  t h e  
amount o f  steam produced by f l a s h i n g  has been increased 2 t imes, t o  2.756 x l o 4  
pounds per  hour. T h i s  represents  1 percent by we igh t  o f  the  b r i n e  feed stream, 
and r e q u i r e s  a f l a s h  down o f  8OF i n  t h e  d e g a s s i f ~ i e r .  Thus, decarbonated b r i n e  
l eav ing  t h e  d e g a s s i f i e r  w i l l  be a t  a temperature o f  about 289OF. 
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The d r i v i n g  f o r c e  for  s t r i p p i n g  C02 from the  b r i n e  i s  ve ry  h igh ,  so t h a t  
o n l y  about a f o o t  o f  packing would be requ i red .  Conserva t ive ly ,  a packed 
h e i g h t  o f  5 f e e t  o f  ceramic saddle pack ing  has been s p e c i f i e d .  Th is  e x t r a  h e i g h t  
i s  p a r t i a l l y  requ i red  because o f  gas-contac t ing  e f f i c i e n c y  problems i n  l a r g e  
diameter columns. The d e g a s s i f i e r  i t s e l f  i s  about 5 f e e t  i n  diameter and 20 f e e t  
t a l l .  
80 p s i g  and 300 F. 

I t  i s  cogs t ruc ted  o f  316 s t a i n l e s s  s t e e l ,  and i s  designed to  opera te  a t  

The pH o f  t h e  b r i n e  l eav ing  the  d e g a s s i f i e r  i s  increased t o  a sa fe  opera t  
l e v e l  of  8 t o  8.5, so as t o  avo id  c o r r o s i o n  o f  downstream equipment, by the  
i n j e c t i o n  of 50% by we igh t  c a u s t i c  soda. The c a u s t i c  i s  s t o r e d  i n  a 28,000 ga 
carbon s t e e l  tank  which prov ides  a 20-day s to rage capac i t y ,  and i s  t r a n s f e r r e d  
by a pneumat ica l l y  operated, s t a i n l e s s  s t e e l  gear pump. F l u i d  m ix ing  a t  the  
i n j e c t i o n  p o i n t  i s  accomplished i n  a s t a t i c ,  i n - l i n e  mixer made o f  316 s t a i n l e  
s t e e l .  

ng 

1 on 

S 

The t r e a t e d  b r i n e  then passes, success ive ly ,  through f l a s h  tanks F1, F2, 
F3, and F4, as shown on F igu re  28, where process steam i s  produced a t  the  f low 
r a t e s  and temperatures i nd i ca ted .  These o p e r a t i n g  c o n d i t i o n s  on t h e  f l a s h  vesse ls  
meet the  process requirements as shown on F igu re  8. 
w i r e  mesh demis te r  pads i n s t a l l e d  i n  the  tops o f  t he  vesse ls ,  t o  removed e n t r a i n e d  
b r i n e  f rom the  steam. The vessel  d iameters and the  area of  demis te r  elements i n  
each vessel  a r e  s i z e d  f o r  e f f i c i e n t  removal o f  d r o p l e t s .  

Flashed steam passes through 

The f l a s h  vesse ls  a r e  a l l  designed t o  opera te  a t  f u l l  vacuum, and a t  p o s i t i v e  
pressures rang ing  f r o m  0 t o  20 p s i g  and temperatures f rom 170 t o  240°F. Vesse 
a r e  cons t ruc ted  o f  carbon s t e e l  and coated w i t h  an epoxy r e s i n .  Vessel dimens 
and demister s p e c i f i c a t i o n s  a r e  g i ven  i n  Tab le  26. 

Cooled b r i n e  l eav ing  the  l a s t  f l a s h  s tage i s  c o l l e c t e d  i n  Surge Tank 2 p r  
t o  t r a n s f e r  t o  the  i n j e c t i o n  w e l l .  Tank 2 i s  designed t o  opera te  a t  atmospher 
p ressure  and 15OoF, and has a capac i t y  of  120,000 g a l l o n s ,  e q u i v a l e n t  t o  20 
minutes o f  s to rage.  I t  i s  cons t ruc ted  o f  s t e e l  and has o v e r a l l  dimensions o f  51 
f e e t  long by 20 f e e t  i n  diameter.  B r i n e  f rom the  surge tank i s  pumped through a 
f i l t e r  on t h e  way to t h e  i n j e c t i o n  w e l l .  A l l  vesse ls  have 2 inches of ca lc ium 
s i l i c a t e  i n s u l a t i o n .  

S 

ons 

o r  
C 

P i p e l i n e s  between the  w e l l s  and t h e  p l a n t  a r e  designed f o r  an o p e r a t i n g  pressure  
and temperature o f  100 p s i g  30OoF. 
were 16 i n c h  and 20 inch .  A 20- inch schedule 20 carbon s t e e l  l i n e  i s  requ i red  
f o r  t h e  b r i n e  t r a n s f e r  l i n e s ,  a l l o w i n g  a b r i n e  f l o w  v e l o c i t y  o f  6 f e e t  pe r  second. 
A 16- inch schedule 30 carbon s t e e l  l i n e  was chosen f o r  t he  steam t r a n s f e r  l i n e s  
f rom the f l a s h  tanks to  the  evaporators.  For the  sake o f  p resen t ing  d e f i n i t i v e  
numbers f o r  t h i s  study, i t  i s  assumed t h a t  t h e  w e l l s  a r e  l oca ted  3,000 f e e t  f rom 
the  p l a n t .  W i t h i n  the pre t rea tment  p l a n t  1,200 f e e t  o f  20- inch p i p e  i s  assumed and 
400 f e e t  o f  16-inch schedule 30 i s  assumed f o r  steam l i n e s  from t h e  f l a s h  tanks. 
These d is tances  w i l l  be d i f f e r e n t ,  o f  course, fo r  most s i t u a t i o n s .  P ipe  cos ts  
a r e  presented i n  Table 25. 

P i p e l i n e  s i z e s  eva lua ted  f o r  t he  sugar beet  process 

2. Equipment Design and Costs 

Standard eng ineer ing  design and cos t  e s t i m a t i n g  procedures have been used f o r  
t h i s  study, as i n d i c a t e d  by References 1 through 8 i n  t h e  B i b l i o g r a p h y .  I n  
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a d d i t i o n ,  equipment s u p p l i e r s  and manufacturers were contac ted  f o r  des ign  i n f o r -  
mat ion  and c o s t  quo ta t i ons  on s p e c i f i c  items where necessary (9-15). These 
r e s u l t s  a r e  summarized i n  Tables 27 through 30 f o r  t h e  sugar r e f i n i n g  process. 

The t o t a l  c a p i t a l  equipment c o s t  f o r  t he  geothermal heat  system i s  9.963 
m i l l i o n  d o l l a r s  f o r  a 44% steam on beet e f f i c i e n c y .  The va lues  f o r  t he  w e l l  and 
t h e  p i p e l i n e  g i ven  i n  Tables 1 and 29, r e s p e c t i v e l y ,  a r e  i n s t a l l e d  cos ts .  The 
c o s t  o f  o t h e r  equipment i tems, i n c l u d i n g  t h e  surge and f l a s h  vesse ls ,  pumps, and 
instrum'entat ion,  has heen m u l t i p l i e d  by 47% t o  cover the  c o s t  o f  i n s t a l l a t i o n  
a t  a developed s i t e ,  based on t h e  r e s u l t s  presented i n  Reference 7. I temized 
c o s t s  a r e  shown i n  Tables 27 through 29. A complete c o s t  summary i s  shown i n  
Tab le  30. 

C .  Bar ley  M a l t i n g  Process 

1 .  General Desc r iD t ion  

The bas i c  b a r l e y  m a l t i n g  process is descr ibed i n  Chapter 7 and shown i n  
F igures  9 and 10. The adap ta t i on  o f  t h i s  p l a n t  t o  a geothermal heat  source 
based on t h r e e  temperatures--3000F, 26OoF, and 220°F--is a l s o  discussed i n  Chapter 
7 and shown in Figure 12. T h e  following analysis was based on the mid-range 
temperature o f  26OoF (case 3 b l ) .  The des ign  c r i t e r i a  f o r  t h i s  case a r e  d i s -  
cussed i n  Chapter 7 and shown i n  Tab le  7. 

The geothermal p o r t i o n s  o f  t h i s  system a r e  shown i n  more d e t a i l  i n  F igures  
29 and 30. The l a t t e r  f i g u r e s  a r e  discussed below. The l i s t  o f  geothermal 
equipment i s  summarized i n  Tables 25 and 31 and c o s t  summaries a r e  g i ven  i n  
Tables 32 through 35. 

Wellhead p r o d u c t i o n  i s  rece ived  i n  Surge Tank 1 f rom where i t  i s  pumped 
d i r e c t l y  t o  the  f a n  hea te r  i n  the  case o f  no pre t rea tment .  The surge tank  has a 
c a p a c i t y  o f  2 , 5 0 0  g a l l o n s  p r o v i d i n g  a res idence t i m e  of about f i v e  minutes.  
The vessel  i s  cons t ruc ted  o f  carbon s t e e l ,  coated w i t h  an epoxy r e s i n ,  w i t h  t h e  
dimensions 9 f e e t  i n  l e n g t h  by 7 f e e t  i n  diameter.  The b r i n e  i s  t r a n s f e r r e d  v i a  
pump 1,  a carbon s t e e l  pump capable o f  550 gpm, th rough a 6 - inch  schedule 40 
carbon s t e e l  p i p e  t o  t h e  a i r  heater .  The coo led  b r i n e  i s  then c o l l e c t e d  i n  the  
f i n a l  surge tank  2 p r i o r  t o  t r a n s f e r  t o  the  i n j e c t i o n  w e l l .  Vessel 2 i s  designed 
t o  ope ra te  a t  atmospher ic p ressure  and 15OoF, w i t h  a c a p a c i t y  o f  26,000 g a l l o n s  
equ iva len t  t o  20 minutes o f  s to rage.  
coated w i t h  an epoxy r e s i n ,  and has t h e  o v e r a l l  dimension of  20 f e e t  long by 15 
f e e t  i n  diameter.  T h i s  b r i n e  i s  then pumped th rough a c a r t r i d g e  t ype  i n l i n e  
f i l t e r  u n i t  on i t s  way t o  t h e  i n j e c t i o n  w e l l .  

I t  i s  cons t ruc ted  o f  carbon s t e e l ,  

op t  

ac 
so 

A second o p t i o n  w i t h  p re t rea tmen t  i s  shown i n  F i g u r e  29 i n  t h e  dashed-in 
area. The pre t rea tment  i s  based on t h e  water  a n a l y s i s  i n  Tab le  22, Appendix C .  
T h i s  p re t rea tment  i s  e x a c t l y  analogous t o  t h e  system descr ibed i n  the  preceding 
sugar beet s e c t i o n ,  w i t h  o n l y  f lows and vessel  s i z e s  changing, Major equipment 
s i zes  and s p e c i f i d a t i o n s  a r e  summarized i n  Tab le  3 1 .  The i tems s i m i l a r  t o  bo th  

ons have the  same process s p e c i f i c a t i o n s .  

. 

The b r i n e ,  pumped a t  550 g a l l o n s  per minute,  i s  mixed w i t h  a 50% s u l f u r i c  
d s o l u t i o n  i n  a t i t a n i u m  s t a t i c  mixer .  The f l o w  r a t e  o f  s u l f u r i c  a c i d  
u t i o n , i s  l e s s  than 0 . 5  g a l l o n s  per  minute.  The C02 gas and o t h e r  noncondensables 
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are  s t r i p p e d  f rom t h e  b r i n e  i n  a s t a i n l e s s  s t e e l  d e g a s s i f i e r  (packed column) 
w i t h  dimensions o f  2 f e e t  d iameter  by 8 f e e t '  long w i t h  3 f e e t  o f  ceramic sadd le  
pack ing.  
feed b r i n e )  i s  necessary t o  s t r i p  t h e  carbon d i o x i d e  and o t h e r  noncondensables 
from t h e  b r i n e .  The b r i n e  i s  t hen  n e u t r a l i z e d  by a 50-percent  c a u s t i c  s o l u t i o n .  
The c a u s t i c  and a c i d  tanks a r e  bo th  cons t ruc ted  o f  carbon s t e e l  and coated w i t h  
an epoxy r e s i n  w i t h  a c a p a c i t y  o f  6,000 g a l l o n s ,  e q u i v a l e n t  t o  about 20 days o f  
s to rage.  The b r i n e  then  passes th rough t h e  a i r  hea te r  and i n t o  surge tank  2. 
The coo led  b r i n e  passes through a c a r t r i d g e  s t y l e  i n - l i n e  f i l t e r  on i t s  way t o  
t h e  i n j e c t i o n  w e l l ,  

A c o n s e r v a t i v e  steam f l a s h  o f  2.39 x 103 l b / h r  (1 we igh t  percent  o f  t h e  

P i p e l i n e s  f rom t h e  w e l l s  t o  t h e  p l a n t  a r e  designed f o r  an o p e r a t i n g  p ressu re  
o f  100 p s i g  and 30OoF. 
b r i n e  t o  and from t h e  b a r l e y  m a l t i n g  p l a n t  i s  a 6 - i nch  schedule 40 carbon s t e e l  
l i n e  w i t h  cos ts  per  f o o t  shown i n  Tab le  25. For t h e  sake o f  p r e s e n t i n g  d e f i n i t e  numbers 
f o r  t h i s  s tudy ,  i t  i s  assumed t h a t  t h e  w e l l s  a r e  l oca ted  3,000 f e e t  f rom t h e  p l a n t .  
W i t h i n  t h e  p l a n t  i t s e l f  f o r  o p t i o n  1 ,  where no p re t rea tmen t  o f  t h e  b r i n e  i s  
necessary, 500 f e e t  o f  6 - i nch  p i p e  were assumed t o  be needed. For  o p t i o n  2 w i t h  
a p re t rea tmen t  p l a n t  an e x t r a  700 f e e t  were assumed. 

The p i p e l i n e  s i z e  r e q u i r e d  f o r  t r a n s f e r r i n g  geothermal 

The t o t a l  c a p i t a l  equipment c o s t  f o r  t h e  geothermal heat  system f o r  o p t i o n  
1 ,  w i t h  no p re t rea tmen t ,  i s  2.999 m i l l i o n  d o l l a r s .  For a p re t rea tmen t  p l a n t  an 
e x t r a  2 . 2  percent  i s  added t o  t h e  c a p i t a l  cos t ,  b r i n g i n g  t h e  c a p i t a l  c o s t  t o  a new 
t o t a l  o f  3.063 m i l l i o n  d o l l a r s .  The va lues  f o r  t h e  geothermal w e l l s ,  g iven  i n  
Tab le  8, and t h e  p i p e l i n e  c o s t s  i n  Tab le  35, a r e  i n s t a l l e d  c o s t s .  The c o s t  o f  
t h e  o t h e r  equipment i tems, i n c l u d i n g  surge vesse ls ,  pumps, and i n s t r u m e n t a t i o n ,  
has been m u l t i p l i e d  by 47% t o  cover t h e  c o s t  o f  i n s t a l l a t i o n  a t  a developed s i t e ,  
based on t h e  r e s u l t s  presented i n  Reference 7.  I temized c o s t s  a r e  con ta ined  i n  
Tables 32 th rough 34 .  Tab le  35  summarizes t h e  cos ts .  

D.  A l t e r n a t i v e  Desian Cons idera t ions  

I n  o r d e r  f o r  t h e  des ign  ana lyses  t h a t  have been presented  t o  be more g e n e r a l l y  
a p p l i c a b l e  t o  geothermal areas i n  a l l  p a r t s  o f  t h e c o u n t r y ,  c e r t a i n  des ign  mod- 
i f i c a t i o n s  should be considered.  A n  i m p o r t a n t  f a c t o r  i n  t h e  c o s t  o f  geothermal 
equipment i s  r e l a t e d  t o  t h e  c o r r o s i v i t y  o f  t h e  b r i n e ,  and t h e  cor respond ing  r e q u i r e -  
ments f o r  m a t e r i a l s  o f  c o n s t r u c t i o n  and for  c o r r o s i o n  a l lowances on l i n e s  and 
vesse ls .  S ince t h e  b r i n e s  can va ry  g r e a t l y  f rom one geothermal a rea  t o  another ,  
these cos t  f a c t o r s  w i l l  a l s o  va ry .  The s p e c i f i c  changes t h a t  can be expected i n  
d i f f e r e n t  geothermal areas a r e  tempera ture  o f  t h e  b r i n e ,  t h e  t o t a l  amount o f  
d i s s o l v e d  s o l i d s ,  t h e  a c t u a l  chemical spec ies  d i s s o l v e d ,  and t h e  b r i n e  t rea tmen t  
employed b e f o r e  i t s  u t i l i z a t i o n  i n  t h e  process.  

The San L u i s  V a l l e y  geothermal b r i n e s ,  upon wh ich  t h i s  a n a l y s i s  i s  based, a r e  
o f  h ighe r  q u a l i t y  than can be no rma l l y  expected, w i t h  respec t  t o  t h e  b r i n e  chemis t r y .  
I n  a d d i t i o n ,  process cons ide ra t i ons  r e l a t e d  t o  these b r i n e s  suggest t h e  p re t rea tmen t  
procedure chosen which renders them non-sca l i ng  and r e l a t i v e l y  non-cor ros ive .  I n  
the  more genera l  case o f  geothermal a p p l i c a t i o n s ,  i t  can be expected t h a t  t h e  
b r i n e  c o r r o s i v i t y  w i l l  approach t h a t  o f  seawater (17) and t h a t  l a r g e r  c o r r o s i o n  
a 1 lowances w i  1 1 be requ i red. 

summarized on Tab le  36. T h i s  t a b l e  g i v e s  vesse l  s i z e s ,  c o r r o s i o n  a l lowances ,  and 
cos ts  f o r  bo th  t h e  sugar beet  and b a r l e y  m a l t i n g  processes.  
on Tab le  36 a r e  t o  be compared w i t h  those g i v e n  on Tab les  26, 27, and 29 f o r  t h e  
sugar process, and on Tables 3 1  and 32 f o r  t h e  m a l t i n g  process.  

The da ta  f o r  equipment s i z i n g  and cos ts  f o r  t h e  more genera l  geothermal case i s  

The s p e c i f i c a t i o n s  shown 
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NOTE : 
All Brine Process 1 ines, 20 in. sch. 20 

F i l t e r  
/l @ 

Injection 
We1 1 

Figure 27. Pretreatment Plant, Sugar Beet Process 
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NOTE : 
Process l ines  6 i n .  sch. 40 
Dashed in area includes pretreatment o p t i o n  

A 

F i l t e r  ~ !-- - I (  S u r g e  
Tonk 2 (ol I I  w 

Injection 
We1 1 

I - - _ _  1 56,000 gi 
550 gpm. atm. 150 

- - - c  

3;- 
20 mi n . storage -5 

Figure 29. Pretreatment Plant, Barley Malting Process Case 3bl 
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Figure 30. General Schematic o f  Barley Malting Process 



Table 25. P ipe  S p e c i f i c a t i o n s  

Nominal P ipe  Diameter ( i nch )  6 16 20 

Temperature (OF)  300 300 300 

Pressure (ps i g) 

Wa 1 1 Thickness ( i nch) 

Corros ion  A I  lowance ( i nch )  

Schedule # 

1 

100 100 100 

.289 375 - 375 

,254 .308 .288 

40 30 20 

12 3 1  38 M a t e r i a l  Costs, P ipe  and I n s u l a t i o n  

t n s t a l l a t i o n  Cost pe r  f o o t  ($ )  20 46 56 

32 77 94 

2 

per  f o o t  ($1 

3 Installed Pipe Costs p e r  foot  ( $ )  

I .  The c o r r o s i o n  al lowance d i f f e r s  s l i g h t l y  f o r  each case, so t h a t  
s tandard  commercial p i p e  schedules can be used. 

These cos ts ,  for  carbon s t e e l  p ipe ,  a r e  based on vendor es t imates  ( 9 ) .  2. 

3 .  Costs f o r  above ground p i p e  i n s t a l l a t i o n s  ( 8 ) .  
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Tab le  26. Vessel and Major  Equipment S p e c i f i c a t i o n s  . 
Equ i pment Capac i t y  Length Diameter Temperature and Pressure 

( f t )  ( f t  ) Ra t ing  

SUGAR BEET PROCESS 

Surge Vessels 
1 26,000 g a l .  
2 120,000 g a l .  

Treatment Storage Tanks 
1 .  Ac id  28,000 ga l  
2. Caus t i c  28,000 g a l  

D e g a s s i f i e r  

C e n t r i f u g a l  
T rans fe r  Pumps 
1 ,  2, 5 6,000 gpm 

Ac id  and Caus t i c  
Gear Pumps 0-2 gpm 

(2)  S t a t i c  M ixe rs ,  
S t a i n l e s s ,  T i t a n i u m  

F i l t e r  C a r t r i d g e  S t y l e  

20 
51 

22 
22 

20 

15 
20 

15 
15 

5 

300OF 80 p s i g  
1 5OoF A t m  

Ambient A t m .  
A t m .  Amb i en t  

300°F 80 p s i g  

80 f t .  head 3OO0F 80 p s i g  

Ambient 80 p s i g  

80 p s i g  

(300 sq.  f t . )  1 50°F 80 p s i g  

12 20 inches 3 0 0 0 ~  

NOTES : 

1 .  Each surge vesse l  and s to rage  tank  i s  cons t ruc ted  of carbon s t e e l  and coated 
with a n  epoxy resin. The degassifier is constructed of 316 stainless steel. 

2. The f o l l o w i n g  w a l l  th icknesses  ( t )  i n c l u d e  a c o r r o s i o n  a l lowance o f  .025 i n c h  
f o r  t h e  carbon s t e e l  tanks and .213 i n c h  for  t h e  s t a i n l e s s  s t e e l  d e g a s s i f i e r .  
Surge Vessel 1 ,  t = .645 inch ;  Surge Vessel 2, t = .174 inch ;  Storage tanks ,  
t = .137  inch ;  D e g a s s i f i e r ,  t = .375 inch .  
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Tab le  26--Cont inued 

F lash  Vessel S p e c i f i c a t i o n s  

F lash  Tank Diameter Demister He igh t  L i q u i d  Level  O v e r a l l  Pressure Temperature 
I D  No. ( f t  ) Above L i q u i d  ( f t )  He igh t  

Level  ( f t )  (ft ( p s  i g ) *  ( OF> 
A B C D 

30-sec. Residence Time 
Des i gn 

F- 1 12 I 1  4 20 15 300 

F- 2 10 10 4 20 2.0 3 00 

1 1 ' '  Hg vac. 300 F-3 10 10 4 20 

F-4 10 16 4 20 19 I ' Hg vac . 300 

E Demisters a r e  cons t ruc ted  o f  316 s t a i n l e s s  s t e e l  4 inches t h i c k ,  9 pounds 
per c u b i c  f o o t  a t  t h e  des ign  diameter for  each tank .  

k A l l  vesse ls  designed f o r  a f u l l  vacuum. 

Notes 

1 .  Each tank  i s  cons t ruc ted  o f  carbon s t e e l  and coated w i t h  an epoxy r e s i n .  

2. The w a l l  th ickness  o f  .220 inches inc ludes  a c o r r o s i o n  al lowance o f  
,025 inches. 

n 
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Tab le  27 

Pretreatment Equipment Cost Summary 
Sugar Beet Process 

-i- 
Equ i pmen t Capac i t y  c o s t  T o t a l  

cs 1- ( $ )  

Vessel s : 
Surge Tank 1 26,000 g a l  20,000 

(pressure vesse l )  

(Atm) 

( A t m )  

Surge Tank 2 120,000 g a l .  40,000 

Ac id  Tank 28,000 ga l  12,000 

Caust ic  Tank 28,000 g a l .  12,000 

20,000 

40,000 

12,000 

12,000 

Degass i f i er  5 ' d i a . x  20 '  h e i g h t  22,000 22,000 

Pumps 
T rans fe r  Pumps, 1,2,5 6,000 gpm 
Ac id  and Caust ic  Pumps, 3,4 (3-2 gpm 

Misc.  
(2) S t a t i c  Mixer  
F i  1 t e r  

16,000 
700 

48,000 
1,400 

6,000 6,000 
10,000 

2) T o t a l  171,400 

1 .  Est imated c o s t s  o b t a i n e d . f r o m  re fe rences  (6, and 9 through 15) 

Does n o t  i n c l u d e  i n s t a l l a t i o n  
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Table 28 

Inst rumentat ion Cost Summary 
Sugar Beet Process 

Instruments cost  ( $ )  

Pressure and Temperature Gauges 

pH Contro l  l e r  

Temperature Control  l e r  

Pressure Control  t e rs  

D i f f e r e n t i a l  Pressure C o n t r o l l e r  

Level C o n t r o l l e r s  

Flow Control Valves 

T o t a l  

142 

480 

3,600 

1,750 

3,144 

600 

7,000 

25,600 

42,174 

A 



Tab le  29 

F lash  Tanks and P i p i n g  Costs Summa I 

Sugar Beet Process 

c o s t  
($1 

1 
F lash  Tanks 

F- 1 17,000 g a l  14,870 

F-2 

F-3 

F- 4 

To ta  1 

P i p i n g  2 

P i p i n g  From Produc t i  D and 
t o  I n j e c t i o n  Wel ls  s 

end P i p i n g  W i t h i n  P l a n t  
Pre t rea tment  P l a n t  

T o t a l  

12,000 g a l  9,350 

12,000 ga l  9,350 

12,000 g a l  9,350 

42 , 920 

564,000 

143,600 

707,600 

1 .  Inc ludes  Demister  Costs, It", 9#/cu f t  316 s t a i n l e s s  s t e e l ,  10 f t  
d iameter  demis te r  pad,$1650. 12 f t  d iameter  demis te r  pad, $2370 ( 1 1 ,  1 3 )  

2. Inc ludes  I n s t a l  l a t i o n ,  Longyear (8) 

3 .  6,000 f e e t  o f  20 i n c h  Schedule 20 p i p e  

4. 400 f e e t  o f  16 i n c h  Schedule 30 p i p e  f o r  steam l i n e s  
1,200 f e e t  20 i n c h  Schedule 20 
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Table 30 

Cost Summary 

Sugar Beet Processing 

Equ i pmen t Cost ($)  

F lash  Tanks 

Pretreatment Equipment 

I nst rumenta t  i on 

I n s t a l  l ed  Costs 
(47% o f  purchased equipment) 

I n s t a l  l e d  P i p i n g  

Well Costs 

Su b-To t a 1 

1 Incremental  Surface Area Cost 

1 A i  r Compressor 

Vacuum Pump 1 

Net Cap i t a  1 

42,920 

171 ,400 

42,174 

120,660 

707,600 

7,150,000 

8,234,754 

1,610,000 

50,000 

68,000 

9,962,754 

1 .  Refer t o  Tab le  1 ,  Chapter V 

144 

A 



Tab le  31 

Vessel and Major  Equipment S p e c i f i c a t i o n s ,  Case 3b1 

Equ i pment Capac i ty  Length D ia .  Temp, Pressure 
( f t )  ( f t )  (OF)  ( p s i g )  

'BARLEY MALT I NG PROCESS 

Surge Vessels 
1 
2 

Treatment Storage Tanks 
Ac id  
Caus t i c  

Degass i f i e r  

C e n t r i f u g a l  
T r a n s f e r  Pumps 
1 ,  2 ,  5 

Ac id  and Caust ic  
Gear Pumps 

(2)  S t a t i c  Mixers ,  
S t a i n l e s s ,  
T i  tan ium 

F i  I t e r ,  C a r t r i d g e  S t y l e  

2,500 ga l  9 7 300 
26,000 g a l  20 15 150 

6,000 g a l  15 8 Amb i e n t  
6,000 g a l  15 8.0 Ambient 

8.0 2.0 300 

300 80 f t  head 550 gpm 

Amb i en t  0-'I gpm 

1 2  6 i n .  300 

150 150 sq. f t  

80 
A t m .  

A t m .  
A t m .  

80 p s i g  

80 

80 

80 

80 

NOTES: 

1 .  Each surge vesse l  and s to rage  tank  i s  c o n s t r u c t e d  o f  carbon s t e e l  and coated  w i t h  
an epoxy r e s i n .  The d e g a s s i f i e r  i s  c o n s t r u c t e d  o f  316 s t a i n l e s s  s t e e l .  

2. The f o l l o w i n g  w a l l  th icknesses  ( t)  i n c l u d e  a c o r r o s i o n  a l lowance o f  .025 i n c h  
f o r  carbon s t e e l  tanks and .213 i n c h  f o r  t h e  s t a i n l e s s  s t e e l  d e g a s s i f i e r .  
Surge Vessel 1 ,  t = .314 i nch ;  Surge Vessel 2, t = . I 3 7  inch;  Storage tanks,  
t = . I 1 7  inch ;  D e g a s s i f i e r ,  t = .307 inch .  
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Tab le  32 

Pretreatment Equipment Cost Summary 
Bar ley  M a l t i n g  Process, Case 3bl  

Equipment S i ze  cos t  Cost1 cos t 2  
each ($ )  ($1 ( $ )  

Vessels 

Surge Tank 1 
Surge Tank 2 
Ac id  Tank 
Caust ic  Tank 
D e g a s s i f i e r  

Pumps 
T rans fe r  Pumps, 1,2,5 
Ac id  and Caust ic  Pumps, 3 , 4  

2,500 ga l  
26,000 ga l  

6,000 g a l  
6,000 g a l  

2 f t  a f t  

Misc.  
(2) S t a t i c  M ixe r  

F i  1 t e r  

7,000 7,000 
14,000 14,000 
3,500 
3,500 
7,000 

4,500 9,000 
400 

4,000 
34,000 

7,000 
14,000 
3,500 
3,500 
7,000 

13,500 
800 

2,000 
4,000 

55,300 

1, Op t ion  1 ,  No pre t rea tment  

2. Opt ion  2, w i t h  p re t rea tment  
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Tab le  33 

I n s t r umeri t a t i on Co s t S umrna r y 

1 
Bar ley  M a l t i n g  Process, Case 3 b  

Equ i pment Cost ’  cos t 2  
($1 ( $ 1  

Pressure  and Temperature Gauges 

pH C o n t r o l l e r s  

Temperature C o n t r o l l e r s  

D i f f e r e n t i a l  Pressure  Con t ro l  l e i -  

Leve l  Con t ro l  1 e r  

Flow C o n t r o l l e r  

3 00 

1,750 

2,000 

3,400 

7,450 

480 

3,600 

1,750 

600 

3,000 

7,000 

16,430 

a 

1, Op t ion  1 ,  no p re t rea tment  

2 .  Op t ion  2, w i t h  p re t rea tmen t  
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Table 34 
Process Equipment and Piping Cost Summary 

Barley Malting Process Case 3bl 

--- 

2 cost 
( $ 1  6 ) 

1 Equ i pment cost 

450,000 450,000 Air Heater (installed cost) 

80,000 80,000 Fans (installed cost) 

530,000 530,000 

Pip 

P 

P 

ng (installed cost) 

ping from Production and to Injection Wells 192,000 192,000 
3 

ping within Barley Malting Plant and 
Pretreatment P 1 a n t  4 

Total 

16,000 35,200 

208,000 227,200 

1 .  Option 1 ,  no pretreatment 

2 .  Option 2, with pretreatment 

3 .  6,000 feet of 6-inch Schedule 40 pipe 

4 .  500 feet of 6-inch Schedule 40 pipe for Option 1 
700 feet of 6-inch Schedule 40 pipe for Option 2 



P 

Tab le  35  

Cost Summary 

Bar ley  M a l t i n g  Process 

Equipment Opt ion  1 Opt ion  2 

c o s t s  c o s t s  
No Pretreatment (With Pre t rea tment )  

1 
A i r  Heater and Fans 530,000 530,000 

Pre t rea tment  Equipment 34,000 55,300 

Ins t rumen ta t i on  

I n s t a l  l a t i o n  Costs 

P i p i n g  ( i n s t a l l e d  c o s t s )  

7,450 

20,000 

208,000 

16 

34 

227 

T o t a l  

1 Well C o s t s  

T o t a l  

799,450 

2,200,000 

2,999,450 

430 

000 

200 

862,930 

2,200,000 

3,06 2,930 

1. Refer t o  Tab le  8, Chapter VI1 
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Tab le  36 

Equipment S p e c i f i c a t i o n s  - and Costs f o r  Other  Geo log ica l  Loca t ions  
i 

4 

Equ i pment Capac i t y  Thickness ’  Cor ros ion2 Cost 
A 1  lowance ( $ 1  

( i n )  ( i n )  

SUGAR BEET PROCESS 

Surge Vessels 
1 
2 

26,000 g a l .  
120,000 g a l .  

Treatment Storage Tanks 
1 Ac id  28,000 g a l .  
2 C a u s t i c  28,000 g a l .  

F lash  Tanks 
1 
2 

BARLEY MALT I NG PROCESS 

Surge Vessels  
1 
2 

17,000 g a l .  
12,000 g a l .  

2,500 g a l .  
26,000 g a l .  

Treatment Storage Tanks 
1 Ac id  6,000 g a l .  
2 Caus t i c  6,000 g a l .  

-995 .375  30,850 
- 337 .188 77,470 

.125 20,760 237 
237 .125 20,760 

.570 

.570 
.375 38,530 

24,220 .375  

14,870 .667 . 3 7 5  
.300 . I 8 8  30,660 

.215 .125 6,430 

.215 .125 6,430 

Thicknesses i n c l u d e  c o r r o s i o n  a1 lowances. 

Cor ros ion  a l lowances a r e  based on temperature r a t i n g  o f  vesse ls  and a b r i n e  
c o r r o s i v i t y  s i m i l a r  t o  seawater (17) .  

t 

150 



.... . . .  . 

BIBLIOGRAPHY FOR APPENDIX E 

6d 
P 

3 

1 .  A.  S .  Fous t ,  L. A .  Wenzel, C .  W.  Clump, L.  Mares, L. B. Andersen, 
" P r i n c i p l e s  of U n i t  Operat ions,"  John Wiley and Sons, Inc .  New York (1960) 

2. O f f i c e  o f  S a l i n e  Water, Techn ica l  Data Book. (1964) 

3 .  A. E. Duk le r ,  L. C .  E l l i o t ,  and A .  L .  Farber,  " D i s t i  
Book," O.S .W.  Cont rac t  No. 14-01-0001-2099. (1971) 

4. GPSA, "Engineer ing Data Book." 9th Ed., Na tu ra l  Gas 
Tu lsa  (1972). 

5. 

6. 

7 .  

8. 

9. 

10. 

1 1 .  

12. 

13. 

14. 

15. 

16. 

J .  H .  Per ry ,  C .  H, C h i l t o n ,  and S.  D.  K i r k p a t r i c k ,  "Chemical Engineers Hand- 
book," 4 t h  Ed., 9, McGraw-Hil l ,  I nc . ,  New York (1963) 

A.  P i k u l i ,  and H. E. Dias, S c i e n t i f i c  Design Co., "Cost e s t i m a t i n g  f o r  
major process equipment," Chemical Engineer ing (Oct. 10, 1977) 

M. S. Pe ters  and K. D.  Timmerhaus P l a n t  Design and Economics f o r  Chemical 
Engineers, 2d Ed., McGraw-Hill Book Club, New York (1968) 

A. B. Longyear, ed., "Susanvi 1 l e  Geothermal Energy P r o j e c t :  Workshop Proceed- 
ings," ERDA ( J u l y  1976) 

Personal Communication, Grimes P ipe  and Supply Co. (1978) 

Personal Communi ca t  ion ,  MacArthur Co. (1978) 

Personal Communication, D i v e r s i f i e d  Meta l  Product Inc .  (1978) 

Personal Communicat ion ,  Gould l n d u s t r l a l  Pumps (1978) 

Personal Communication, American S tee l  and I r o n  F a b r i c a t o r s  (1978) 

Personal Communication, Tech. Sales (1978) 

Personal Communication, F i she r  Con t ro l s  Co. (1978) 

Personal Communication, Dur ion  Co., Inc. (1978) 

a l l o y  s t e e l s  i n  water  and seawater. ' '  
dge, Tenn., Cont rac t  No. W-7405-ENG-26. 

17. s. A. 
Oak R 

Reed, "Corrosion o f  carbon and 
dge Na t iona l  Labora tory ,  Oak R 

l a t i o n  P l a n t  Data 

Processors Assoc ia t i on ,  

151 



I;$ 

t 

B 

I DISTRIBUTION RECORD FOR ID0/1626-3 

I n t e r n a l  D i s t r i b u t i o n  

1 - Chicago P a t e n t  Group - DOE 
9800 South Cass 
Argonne, IL 60439 

1 - R .  L .  Blackledge 
Idaho Opera t ions  Office - DOE 
Idaho F a l l s ,  ID 83401 

1 - H .  P. Pearson 
Information Management - EG&G 

6 - INEL Technical L ib ra r~y  

10 - Specia l  I n t e r n a l  

Externa l  Distribution 

50 - Spec ia l  Externa l  

442 - UC-66g - GE--Direct App l i ca t ions  o f  Heat from 
Geo t h  ermal Res our ces 

Total  Copies P r i n t e d :  511 

k 


	San Luis Valley Area Map-------------------- ---_--_--_-----_"-_-----
	Cross-Section of San Luis Valley Water Systems----------------------
	Materials Flow in Beet Sugar Processing Plant-----------------------
	Beet Sugar Processing Plant---------------
	Heat Transfer Area and Brine Flow Versus No of Effects-------------
	Sugar Beet Process Diffusion Section---------------------
	Plate 2: Sugar Beet Process Purification Section------------------
	Sugar Beet Process Evaporation Section-------------------
	Sugar Beet Process Crystal1 ization/Separation Section----
	Barley Malting process Schematic------------------------------------
	Sari Luis Val ley----------------------------
	San Luis Valley Geologic Cross-Section BB'--------------------------
	State Well #1-32----------------------------------------------------
	Plant--------------------------------------------
	Unit Cost of Geothermal Energy for a Beet Sugar Process Plant----
	Typical Kilning Temperature Cycle--------------------------------
	Sari Luis Valley Weather Data-------------------------------------
	Estimated Well Drilling Costs in the San Luis Valley-------------
	Barley Malting Kiln---------------------------
	Summary of Design Cases for Barley Malting Kiln------------------
	Heating System for Malting Ki In-------
	Kilning Energy Costs for Case 3-bl-------------------------------
	Required Brine Flow Rates for Vapor Recompression Option---------
	Target Cities Population Growth Statistics Projection-----------
	for Target Cities-------------
	Total Annual Gas Consumption for Target Cities-------------------
	Major-User Energy Consumption Statistics for Target Cities-------
	proposed pipeline Route--------------------------------------------
	Summary of Pipeline Design Data--------------------------------"-
	Heat Transfer Coefficients----------------------
	Insulation Costs Per Mile of Pipeline----------------------------
	19: pumping System Costs---------------------------------------------
	20: Summary of Geothermal Pipeline Systems Costs---------------------
	21: Geothermal Reservoir Temperatures--------------------------------
	Design Basis Water Analysis--------------------------------------
	Sugar Solution Brix Values for n-Effect Evaporator Systems-------


	Vessel and Major Equipment Specifications Sugar Beet Process----
	27: Pretreatment Equipment Cost Summary Sugar Beet Process----------
	Instrumentation Cost Summary Sugar Beet Process-----------------
	Sugar Beet Process---------
	DISCLAIMERS.pdf
	SUMMARY
	LISTOFTABLES
	LISTOFFIGURES
	GLOSSARY
	FACILITY DESCRIPTION
	VITRIFICATION CELL
	EQUIPMENT
	UTILITIES MATERIALS AND WASTES

	SITING
	OP ERAT IONS
	MA I N TEN AN C E
	REFERENCES
	High-Level Liquid Waste Vitrification Flowsheet
	Canister Operating Time Cycle

	Zone Classifications
	Liquid Waste
	Personnel Exposure Categories
	NWVF Areas and Associated Functions
	Process Equipment
	Legend for Figures 5 Through
	Essential Material Requirements
	Nuclear Waste Vitrification Faciltiy Waste Generation
	Allocated Facility Staffing Requirements
	Source of High-Level Waste in the Fuel Cycle
	High-Level Liquid Waste Vitrification Flow Diagram
	High-Level ‚daste Vitrification Cell Plan View
	High-Level Waste Vitrification Cell Elevation View
	Calciner Feed Tank
	Calciner
	Melter
	Frit Feeder
	Calciner Condensate Tank
	Decontamination Solution Tank
	Canister Storage Rack
	Cell AirFilters

	Welding and Inspection Stations
	Calciner Condenser


	Calciner Scrubber-Separator
	Off-Gas Demister
	I and Ru Sorber Feed Heaters
	Calciner Feed Tank
	Cal ci ner
	Me1 ter
	Frit Feeder
	Calciner Condensate Tank
	Decontamination Solution Tank
	Canister Storage Rack
	Cell Air Filters
	lrlelding and Inspection Stations
	Calciner Condenser
	Cal ciner Scrubber-Separator
	Off-Gas Demister
	I and Ru Sorber Feed Heaters
	Ruthenium Sorber
	Pre- and HEPA Off-Gas Filters
	Iodine Sorber
	NOx Destructor
	Off -Gas Cool er
	Process Operators
	Radiation Monitors
	Supervisors
	Others
	(P1 ant Forces
	Craft Workers
	P1 anners and Supervisors
	Others
	Process Engineers
	Faci 1 i ty Engineers
	Safety
	Technicians
	Others (Including Analytical )
	Others
	Totals: Nonexempt
	Exempt
	Supervisors









