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GEOTHERMAL ENERGY FOR ELECTRICAL AND NONELECTRICAL APPLICATIONS 
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S t a n l e y  L. M i l o r a  
Oak Ridge N a t i o n a l  L a b o r a t o r y  
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ABSTRACT 

The u t i l i z a t i o n  o f  geothermal f l u i d s  r a n g i n g  i n  tempera ture  
f rom 100 t o  300°C i s  d i scussed  f r o m  a thermodynamic and an eco- 
nomic v iewpo in t .  Nonaqueous w o r k i n g  F l u i d s  a r e  eva lua ted  f o r  
p o s s i b l e  use i n  sub- and s u p e r - c r i t i c a l  Rankine power g e n e r a t i n g  
c y c l e s ,  and a r e  compared t o  more c o n v e n t i o n a l  steam f l a s h i n g  c y c l e s .  
C r i t e r i a  a r e  p resen ted  f o r  d e t e r m i n i n g  performance based on t h e  
c y c l e ' s  e f f e c t i v e n e s s  i n  u t i l i z i n g  t h e  geothermal f l u i d .  !%lorking 
f l u i d  thermodynamic p r o p e r t i e s  a r e  used t o  c o r r e l a t e  o p t i r n m  c y c l e  
performance a t  g i v e n  geothermal f l u i d  tempera tures .  A g e n e r a l i z e d  
method f o r  exp ress ing  t u r b i n e  exhaust  end s i z e s  i s  developed. The 
geo thc rna l  resource  p o t e c t i a l  c f  t h e  U n i t e d  S ta tes  f o r  b o t h  n a t u r a l  
hydro thermal  systems and a r t i f i c i a l l y  s t i m u l a t e d ,  d r y  h o t  r o c k  
systems i s  d i scussed .  The economics o f  g e n e r a t i n g  power and o f  
d i r e c t  u t i l i z a t i o n  f o r  space and process h e a t i n g  a p p l i c a t i o n s  a r e  
compared w i t h  f o s s i l  f u e l  and n u c l e a r  energy  sources. 

INTRODUCTION AND SCOPE 

The major  p o r t i o n  o f  m a t e r i a l  p resen ted  i n  

t h i s  paper has been e x t r a c t e d  f rom a s tudy  o f  geo- 

thermal  power c y c l e s  conducted by  M i l o r a  and 

T e s t e r  [ll. Readers i n t e r e s t e d  i n  more d e t a i l  on 

t h e  e l e c t r i c  power genera t i on  aspec ts  o f  l ow-  

tempera ture  resources ,  l i k e  geothermal,  s o l a r ,  o r  

ocean thermal  , shou ld  c o n s u l t  r e f .  1 as w e l l  as 

o t h e r  numerous papers on t h i s  t o p i c  12-91. 

range f r o m  8 t o  20% f o r  geothermal resource  temper- 

a t u r e s  o f  100 t o  300"C, and because c o s t s  a s s o c i a t -  

ed  w i t h  p roduc ing  h o t  f l u i d  a t  t h e  s u r f a c e  f requent -  

l y  r e p r e s e n t  more than  60% o f  t h e  t o t a l  c a p i t a l  i n -  

vestment i n  t h e  power p l a n t ,  a d i f f e r e i i t  s e t  o f  de- 

s i g n  c r i t e r i a  i s  a p p l i e d  than  wou ld  be t o  a 

Because e l e c t r i c  g e n e r a t i n g  e f f i c i e n c i e s  

f o s s i l - f u e l  f i r e d  o r  n u c l e a r  g e n e r a t i n g  c y c l e .  
When geothermal f l u i d  p r o d u c t i o n  c o s t s  a r e  h i g h  
r e l a t i v e  t o  s u r f a c e  equipment cos ts ,  a premium i s  

p laced  on d e s i g n i n g  and o p e r a t i n g  power convers ion  

systems near  t h e i r  thermodynamic 1 i m i t i n g  

e f f i c i e n c i e s .  

N o n e l e c t r i c  u t i l i z a t i o n  o f  geothermal energy  i s  
f r e q u e n t l y  more a t t r a c t i v e  t h a n  p roduc ing  power, 

p a r t i c u l a r l y  where a s p e c i f i c  resource  tempera ture  

can be  matched t o  a u s e r  need f o r  process o r  space 

h e a t i n g  [ l o -131 .  I n  t h i s  case, t h e  t r a d e o f f  between 

c o s t s  a s s o c i a t e d  w i t h  p roduc ing  t h e  geothermal f l u i d  

a t  t h e  s u r f a c e  and c o s t s  o f  hea t  exchange and F l u i d  

t r a n s p o r t a t i o n  a r e  c r i t i c a l .  

systems w i l l  be d i scussed  w i t h  r e s p e c t  t o  t h e  t ypes  

o f  geothermal resources  as w e l l  as t h e  c r i t e r i a  

E l e c t r i c ,  n o n e l e c t r i c ,  and combined o r  h y b r i d  
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necessary  f o r  e f f e c t i v e  u t i l i z a t i o n  i n  a thermodyna- 

m ic  and economic sense. 

GEOTHERMAL RESOURCES 

The t o t a l  geothermal resource  base can be d i -  

v i d e d  i n t o  two ma jo r  c a t e g o r i e s ,  n a t u r a l  h y d r o t h e r -  

mal and a r t i f i c i a l l y  s t i m u l a t e d ,  d r y  h o t  rock  sys- 

tems. N a t u r a l  hydro thermal  systems can be f u r t h e r  

s u b d i v i d e d  i n t o  f o u r  subsystems: ( 1 )  vapor-dominated 

( d r y  steam), ( 2 )  l i q u i d - d o m i n a t e d  (super -heated  wa- 

t e r ) ,  (3 )  geopressured, and ( 4 )  l a v a s  and mag- 
mas [3 ,9 ] .  White and I l i l l i a m s  [3] o f  t h e  U.S. Geo- 

l o g i c a l  Survey r e c e n t l y  pub1 i s h e d  e s t i m a t e s  o f  t h e  

t o t a l  geothermal resource  p o t e n t i a l  f o r  t h e  U n i t e d  

S t a t e s .  

vapor-  and l i q u i d - d o m i n a t e d  systems i s  % 3 x 1021 J 
and f r o m  t h e  d r y  h o t  r o c k  resource  i n c l u d i n g  a l l  

h e a t  above 15°C f rom 0-10 km i n  t h e  c o n t i n e n t a l  U.S. 

i s  2, 335 x 1021 J (assuming 1% recovery )  [9 ,1 ] .  

t r i c i t y  t h i s  would amount t o  8,550,000 MW(e)- 

c e n t u r i e s .  I n  comparison, t h e  t o t a l  annual  energy  

consumption f o r  t h e  U.S i s  p r e s e n t l y  0, 0.1 x l oz1  J 
w i t h  % 390,000 MW(e) as e l e c t r i c i t y .  C l e a r l y ,  t h e  

p o t e n t i a l  geothcrnial  resource  war ran ts  s e r i o u s  con- 

s i d e r a t i o n  as an energy  a l t e r n a t i v e .  

m a r i l y  caused by t h e  i n a c c e s s i b i l i t y  o f  geothermal 

h e a t  have l i m i t e d  e x p l o i t a t i o n  o f  t h e  resource  t o  a 

few areas  o f  t h e  w o r l d  where n a t u r a l  systems e x i s t  

a t  o r  nea r  t h e  s u r f a c e .  An a d d i t i o n a l  p rob lem a- 

r i s e s  f o r  h o t  d r y  rock  systems i n  t h a t  w a t e r  is n o t  

i nd igenous  t o  t h e  r e s e r v o i r ,  r o c k  permeabi 1 i ty and 
p o r o s i t y  a r e  low, and t h e r e f o r e  a r t i f i c i a l  f l u i d  

c i r c u l a t i o n  pa ths  must be c r e a t e d  t o  expose h o t  r o c k  

t o  t h e  f l u i d .  Because hea t  t r a n s f e r  r a t e s  i n  d r y  
h o t  r o c k  systems a r e  c o n t r o l l e d  by t h c  l o w  thermal  

c o n d u c t i v i t y  o f  t h e  r o c k  i t s e l f ,  l a r g e  s u r f a c e  a r e m  

a r e  r e q u i r e d  [3,14].  One concept  b e i n g  deve loped 

by t h e  Los Alamos S c i e n t i f i c  Labora to ry  [ I 4 1  i s  t o  

c r e a t e  a l a r g e  f r a c t u r e  by h y d r a u l i c  f r a c t u r i n g  

w i t h  i n j e c t e d  w a t e r  under p ressure .  E l a s t i c  t h e o r y  

suggests  t h a t  a t h i n ,  v e r t i c a l l y - o r i e n t e d ,  d i s c -  

shaped f r a c t u r e  o f  e l l i p t i c a l  c ross  s e c t i o n  w i l l  be 

4 

The combined recove rab le  energy f rom 

I f  a l l  o f  t h i s  energy  were conver ted  i n t o  e l e c -  

Eng ineer ing  d i f f i c u l t i e s  and h i g h  c o s t s  p r i -  

formed a t  depths  ove r  1 kin. 

nec ted  t o  t h e  f r a c t u r e  would 

r e t u r n  w a t e r  t o  and f rom t h e  

remove hea t  . 
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A two-ho le  system con- 

be used t o  supp ly  and 

f r a c t u r e d  r e g i o n  t o  

ENERGY UTILIZATION SYSTEMS 

Genera t i ng  e l e c t r i c i t y  f rom vapor-dominated 

systems, such as those a t  The Geysers i n  C a l i f o r n i a  

o r  a t  L a r d e r e l l o ,  I t a l y ,  i s  u s u a l l y  accompl ished by  
d i r e c t  i n j e c t i o n  o f  t r e a t e d  geothermal steam i n t o  a 

l ow-p ressu re  steam tu rbogenera to r .  Fo r  l i q u i d -  

dominated o r  d r y  h o t  r o c k  systems, steam vapor can 

be c r e a t e d  by f l a s h i n g  t h e  geothelmal f l u i d  t o  a 

l o w e r  p ressu re .  

used t o  d r i v e  a tu rbogenera to r  u n i t ,  w i t h  t h e  un- 
f l a s h e d  l i q u i d  phase e i t h e r  r e i n j e c t e d  o r  d i s c a r d e d  

(see F i g .  1 ,  B ) .  B i n a r y - f l u i d  Rankine c y c l e s  em- 

p l o y i n g  nonaqueous work ing  f l u i d s  a r e  a l t e r n a t l v e s  

t o  s i n g l e -  and m u l t i p l e - f l a s h i n g  systems c u r r e n t l y  

i n  use i n  v a r i o u s  p a r t s  o f  t h e  w o r l d  ( f o r  example 

Cer ro  P r i e t o ,  Mexico and Ldairakei ,  New Zealand [3]). 
B i n a r y - f l u i d  c y c l e s  i n v o l v e  a p r i m a r y  hea t  exchange 

s t e p  where hea t  f rom t h e  geothermal f l u i d  i s  t r a n s -  

f e r r e d  t o  ano the r  work ing  f l u i d  wh ich  expands 

th rough  a tu rbogenera to r  and then  passes t o  a con- 

denser /desuperheater  f o r  hea t  r e j e c t i o n  t o  t h e  e n v i -  

ronment. 

f l u i d  up t o  t h e  maximum c y c l e  o p e r a t i n g  p ressu re  

(see F i g .  1, A).  Dual and topp ing /bo t tom ing  c y c l e s  

( F i g .  1, C and D)  a r e  combina t ions  o f  two d i f f e r e n L  

b i n a r y - f l u i d  c y c l e s  a r ranged t o  o p t i m i z e  power p r o -  

d u c t i o n  f o r  each work ing  f l u i d .  

tempera ture  vapor d e n s i t i e s  would r e q u i r e  s m a l l e r ,  

l e s s  c o s t l y  t u r b i n e s  than  t h e  l ow-p ressu re  steam 

t u r b i n e s  employed i n  t h e  f l a s h i n g  systems o f  t h e  

same power o u t p u t .  F l a s h i n g  c y c l e s  a re ,  o f  course ,  
s i m p l e r  i n  t h a t  t h e y  do n o t  r e q u i r e  a p r i m a r y  h e a t  

exchanger.  Models used i n  c h a r a c t e r i z i n g  power cy -  

c l e  performance, i n  a thermodynamic and an economic 

sense, a r e  developed i n  a l a t e r  s e c t i o n  and o p t i m i -  

z a t i o n  procedures  a r e  i l l u s t r a t e d  f o r  a number o f  

cases. 

a rea .  I n  a d d i t i o n  t o  domest ic  and i n d u s t r i a l  space 

hea t ing ,  geothermal energy i s  a l r e a d y  used f o r  a 

number o f  p rocess  hea t  a p p l i c a t i o n s .  

land ,  geothermal f l u i d s  a r e  used t o  genera te  h i g h -  

q u a l i t y  steam f o r  p u l p  and paper p rocess ing  and i n  

I c e l a n d  geothermal steam i s  used f o r  m i n i n g  

d i a t o m i t e  [31. 

Then, t h e  s a t u r a t e d  steam phase i s  

The c y c l e  i s  completed by pumping t h e  

Nonaqueous w o r k i n g  f l u i d s  w i t h  l a r g e ,  low- 

N o n e l e c t r i c  a p p l i c a t i o n s  a r e  spread ove r  a w ide  

I n  New Zea- 
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Fig. 1 Power cyc le  schematics f o r  liquid-dominated or dry h o t  rock geothermal resources 

As Reistad [13] points o u t ,  the c r i t i c a l  char- 
a c t e r i s t i c  of the geothermal resource i s  i t s  tem- 
perature.  I t  i s  important t o  match the resource t o  
the needs of the potent ia l  user .  This e f f e c t i v e l y  
defines a lower bound o f  temperatures i n  excess o f  
preva i l ing  ambient conditions throughout the world. 
For natural  hydrothermal and  f o r  f i r s t -gene ra t ion  
dry hot rock systems, a 250°C resource temperature 
i s  probably a n  upper l i m i t  [13] .  
tems a r e  p o t e n t i a l l y  more f l e x i b l e  i n  t h a t  f l u i d  
temperatures can be spec i f i ed  by design. 

Dry hot rock sys- 

Reistad [13] describes a number of po ten t i a l ly  
l a rge  consumers of geothermal energy a t  temperature 
up t o  250°C. In addition t o  space and water heat- 
i n g ,  a i r  conditioning and r e f r i g e r a t i o n ,  and 
clothes  drying, he examines the temperature-energy 
spectrum f o r  the manufacturing industr ies  in de- 
t a i l .  For example, in the chemical industry,  chlo- 
r ine -caus t i c  soda, synthet ic  soda ash,  aluminum 
oxide,  and Frasch s u l f u r  processes consume large a -  
anounts o f  low-temperature energy. Centrally- " 

loca ted  chemical complexes employing many 

3 
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s m a l l e r - s c a l e  p rocesses  a l s o  have s u b s t a n t i a l  low-  

tempera ture  steam requ i remen ts  whic!i m i g h t  be 

i d e a l l y  s u i t e d  f o r  a g e o t h e m a l  h e a t  s u p p l y  system. 

Because many processes r e q u i r e  s i g n i f i c a n t  

q u a n t i t i e s  o f  e l e c t r i c i t y  and steam, combined o r  

h y b r i d  energy s u p p l y  systems c u r r e n t l y  a r e  used. 

F requen t l y ,  e l e c t r i c i t y  i s  genera ted  i n  a steam 

Rankine c y c l e  w i t h  low- tempera ture  steam, exhausted  

f r o m  t h e  tu rbogenera tor ,  used d i r e c t l y  i n  t h e  p r o -  

cess .  Fo r  example, c o n s i d e r  t h e  p o s s i b l e  use o f  a 

proposed dua l  c y c l e  f o r  a d r y  h o t  rock  r e s o u r c e  a t  

280°C (see F i g .  2 ) .  I n  t h e  case shown, a s a t u r a t e d  

steam c y c l e  e x t r a c t s  h e a t  f r o m  t h e  h i g h  tempera tu re  

end (280 t o  173°C) o f  t h e  geothermal w a t e r  l oop ,  

and a s u p e r c r i t i c a l  i sobu tane  c y c l e  removes h e a t  

f r o m  173°C t o  a r e i n j e c t i o n  te inpera ture  o f  55°C. 

h l u r o l o d  Slsoin Cycb 

-1 

Ecth c y c l c s  r e j e c t  hea t  t o  t h e  env i ronment  a t a  con- 

dens ing  tempera ture  o f  49°C. A l t e r n a t i v e l y ,  d i r e c t  

use m i g h t  be made o f  t h e  energy  f rom 173°C t o  t h e  

55°C r e i n j e c t i o n  tempera ture  r a t h e r  t h a n  genera t i ng  

e l e c t r i c i t y  i n  t h e  i sobu tane  c y c l e .  C l e a r l y ,  t h e r e  

a r e  a v a r i e t y  o f  o p t i o n s  t h a t  can  be pursued de- 

pend ing  on t h e  energy  and tempera ture  r e q u i  rernents 

o f  t h e  process  as w e l l  as t h e  c o s t  e f f e c t i v e n e s s  o f  

e l e c t r i . c i  ty g e n e r a t i o n  versus  d i r e c t  u t i  1 i z a t i o n .  

POWER CYCLE PERFORMANCE OPTIMIZATION 

Accura te  d a t a  on t h e  thermodynamic p r o p e r t i e s  

o f  proposed f l u i d s  a r e  r e q u i r e d  t o  c a l c u l a t e  c y c l e  

performance. 

t h e  i d e a l  gas s t a t e  C* vapor p r e s s u r e  Psat, p res -  

sure-vo lume- tempera ture  (PvT) behav io r ,  and l i q u i d  

d e n s i t y  a t  s a t u r a t i o n  piat a r e  expressed w i t h  semi- 

e m p i r i c a l  equa t ions  w r i t t e n  i n  reduced fo rm.  For  

example, a m o d i f i e d  fo rm o f  t h e  Mar t in -Hou equa- 

t i o n  o f  s t a t e  w i t h  21 parameters i s  used f o r  c a l c u -  

l a t i n g  PvT p r o p e r t i e s  [l]. T h i s  e q u a t i o n  i s  accu- 

r a t e  f o r  d e n s i t i e s  above t h e  c r i t i c a l  p o i n t ,  a 

requ i remen t  f o r  s u p e r c r i t i c a l  Rankine c y c l e  c a l c u -  

l a t i o n s .  

e n t h a l p y  a r e  ob ta ined  by  s u i t a b l e  d i f f e r e n t i a t i o n  

and i n t e g r a t i o n  of  t h e  semi -emp i r i ca l  equat ions  f o r  
s a t  c;, PSat , P = f ( T , v ) ,  and pR . 

Seven work ing  f l u i d s  i n  a d d i t i o n  t o  wa te r  were 

examined. R e f r i g e r a n t s ,  R-22 (CHC1F2), R-600a 

( i sobu tane ,  i-C4Hlo), R-32 (CH2F2), R-717 (ammonia, 

PIH3), RC-318 (C4F8), R-114 (C2C12F4) and R-115 

( C2C1 F5) were s e l e c t e d  because t h e y  p r o v i d e d  a range 
o f  p r o p e r t i e s  i n c l u d i n g ,  c r i t i c a l  tempera ture  and 

p ressu re ,  and mo lecu la r  w e i g h t .  A l l  o f  these com- 

pounds have r e l a t i v e l y  h i g h  vapor d e n s i t i e s  a t  hea t  

r e j e c t i o n  tempera tures  as l o w  as 20°C. 

Heat c a p a c i t y  a t  c o n s t a n t  p ressu re  i n  

P' 

Der i ved  p r o p e r t i e s  such as e n t r o p y  and 

D e t a i l e d  c y c l e  c a l c u l a t i o n s  were per fo rmed t o  

examine t h e  e f f e c t s  o f  c y c l e  o p e r a t i n g  pressure ,  

h e a t  r e j e c t i o n  tempera ture ,  tempera ture  d i f f e r e n c e s  

i n  t h e  p r i m a r y  h e a t  exchanger,  t u r b i n e  and pump 

e f f i c i e n c i e s ,  and geothermal f l u i d  tempera ture .  I n  

each case a u t i l i z a t i o n  e f f i c i e n c y  nu was d e t e r -  

mined wh ich  r e l a t e d  t h e  a c t u a l  e l e c t r i c a l  work pro -  

duced by  t h e  c y c l e  t o  t h e  maximum work ( o r  a v a i l a -  
F i g .  2.  A s a t u r a t e d  stearn/ isobutane dua l  Rank ine  b i l i t y )  p o s s i b l e  w i t h  s p e c i f i e d  geothermal source,. 

and h e a t  r e j e c t i o n  tempera tures .  Pa ramet r i c  
c y c l e  schemat ic  f o r  a 280°C d r y  h o t  
geothermal resource .  Thermodynamic 
optimum performance c o n d i t i o n s  shown. 
( f r o m  r e f .  1 )  

e f f e c t s  were exp lo red  u s i n g  computer computa t iona l  

t echn iques  ill. 
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A s p e c i f i c  example i s  i n c l u d e d  here  f o r  a 159°C 

l i q u i d - d o m i n a t e d  resource  w i t h  h e a t  r e j e c t i o n  a t  

26.7"C and R-115 as t h e  w o r k i n g  f l u i d .  Temperature- 

en tha lpy  diagrams f o r  f o u r  d i f f e r e n t  o p e r a t i n g  pres-  

sures a r e  p resen ted  i n  F i g .  3 t o  i l l u s t r a t e  t h e  d ra -  

ma t i c  e f f e c t  t h a t  p ressu re  has on c y c l e  performance. 

I n  go ing  f r o m  a s u b c r i t i c a l  c y c l e  a t  27.5 ba rs  (Case 

A, Pr = 0.87) t o  a s u p e r c r i t i c a l  c y c l e  a t  80.1 ba rs  

(Case C, Pr = 2 . 5 4 ) ,  t h e  u t i l i z a t i o n  e f f i c i e n c y  nu 

due p r i m a r i l y  t o  a more u n i f o r m  h e a t  c a p a c i t y  a t  t h e  

h i g h e r  p ressu re  and a r e d u c t i o n  i n  t h e  amount o f  

s e n s i b l e  h e a t  r e j e c t i o n  (desuperhea t ) .  A t  s u p e r c r i -  

t i c a l  p ressu res  t h e r e  i s  no phase change and t h e  

work ing  f l u i d  h e a t i n g  p a t h  can be ma in ta ined  a lmos t  

p a r a l l e l  t o  t h e  geothermal f l u i d  c o o l i n g  pa th .  As  

t i nc reases  f r o m  46.5 t o  63.23. T h i s  improvement i s  . 

i 

t h e  p r e s s u r e  i s  i n c r e a s e d  t o  114.4 b a r s  (Case D) 
c y c l e  per fo rmance d e c l i n e s  t o  an n u  of 54.6%. 

i s  caused by  t h e  l e s s  t h a n  i d e a l  e f f i c i e n c i e s  o f  

t h e  t u r b i n e  and pump components (85  and 80% respec- 

t i v e l y )  and t h e  l a r g e r  component work requ i remen ts  

a s s o c i a t e d  w i t h  h i g h e r  p r e s s u r e  o p e r a t i o n .  

mum s e t  o f  o p e r a t i n g  c o n d i t i o n s  y i e l d i n g  a mdximum 

q u  f o r  p a r t i c u l a r  geothermal  f l u i d  and h e a t  r e j e c -  

t i o n  tempera tures .  I n  s c r e e n i n g  p o t e n t i a l  w o r k i n g  

f l u i d s ,  some knowledge of t h e  magnitude of  qU and 

how i t  changes wou ld  be u s e f u l .  Computer o p t i m i z a -  

t i o n s  f o r  t h e  seven w o r k i n g  f l u i d s  s t u d i e d  were 

conducted  f o r  geothermal f l u i d  tempera tures  r a n g i n g  

f r o m  100 t o  306°C a r e  shown i n  F i g .  4 (see Ref.  1 
f o r  d e t a i l s ) .  

T h i s  

F o r  any g i v e n  w o r k i n g  f l u i d ,  t h e r e  i s  an o p t i -  

A t  each p o i n t ,  c y c l e  p ressu res  were 

A-115 Chloropentoflwroelhane 

T,, = 150' C 
To 26.7'C 

1607'4 Px27.5 bar (398.9 osiaj 
Pz39.26 bar (569.4 psia) 
P,=1.24 
1,=56.5% i 'Icrc,e=llZ% 

:: e r o  

100 - 

- - 
0 I L I 
50 100 150 200 

Entholpy 
50 100 150 200 
( J / g )  

Fig. 3 .  Approach t o  a thermodynamica l l y  o p t i m i z e d  Rankine c y c l e  f o r  R-115 
w i t h  t h e  e f f e c t  o f  c y c l e  p ressu re  shown. ( f r o m  r e f .  1 )  
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. 

Geothcrmol F h id  1-ernperaiurc ('C) 

F i g .  4.  Geothermal u t i l i z a t i o n  e f f i c i e n c y  as a 
f u n c t i o n  o f  geothennal  f l u i d  tempera tu re  
f o r  optimum thermodynamic o p e r a t i n g  
c o n d i t i o n s .  ( f r o m  r e f .  1 )  

v a r i e d  u n t i l  an optimum was de termined a t  t h a t  tem- 

p e r a t u r c .  One observes a c h a r a c t e r i s t i c  maximum nu  
a t  a p a r t i c u l a r  resource  tempera ture  wh ich  i s  d i f -  

f e r e n t  f o r  each f l u i d  b u t  g e n e r a l l y  i n  t h e  range o f  

60 t o  70%. 

Becavse t h e  c a l c u l a i i c n q  l e a d i n ?  t o  I - i g .  4 a r e  

complex and t ime  consuming, a s i m p l e r  t echn ique  f o r  

p r e l i m i n a r y  f l u i d  e v a l u a t i o n  was o b t a i n e d  by p l o t -  

t i n g  t h e  tempera ture  o f  t%iximuni 

f l u i d ' s  c r i t i c a l  t en ip f ra tu re  (Tc)  as a f u n c t i o n  o f  

t h e  reduced, i d e a l  gas s t a t e  hea t  c a D a c i t y  (C* /R  = 

( y / y -1 )  where y = C /C and R i s  t h e  gas c o n s t a n t ) .  

The d a t a  f o r  t h e  seven f l u i d s  s t u d i e d  f i t  t h e  empi- 
r i c a l  equa t ion :  

(T*) minus t h e  
U 

P 

P V  

T* -Tc = 79O/(C*p/R) (1) 

The q u a n t i t y  (T* -Tc) i s  e f f e c t i v e l y  t h e  degree o f  

superheat  above t h e  c r i t i c a l  tempera ture  f o r  optimum 

per fo rmance and can be e x p l a i n e d  by changes i n  p ro -  

p e r t i e s  assoc ia ted  w i th  changes i n  m o l e c u l a r  

w e i g h t  [l I .  

POWER GENERATION ECONOMICS 

Genera t i ng  c o s t s  were de termined u s i n g  a f a c -  

t o r e d  e s t i m a t e  model based on ma jo r  component c o s t s ,  

i n c l u d i n g  geothermal w e l l s ,  hea t  exchangers,  conden- 

sers /desuperheaters ,  t u r b i n e s  and pumps. 

f i x e d  c a p i t a l  inves tn ien t  Q f o r  a comple ted  system i s  

expressed as a f u n c t i o n  o f  t h e  t o t a l  equjpment 0, 
and geothermal w e l l  c o s t  $I~: 

The t o t a l  

0 = f I E  + x f i  @E! + f;[$b/ + fu4N1. ( 2 )  

The f r a c t i o n s  fi o f  0, r e p r e s e n t  d i r e c t  c o s t s  asso- 

c i a t e d  w i t h  t h e  c o n s t r u c t i o n a l  aspec ts  o f  equipment 

i n s t a l l a t i o n .  fI cove rs  t h e  i n d i r e c t  c o s t s  such as 

e n g i n e e r i n g  fees ,  con t ingency ,  and e s c a l a t i o n  du r -  

i n g  c o n s t r u c t i o n ,  fv, t h e  d i r e c t  c o s t s  f o r  p i p i n g  

f rom t h e  we l l l i ead  t o  t h e  power p l a n t ,  and fI t h e  

i n d i r e c t  c o s t s  a s s o c i a t e d  w i t h  d i s c o v e r y  o f  t h e  

geothermal f i e l d  i n c l u d i n g  l a n d  a c q u i s i t i o n  and 

s u r f a c e  e x p l o r a t i o n .  Separa te  c o s t  c o r r e l a t i o n s  

were used f o r  each component. Wel l  c o s t s  were 

based on depth ,  d iamete r ,  and t y p e  o f  r o c k  forma- 

t i o n .  Heat  exchanger and condenser /desuperheater  

c o s t s  were c a l c u l a t e d  f r o m  r e q u i r e d  s u r f a c e  areas  

and e x i s t i n g  h a n u f a c t u r i n g  c o s t  es t ima tes .  

c o s t s  were based on a model deve loped by  t h e  Bar -  

be r -N icho ls  Company o f  Arvada, Co lorado [l]. Tur -  

b i n e  des ign  parameters ,  b l a d e  p i t c h  d iamete r ,  num- 

b e r  o f  s tages  and exhaust  ends i n  tandem u n i t s ,  

b lade  t i p  speed, and s tage  p r e s s u r e  were used i n  

t h e  t u r b i n e  c o s t  e q u a t i o n .  Pump c o s t s  were d e t e r -  

mined f rom manu fac tu re rs '  e s t i m a t e s  based on power 

r a t i n g  and c a s i n g  p ressu re .  

power c y c l e  a p p l i c a t i o n s ,  t u r b i n e  s i z e s  s h o u l d  be 

sma l l  t o  redbce c o s t s  because o f  t h e  economic 

t r a d e o f f  between t h e  a d d i t i o n a l  h e a t  exchange s u r -  

f ace  area  r e q u i r e d  f o r  b i n a r y - f l u i d  c y c l e s  and t h e  

much l a r g e r  and more c o s t l y  t u r b i n e s  r e q u i r e d  i n  

f l a s h i n g  systems. 

It i s  i m p o r t a n t  t o  ope ra te  t u r b i n e s  a t  h i g h  

* 

T u r b i n e  

I n  s e l e r t i n g  nonaqueous w o w i n g  f i u i d s  f o r  

e f f i c i e n c y .  

shows t h a t  t u r b i n e  e f f i c i e n c y  i s  c o n t r o l l e d  by  two 
d imens ion less  numbers i n v o l v i n g  f o u r  parameters:  

( 1 )  b l a t e  p i t c h  d iameter ;  ( 2 )  r o t a t i o n a l  speed; 

(3)  s t a g e  e n t h a l p y  drop ;  and ( 4 )  v o l u m e t r i c  gas 

f l o w  r a t e  [l]. F o r  o p e r a t i o n  a t  maximum t u r b i n e  

e f f i c i e n c y  t h e  r e l a t i o n s h i p  amonq these  parameters  

i s  s p e c i f i e d ;  t h e r e f o r e ,  t u r b i n e  s i z e s  and o p e r a t -  

i n g  c o n d i t i o n s  and consequen t l y  c o s t s  can be  e s t i -  

mated. 

f i g u r e  o f  m e r i t  5 wh ich  sca les  d i r e c t l y  w i t h  t u r -  

b i n e  s i z e  was deve loped (see I a b l e  I ) .  
pressed  as an e x p l i c i t  f u n c t i o n  o f  t h e  f l u i d ' s  mo- 
l e c u l a r  w e i g h t  M, c r i t i c a l  p ressu re  Pc, and reduckd 

vapor energy  d e n s i t y  h ) / v  )sat. hfn)r=hfg/RTc 

A s i m i l a r i t y  a n a l y s i s  o f  per fo rmance 

F o r  f l u i d  s c r e e n i n g  purposes, a g e n e r a l i z e d  

5 i s  ex- 

f g r  g r  
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is the  reduced l a t e n t  heat and v ) = v  /v the  re -  
duced gas s p e c i f i c  volume evaluated a t  t he  heat 
re jec t ion  temperature To. 

g r  11 c 

TABLE I 
TURBINE SIZE FIGURE OF MERIT 

(taken from r e f .  1 )  
Tn = 26.7"C 
" 

TO 

i 

Compound Formula 

R-717 NH3 0.177 

0.223 R- 32 CH2F2 
R-22 CHCl F2 0.411 

R-115 C2C1 F5 0.649 

0.881 R-600a 

1.628 RC-318 'qF8 
2.246 R-114 c2c12F4 

Water 

'qH1 0 

30.71 "2O 

R-32 (150'C) 
Generating costs 

To ~48.9 O C  

d - 
kW 

1 t Therniodynoinic optiniirm 

Economic opt lma were determined by varyi tlg 

the operating pressures of b inary- f lu id  and f l a sh -  
ing cycles f o r  spec i f i ed  geothermal resource tem- 
pera tures ,  tu rb ine  s t ag ing ,  heat r e j ec t ion  and heat 
exchange conditions (AT'S). A 150°C liquid-domi- 
nated resource with an R-32 b inary- f iu id  cyc le  a n d  
with a two-stage f l a sh ing  cyc le ,  and a 250°C dry 
hot rock resource with an R-717 (ammonia) binary- 
f l u i d  cycle were considered i n i t i a l l y .  Well f low 

r a t e s  (45 kg/sec f o r  t he  150°C resource and 136 
kg/sec f o r  the 250°C resource) ,  geothermal teinper- 
a tu re  gradients (50-6O0C/km), we1 1 depths,  and 
r e se rvo i r  l i f e t ime  (2 20 y r )  were spec i f i ed .  
Both production and r e in j ec t ion  well cos t s  were 
included. 
cases described above. 

Assuming t h a t  the  power p lan t  design has been 
optimized, generating cos t s  a r e  primarily con t ro l -  
l ed  by three  main var iab les :  

equipment cos t s ;  (2)  well flow r a t e s ,  which a f f e c t  
we1 1 e f f i c i ency  (kI:'/well) ; and ( 3 )  geothermal tein- 
e e r a t v r e  grad ien ts ,  which a f f e c t  well depth and 
cos t  for  a given geothermal f l u i d  temperature. 

Figure 5 presents  the r e s u l t s  f o r  the 

( 1 )  f l u i d  tempera- 
4 t u r e s ,  which a f f e c t  cyc le  e f f i c i ency  and thus 

P,-Reduced Cycle Pressure 

Fig. 5. Approach t o  economic optimum cycle condi- 
t i o n s .  Cost per kWh and cos t  per i n s t a l l -  
ed kll as  a function of reduced cycle pres- 
su re  Pr. A 250°C dry hot rock geothermal 
resource with an ammonia Rankine cycle 
and a 150°C liquid-dominated resource with 
a R-32 Rankine cyc le  and a f lash ing  cycle 
were s tud ied .  (from r e f .  1 )  

For a defined s e t  o f  resource and power p lan t  condi- 
t i o n s  the re  should e x i s t  an optimum depth ( o r  tem- 
pera ture)  f o r  d r i l l i n g .  

POWER PRODUCTION COST COMPARISON 

I n  t he  United S t a t e s  only a sinall f r ac t ion  
(%0.1%) of t o t a l  generating capac i ty  i s  cu r ren t ly  
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produced f rom geothermal resources.  One m a j o r  f a c -  

t o r  t h a t  w . i l l  i n f l u e n c e  t h e  r a t e  o f  geothermal  pow- 

e r  development i s  t h e  c o s t  o f  more c o n v e n t i o n a l  

energy sources such as o i l ,  c o a l ,  gas, and n u c l c a r .  

Tab le  2 p r e s e n t s  e s t i m a t e s  f o r  geothermal ,  f o s s i l -  

f u e l ,  and n u c l e a r  e l e c t r i c  g e n e r a t i n g  c o s t s .  Capi -  

t a l  equipment, f u e l ,  and o p e r a t i n g  and maintenance 

c o s t s  a r e  i n c l u d e d .  A l though p o t e n t i a l l y  compet i -  

t i v e  w i t h  f o s s i l - f u e l  f i r e d  o r  n u c l e a r  p l a n t s ,  geo- 

thermal  i n s t a l l a t i o n s  a r e  v e r y  c a p i t a l  i n t e n s i v e  

because a t o t a l  inves tment  i n  b o t h  s u r f a c e  

equipment  and w e l l s  ( t h e  'Y'uel" source)  i s  r e q u i r e d .  

Geothermal energy  f o r  n o n e l e c t r i c  a p p l i c a t i o n s  m i g h t  

m i g h t  even be more e c o n o m i c a l l y  c o m p e t i t i v e  because 

t h e  h e a t  i s  b e i n g  used d i r e c t l y ,  thereby  a v o i d i n g  

c o n v e r s i o n  e f f i c i e n c y  l o s s e s .  For  example, a 200°C 

n a t u r a l  hydro thermal  r e s o u r c e  w i t h  a geothermal  

g r a d i e n t  o f  ~50°C/1.:m c o u l d  produce h e a t  a t  c o s t s  

o f  0 .1 - 0.484 /kWh (as  h e a t )  versus %0.7t/kwh f ro in  

o i l  a t  $12 t b l  (assuming minirnal f l u i d  t r a n s p o r t a -  

t i o n  c o s t s ) .  

TABLE I1  

Comparison o f  Geothermal, Nuc lear ,  and F o s s i l - F u e l  E s t i m a t e d  Genera t ing  Costs  ( f r o m  r e f .  1 )  
( 1  976 Dol  1 a r s )  

I n s  t a  11 ed T o t a l  
Equi pment Equipment O p e r a t i n g  and Well  o r  Genera t ing  

c o s t s  c o s t  Maintenance Fue l  Cost  c o s t  
Resource Type ($/kW) ( t / kWhIa  ($/kWh) ( &/  kldh 1 ($/l :Wh) 

300-600 0.68-1.37 0.13 0.80-2.80 1.61-4.30 , 

b D i r e c t  f l a s h i n g  

B i n a r y - f l u i d  c y c l e s  400-700 0 . 9 i  -1  .60 G.13 0.53-2.45 1.57-2.18 

>1.83 0.13 0.39 - >2.26 - >800 d 
- Nuclear  

F o s s i l  f u e l - - o i l e  400-600' 0.91-1.37 0.13 2 . 0 ( $ 1 2 / b b l )  3.04-3.50 

F o s s i l  f u e l - - c o a l e  400-GOOc 0.91-1.37 0.13 1 .0 ($25/ ton)  2.04-2.50 

a17% annual  f i x e d  charge r a t e .  
85% (7446 h r l y r )  l o a d  f a c t o r .  

b! 50-200°C resources. 
m = 100-300 l b / s e c .  

H i g h e r  c o s t s  r e f l e c t  s t r i n g e n t  env i ronmenta l  c o n t r o l  systems 

w 
C 

d P l a n t  s t a r t u p  i n  1984. 

eP lbn t  s t a r t u p  i n  1980. 
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