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ECONOMICS OF A 75-MW( e) HOT-DRY-ROCK GEOTHERMAL POWER STATION 
BASED UPON THE DESIGN OF THE PHASE I 1  RESERVOIR AT FENTON HILL 

Hugh Murphy, Robert Drake, J e f f e r s o n  Tester ,  and George Zyvo losk i  

ABSTRACT 

Based upon EE-2 and EE-3 d r i l l i n g  cos ts  and 
t h e  proposed Fenton H i l l  Phase I 1  r e s e r v o i r  condi-  
t i o n s  t h e  break-even cos t  o f  producing e l e c t r i c i t y  
i s  4.4 cents  per  kWh a t  t h e  bus bar. Th is  cos t  i s  
based upon a 9-wel l ,  12 - rese rvo i r  ho t  d r y  rock 
(HDR) system producing 75 MW(e) f o r  10 y r  w i t h  o n l y  
20% drawdown, and an assumed annual f i nance  charge 
o f  17%. Only o n e - t h i r d  o f  t h e  t o t a l  , p o t e n t i a l l y  
a v a i l a b l e  heat was u t i l i z e d ;  p o t e n t i a l  reuse of  
w e l l s  as w e l l  as t h e r m a l  s t r e s s  c r a c k i n g  and 
augmentation o f  heat t r a n s f e r  was ignored. Near ly  
h a l f  t h e  bus bar  cos t  i s  due t o  d r i l l i n g  expenses, 
which prompted a review o f  past  cos ts  f o r  w e l l s  
GT-2, EE-1, EE-2, and EE-3. Based on comparable 
depth and complet ion t imes i t  i s  shown t h a t  s i g n i -  
f i c a n t  cos t  improvements have been accompl i shed i n  
t h e  l a s t  seven years. Desp i te  these improvements 
i t  was assumed f o r  t h i s  s tudy  t h a t  no f u r t h e r  
advancements i n  d r i l l i n g  technology would occur, 
and t h a t  even i n  commerc ia l ly  mature HDR systems, 
d r i l l i n g  problems would cont inue near l y  unabated. 

I. INTRODUCTION 

The Phase I 1  r e s e r v o i r ,  which w i l l  use t h e  w e l l s  EE-2 and EE-3 r e c e n t l y  

completed a t  Fenton H i l l ,  New Mexico, was used as a b u i l d i n g - b l o c k  r e s e r v o i r  
f o r  e s t i m a t i n g  e l e c t r i c a l  generat ing costs.  Th is  r e s e r v o i r  was used because 
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it was i n  fac t  in tended t o  serve as a p r e l i m i n a r y  demonstrat ion o f  comnercial  
v i a b i l i t y ,  and because, w i t h  the  complet ion o f  t h e  two w e l l s ,  we now possess 

cos t  data f o r  deep, hot,  i n c l i n e d  we l ls .  Thus, u n l i k e  t h e  p ioneer ing  s tud ies  
o f  Tester  e t  al.,' and Cummings and Morris,' which examined t h e  economics of  

HDR systems w i t h  va ry ing  geothermal g rad ien ts ,  depths, and h e a t - t o - e l e c t r i c i t y  
convers ion cyc les,  t h i s  s tudy i s  r a t h e r  s p e c i f i c  i n  nature.  It examines i n  

d e t a i l ,  i n  what i s  be l i eved  t o  be a r e a l i s t i c ,  up-to-date manner, a p a r t i c u l a r  
HDR system. Because t h e  present  s tudy i s  based upon t h e  Phase I 1  r e s e r v o i r  

design, which was no t  in tended as a f u l l y  opt imized,  economic r e s e r v o i r ,  t h e  
r e s u l t s  o f  t h e  s tudy are  no t  as o p t i m i s t i c  as they  cou ld  be. Never the less t h e  

study does i l l u s t r a t e  t h e  po ten t ia4  o f  HDR and i n d i c a t e s  issues t h a t  r e q u i r e  

f u r t h e r  study. 

11. THE RESERVOIR 

A l though i t  i s  d i f f i c u l t  t o  s p e c i f y  exact  requirements f o r  r e s e r v o i r  per-  

formance t o  assure comnercial v i a b i l i t y ,  performance goals  were s e t  i n  Refs. 1 
and 2. These goals  c a l l  f o r  t he  produc t ion  o f  a nominal thermal power l e v e l  
o f  35 MW(t) w i t h  no more than 20% drawdown i n  10 years. Temperature measure- 
ments i n  t h e  f i r s t  w e l l  completed, EE-2, i n d i c a t e  t h a t  t h e  mean r e s e r v o i r  

temperature w i l l  be 260°C (500°F). Over t h e  10-yr  e v a l u a t i o n  per iod,  t h e  
average drawdown w i l l  be 10% so the  mean o u t l e t  temperature du r ing  t h i s  pe r iod  

w i l l  be approx imate ly  235OC. Well bore heat t ransmiss ion  c a l c u l a t i o n s  show 
t h a t  over a 10-y r  per iod,  t h e  l o s s  i n  temperature as t h e  water t r a v e l s  t o  t h e  

surface w i l l  average l e s s  than 5OC. Thus t h e  time-mean temperature o f  t h e  
produced water a t  t h e  sur face w i l l  be 230OC. C u r r e n t l y  t h e  heat exchanger a t  

Fenton H i l l  r e j e c t s  heat so e f f i c i e n t l y  t h a t  t h e  water ex t rac ted  from t h e  
Phase I r e s e r v o i r  i s  r e i n j e c t e d  a t  o n l y  25OC. Assuming, however, t h a t  t h e  

increased f l o w  r a t e  in tended f o r  t h e  Phase I 1  r e s e r v o i r  r e s u l t s  i n  lowered 
h e a t - r e j e c t i o n  e f f i c i e n c i e s ,  t h e  Phase I 1  r e i n j e c t i o n  t e m p e r a t u r e  i s  

conse rva t i ve l y  taken as 5OOC. The ne t  change i n  t h e  mean water temperature i s  
thus 180°C, r e q u i r i n g  a f l o w  r a t e  o f  46 kg/s  (730 gpm) t o  y i e l d  35 MW(t) f rom 

t h e  rese rvo i r .  

can be est imated from one-dimensional heat conduct ion t h e ~ r y . ~  

The e f f e c t i v e  hea t - t rans fe r  area requ i red  t o  .produce t h i s  thermal power 

Using thermal 
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ABSTRACT 

Based upon EE-2 and EE-3 d r i l l i n g  cos ts  and 
t h e  proposed Fenton H i l l  Phase I 1  r e s e r v o i r  condi-  
t i o n s  t h e  break-even cos t  o f  producing e l e c t r i c i t y  
i s  4.4 cents  per  kWh a t  t h e  bus bar. Th is  cos t  i s  
based upon a 9-wel l ,  12 - rese rvo i r  ho t  d r y  rock 
(HDR) system producing 75 MW(e) f o r  10 y r  w i t h  o n l y  
20% drawdown, and an assumed annual f i nance  charge 
of 17%. Only one - th i rd  o f  t h e  t o t a l ,  p o t e n t i a l l y  
a v a i l a b l e  heat was u t i l i z e d ;  p o t e n t i a l  reuse of  
w e l l s  as w e l l  as t h e r m a l  s t r e s s  c r a c k i n g  and 
augmentation o f  heat t r a n s f e r  was ignored. Near ly  
h a l f  t h e  bus bar  cos t  i s  due t o  d r i l l i n g  expenses, 
which prompted a review o f  pas t  cos ts  f o r  w e l l s  
GT-2, EE-1, EE-2, and EE-3. Based on comparable 
depth and complet ion t imes i t  i s  shown t h a t  s i g n i -  
f i c a n t  cos t  improvements have been accompl ished i n  
t h e  l a s t  seven years. Desp i te  these improvements 
i t  was assumed f o r  t h i s  s tudy  t h a t  no f u r t h e r  
advancements i n  d r i l l i n g  technology would occur,  
and t h a t  even i n  commerc ia l ly  mature HDR systems, 
d r i l l i n g  problems would cont inue n e a r l y  unabated. 

I. INTRODUCTION 

The Phase I 1  r e s e r v o i r ,  which w i l l  use t h e  w e l l s  EE-2 and EE-3 r e c e n t l y  

completed a t  Fenton H i l l ,  New Mexico, was used as a b u i l d i n g - b l o c k  r e s e r v o i r  
f o r  e s t i m a t i n g  e l e c t r i c a l  generat ing costs.  Th is  r e s e r v o i r  was used because 
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it was i n  f a c t  in tended t o  serve-as :a  minary demonstrat ion o f  comnercial  
v i a b i l i t y ,  and because, w i t h  t h e  compl o f  t h e  two we l l s ,  we now possess 

cos t  data f o r  deep, hot,  i n c l i n e d  we l ls .  Thus, u n l i k e  t h e  p ioneer ing  s t u d i e s  

of  Tester  e t  al.,' and Cummings and Morris,' which examined t h e  economics o f  

HDR systems w i t h  va ry ing  geothermal g rad ien ts ,  depths, and h e a t - t o - e l e c t r i c i t y  
convers ion cyc les ,  t h i s  s tudy i s  r a t h e r  s p e c i f i c  i n  nature.  It examines i n  

d e t a i l ,  i n  what i s  be l i eved  t o  be a r e a l i s t i c ,  up-to-date manner, a p a r t i c u l a r  
HDR system. Because t h e  present  s tudy i s  based upon t h e  Phase I 1  r e s e r v o i r  
design, which was no t  in tended as a f u l l y  opt imized,  economic r e s e r v o i r ,  t h e  
r e s u l t s  of t h e  s tudy  are no t  as o p t i m i s t i c  as they  cou ld  be. Never the less t h e  

study does i l l u s t r a t e  t h e  p o t e n t i a l  o f  HDR and i n d i c a t e s  issues t h a t  r e q u i r e  

f u r t h e r  s tudy . 

11. THE RESERVOIR 

A l though i t  i s  d i f f i c u l t  t o  spec i f y  exact  requirements f o r  r e s e r v o i r  per- 

formance t o  assure comnercial v i a b i l i t y ,  performance goals were se t  i n  Refs. 1 
and 2. These goals  c a l l  f o r  t he  produc t ion  o f  a nominal thermal power l e v e l  
o f  35 MW(t) w i t h  no more than 20% drawdown i n  10 years. Temperature measure- 

ments i n  t h e  f i r s t '  w e l l  completed, EE-2, i n d i c a t e  t h a t  t h e  mean r e s e r v o i r  

temperature w i l l  be 26OOC (500°F). Over t h e  10-yr  eva lua t i on  per iod,  t h e  
average drawdown w i l l  be 10% so the  mean o u t l e t  temperature du r ing  t h i s  pe r iod  

w i l l  be approx imate ly  235OC. Well bore heat .  t ransmiss ion  c a l c u l a t i o n s  show 

t h a t  over a 10-y r  per iod ,  t h e  loss i n  temperature as t h e  water t r a v e l s  t o  t h e  

sur face  w i l l  average l e s s  than 5 O C .  Thus t h e  time-mean temperature o f  t h e  
produced water a t  t h e  sur face w i l l  be 23OOC. C u r r e n t l y  t h e  heat exchanger a t  

Fenton H i l l  r e j e c t s  heat so e f f i c i e n t l y  t h a t  t h e  water ex t rac ted  from t h e  
Phase I r e s e r v o i r  i s  r e i n j e c t e d  a t  o n l y  25OC. Assuming, however, t h a t  t h e  

increased f l o w  r a t e  in tended f o r  t h e  Phase I 1  r e s e r v o i r  r e s u l t s  i n  lowered 
h e a t - r e j e c t i o n  e f f i c i e n c i e s ,  t h e  Phase I 1  r e i n j e c t i o n  t e m p e r a t u r e  i s  

conse rva t i ve l y  taken as 5OOC. The ne t  change i n  t h e  mean water temperature i s  

thus  180°C, r e q u i r i n g  a f l o w  r a t e  o f  46 kg /s  (730 gpm) t o  y i e l d  35 M W ( t )  f rom 

t h e  rese rvo i r .  

can be est imated from one-dimensional heat conduct ion t h e ~ r y . ~  
The e f f e c t i v e  h e a t - t r a n s f e r  area requ i red  t o  produce t h i s  thermal power 
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t r a n s p o r t  p r o p e r t i e s  f o r  Fenton H i l l  q r a n i t e s  measured i n  s i t u , 4  i t  can be 

shown t h a t  an e f f e c t i v e  area o f  approximately 1 x l o6  mTis required. Th is  
area represents  one s i d e  o f  a f r a c t u r e  only. Thus, i f  a f r a c t u r e  were c i r c u -  

l a r ,  w i t h  rad ius  R, t h e  area i n  ques t i on  would be nR . Th is  area requirement 
cou ld  be s a t i s f i e d  by one s i n g l e  f r a c t u r e ,  o r  several  p a r a l l e l  f r a c t u r e s .  I n  

t h e  l a t t e r  case t h e  f r a c t u r e s  would have t o  be f a r  enough apar t  so t h a t  t h e r -  
mal i n t e r a c t i o n  between t h e  f r a c t u r e s ,  which would d i m i n i s h  performance, cou ld  

be avoided over t h e  t ime  span o f  i n t e r e s t ,  o r  e l s e  more area would be r e q u i r e d  
t o  o f f se t  t h e  d imin ished performance. A s i n g l e  f r a c t u r e  would requ i re ,  i f  

c i r c u l a r ,  a rad ius  o f  580 m, which i s  beyond t h e  f r a c t u r i n g  technology so f a r  
demonstrated i n  HDR r e s e r v o i r s .  Thus, we have ins tead  adopted t h e  conserva- 

t i v e  ph i losophy t h a t  t h e  Phase I 1  f r a c t u r e s  w i l l  n o t  be much l a r g e r  than t h e  
f r a c t u r e  t h a t  c o n s t i t u t e s  t h e  second of our e a r l i e r  Phase I r e s e r v o i r s .  Th i s  

f r a c t u r e ,  i f  judged by t h e  i n l e t - t o - o u t l e t  v e r t i c a l  separa t i on  d i s t a n c e  of 300 

m (1 000 f t) ,  would have a t o t a l  area, if c i r c u l a r ,  o f  70 000 m , b u t  due t o  

i n e f f i c i e n c i e s  o f  water sweep p a t t e r n s  w i t h i n  t h e  f r a c t u r e ,  t h e  e f f e c t i v e  heat-  
t r a n s f e r  area i s  about 50 000 m , as e s t a b l i s h e d  by i t s  thermal-drawdown 

c h a r a c t e r i s t i c s .  Thus, t h e  water sweep e f f i c i e n c y  was 70%. Th is  Phase I 
3 f r a c t u r e  was t h e  r e s u l t  o f  a modest f r a c t u r i n g  e f f o r t  i n  which o n l y  1 500 m 

o f  water, w i t h o u t  a d d i t i v e s  o f  any so r t ,  was i n j e c t e d .  Our f r a c t u r i n g  capab i l -  

i t i e s  w i l l  be expanded f o r  t h e  Phase I 1  r e s e r v o i r ,  b u t  even so, we p lan ,  con- 

s e r v a t i v e l y ,  t o  c rea te  f r a c t u r e s  w i t h  an i n l e t - t o - o u t l e t  separa t ion  o f  360 m, 
a modest 20% increase. Assuming t h e  same water sweep e f f i c i e n c y  as above, t h e  

es t imated  h e a t - t r a n s f e r  area o f  these new f r a c t u r e s  w i l l  be 75 000 m each, 
SO t h a t  approx imate ly  15 such f r a c t u r e s  w i l l  be requ i red  f o r  a t o t a l  o f  1 x 

6 2  10 m . 
Because t h e  h o r i z o n t a l  e a r t h  s t resses  a t  depth a re  u s u a l l y  cons ide rab ly  

sma l le r  than t h e  v e r t i c a l ,  o r  overburden s t ress ,  t h e  f r a c t u r e  planes w i l l  be 
v e r t i c a l .  I n  order,  then, t o  accommodate 15 f r a c t u r e s  w i t h  reasonable h o r i -  

zon ta l  separa t ion  d i s t a n c e  between f r a c t u r e s ,  i t  was necessary t o  d e v i a t e  t h e  
w e l l s  from t h e  v e r t i c a l  d i r e c t i o n  i n  t h e  h o t  downhole reg ion ,  as shown i n  F ig .  

1. While a p e r f e c t l y  h o r i z o n t a l  w e l l  would be i d e a l  f o r  t h i s  purpose, and 
such w e l l s  have apparen t l y  been a c t u a l l y  achieved i n  d i r e c t i o n a l  d r i l l  i n q  

p r a c t i c e ,  a w e l l  dev ia ted  t o o  f a r  from t h e  v e r t i c a l  i s  i m p r a c t i c a l  i n  ou r  
s i t u a t i o n .  If t h e  angle from v e r t i c a l  exceeds 45" i t  becomes d i f f i c u l t  t o  

I 
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cen te r  and se t  casing, and even more d i f f i c u l t  t o  run  l o g g i n g  tools, As a 
compromise, t he re fo re ,  an angle o f  35" was chosen. 

To avo id  excessive h e a t - e x t r a c t i o n  d e t e r i o r a t i o n  because o f  thermal 

i n t e r a c t i o n  between t h e  f r a c t u r e s  , t h e y  must be h o r i z o n t a l l y  separated by 

approximately two t imes t h e  thermal d i f f u s i o n  d is tance,  @, where K i s  t h e  

rock  thermal d i f f u s i v i t y  and t i s  time. For  10 yr  t h e  requ i red  separa t ion  

d i s tance  i s  35 m, which f o r  15 f r a c t u r e s  r e q u i r e s  a t o t a l  h o r i z o n t a l  d i s t a n c e  
of about 500 m (1 600 f t ) ,  A t  a d r i l l i n g  angle o f  35"C, 700 m o f  v e r t i c a l  

he igh t  i s  requ i red  f o r  t h e  reservo i r .  For high-qual  i t y  energy p roduc t i on  pur -  
poses, rese rvo i  r temperatures i n  excess o f  200°C a r e  p re fe r red ,  which , consid- 

e r i n g  t h e  geothermal g rad ien ts  a t  Fenton H i l l ,  corresponds t o  a depth o f  3 km 
or more. Thus, as shown i n  Fig. 1, t h e  p lan  was t o  d r i l l  v e r t i c a l l y  t o  about 

2.5 km and then d i r e c t i o n a l l y  d r i l l  u n t i l  a d e v i a t i o n  o f  35" f rom v e r t i c a l  was 

at ta ined. 

T h i s  was i n  f a c t  accomplished. A f t e r  t u r n i n g  t h e  w e l l s  t o  35" from 

v e r t i c a l ,  EE-2, t he  lower, or i n j e c t i o n ,  w e l l  was completed t o  a t o t a l  depth 
of 4.66 km (15 290 f t ) ,  a t r u e  v e r t i c a l  depth o f  4. 39 km (14 400 ft). Well 

EE-3 was completed t o  4.25 km (13 930 ft) or a t r u e  v e r t i c a l  depth o f  3.97 km 
(13 030 f t ) .  The maximum h o r i z o n t a l  d i s tance  f o r  spacing f r a c t u r e s  i s  t h e  
h o r i z o n t a l  d i s t a n c e  from t h e  EE-2  cas ing  shoe t o  t h e  end o f  EE-3, 535 m (1 760 
f t ) .  The v e r t i c a l  d i s tance  between w e l l s  was maintained a t  360 m as intended. 

The t o t a l  heat energy i n  t h e  temperature i n t e r v a l  50 t o  260°C o f  such a c y l i n -  

de r  of rock, 360 m i n  diameter and 535 m long, i s  3.2 x 1 0 l 6  J. Over a 10-yr 
per iod ,  w i t h  100% water sweep e f f i c i e n c y ,  such an i d e a l  vo lumet r i c  source o f  
heat cou ld  p rov ide  energy a t  t h e  r a t e  o f  103 MW(t). I f  we assumed t h a t  a l l  

t h i s  s to red  energy i n  t h e  c y l i n d e r  o f  rock cou ld  be e x t r a c t e d  a t  a cons tan t  
r a t e  by an i d e a l i z e d  100% e f f i c i e n t  vo lumet r i c  sweep technique, t h i s  would 

amount t o  a cont inuous supply a t  103 M W ( t )  f o r  10 yr. 
Resu l ts  of more p r a c t i c a l  and d e t a i l e d  c a l c u l a t i o n s  t h a t  cons ider  f i n i t e  

numbers o f  f r a c t u r e ,  each w i t h  a water sweep e f f i c i e n c y  o f  70%, are  presented 
i n  Table I and Fig. 2. These computations are  based upon para1 l e 1  , equi- 
d i s t a n t  f r a c t u r e s  and t h e  thermal drawdown was l i m i t e d  t o  20% P o t e n t i a l  

thermal i n t e r a c t i o n s  between f r a c t u r e s  a re  accounted for.3 Table I and Fig. 2 
present  r e s u l t s  no t  j u s t  f o r  10 yr, t h e  re fe rence case, b u t  a l s o  f o r  15 and 20 

Yr. 
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Fig.  1. 
Phase I 1  we l l bo re  f r a c t u r e  system. 

I I 
IO 2.3 30 

NUMBER OF FRACTURES 

F i g ,  2. 
Ef fect  o f  l i f e - t i m e  and number o f  
f r a c t u r e s  on thermal power. 

TABLE I 

( V e r t i c a l  Well Spacing = 360 m, Hor i zon ta l  Length = 535 m) 
POWER PRODUCTION RATES FROM THE PHASE I 1  BUILDING-BLOCK RESERVOIR 

Number o f  
Case F r a c t u r e s  - 

TEN YEAR LIFETIME 

1 9 

2 16 

3 25 

FIFTEEN YEAR LIFETIME 

1 8 

2 13 

3 21 

TWENTY YEAR LIFETIME 

1 7 

2 12 

3 18 

R e s e r v o i r  F1 ow 
R a t e  

m3/s (GPM) -- 

0.029 461 

0.047 728 

0.056 889 

0.023 3 64 

0.030 481 

0.040 627 

0.018 279 

0.026 410 

0.029 461 

Average Power 
M W ( t )  

23 

37 

45 

18 

24 

31 

14 

21 

23 
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F igu re  2 i l l u s t r a t e s  an expected r e s u l t :  f o r  a g iven  number o f  f r a c -  
t u r e s  one can produce more power, i .e., r a t e  o f  heat energy, i f  one reduces 
t h e  expected l i f e t i m e .  But u n l i k e  t h e  t h e o r y  f o r  an i d e a l ,  vo lumet r i c  source 
o f  heat, t h e  conduct ion  theo ry  f o r  a f i n i t e  number o f  f r a c t u r e s  does n o t  
r e s u l t  i n  a f i x e d ,  t o t a l  energy. For example, f o r  say 10 f r a c t u r e s ,  one can 

e x t r a c t  25 MW f o r  10 yr, a t o t a l  energy o f  250 MW-yr, o r  one can e x t r a c t  18 MW 

f o r  20 yr, a t o t a l  energy of 360 MW-yr. I n  t h e  second case t h e  thermal bound- 

a ry  l a y e r s  spreading i n t o  t h e  rock from t h e  f r a c t u r e  su r face  have propagated 

f u r t h e r ,  so t h a t  t h e  e f f e c t i v e  r e s e r v o i r  volume i s  l a r g e r .  These boundary 

l a y e r s  propagate p r o p o r t i o n a t e l y  t o  t h e  square r o o t  o f  t ime, so i t  i s  n o t  sur-  
p r i s i n g  t h a t  t h e  r a t i o  o f  t o t a l  energies f o r  t h e  two cases, 1.44, i s  very  
c l o s e  t o  t h e  square r o o t  o f  two, t h e  r a t i o  o f  t h e  l i f e t i m e s .  I n  t h e  e x t r e m e  
o f  very  many f r a c t u r e s ,  so t h a t  t h e  spacing between them i s  smal l ,  t h e  thermal 

boundary l a y e r  th i ckness  q u i c k l y  a t t a i n s  a va lue  equal t o  t h e  spacing between 

f rac tu res .  I n  t h i s  case t h e  thermal i n t e r a c t i o n s  between f r a c t u r e s  a r e  
severe, and i n  f a c t  t h e  energy per  f r a c t u r e  i s  l i m i t e d  by t h e  t o t a l  energy o f  

t h e  volume o f  rock between f r a c t u r e s .  I n  t h e  l i m i t  o f  many f r a c t u r e s ,  t h e  

r e s e r v o i r  approaches t h e  i d e a l  vo l  umet r ic  source model. Th i s  i s  observed i n  

Fig.  2; when t h e  number o f  f r a c t u r e s  exceeds 25, t h e  thermal power no l onger  

increases w i t h  number o f  f r a c t u r e s ,  and t h e  maximum power f o r  a 10-y r  l i f e t i m e  
i s  e x a c t l y  t w i c e  t h a t  o f  a 20-yr l i f e t i m e .  

Turn ing  now t o  Table I, we see t h a t  design choices can be se lec ted  -- a 
s u i t a b l e  heat p roduc t i on  r a t e  can be ob ta ined by v a r y i n g  e i t h e r  t h e  number o f  

f r a c t u r e s  o r  t h e  l i f e t i m e .  Focussing momentar i ly  on t h e  10-y r  r e s u l t s ,  i t  can 

be seen t h a t  f o r  t h e  f i r s t  case o f  n i n e  f r a c t u r e s ,  which comple te ly  avo ids  

thermal i n t e r a c t i o n  between ad jacent  f r a c t u r e s ,  a mean power l e v e l  o f  23 M W ( t )  

cou ld  be extracted. For t h e  nex t  case, s i x t e e n  f rac tu res ,  which r e s u l t s  i n  a 

s l i g h t  thermal i n t e r a c t i o n ,  37 MW(t) cou ld  be ex t rac ted ,  i n  good agreement 

w i t h  t h e  Phase I 1  r e s e r v o i r  design goal  [35 MW(t) w i t h  15 f rac tu res ] .  If one 
increases  t h e  number o f  f r a c t u r e s  t o  approach t h e  i d e a l  vo lumet r i c  heat 

source, more power can be produced, b u t  a t  t h e  expense o f  an eve r - i nc reas ing  
number o f  f r a c t u r e s .  For example, an inc rease o f  f r a c t u r e s  from 16  t o  25, a 

50% increase, r e s u l t s  i n  a power inc rease o f  o n l y  20%. F r a c t u r i n g  cos ts  a r e  
ve ry  unce r ta in ,  bu t  i t  i s  apparent t h a t  i nc reas ing  power by i n c r e a s i n g  t h e  

number o f  f r a c t u r e s  soon runs counter  t o  t h e  l a w  of d i m i n i s h i n g  re tu rns .  Con- 

sequen t l y  i t  was decided t o  keep t h e  number o f  f r a c t u r e s  i n  a reasonable 

I 
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range, say 10 t o  20 f r a c t u r e s .  Turn ing  now t o  t h e  ques t i on  o f  l i f e t i m e s ,  l e t  

us compare two cases t h a t  have s i m i l a r  numbers o f  f r a c t u r e s ,  b u t  q u i t e  d i f f e r -  
en t  l i f e t i m e s :  t h e  case 2 w i t h  10-yr l i f e  and 16 f r a c t u r e s ;  and t h e  case 3 
w i t h  20-yr l i f e  and 18 f r a c t u r e s .  I n  t h e  f i r s t  s i t u a t i o n  37 MW(t) w i l l  be pro- 
duced; whereas 2 3  MW(t), some 40% l ess ,  w i l l  be produced i n  t h e  second 

s i t u a t i o n .  A c l e a r  t r a d e - o f f  o f  power- level  vs l i f e t i m e  i s  presented. F o r  a 

f i xed ,  t o t a l  genera t ing  c a p a c i t y  t h e  second s i t u a t i o n  w i l l  r e q u i r e  40% more 

r e s e r v o i  rs and, consequently 40% more we1 1 s. These we1 1 s a r e  ex t remely  

expensive t o  d r i l l ,  and a t  t o d a y ' s  h i g h  i n t e r e s t  r a t e s  i t  can be shown t h a t  

t h e  y e a r l y  c o s t  o f  amor t i z i ng  t h e  e x t r a  w e l l s  i n  t h e  second s i t u a t i o n ,  i. e., 

a l onger  l i f e ,  i s  more than amor t i z i ng ,  i n  t h e  f i r s t  s i t u a t i o n ,  a l e s s e r  

number of w e l l s  over a s h o r t e r  per iod.  I n  o t h e r  words, a t  t o d a y ' s  h i g h  

i n f l a t i o n  and i n t e r e s t  ra tes ,  t h e  va lue  o f  f u t u r e  heat p roduc t i on  i s  low. 

I n  view of t h i s  d i scuss ion  rega rd ing  number o f  f r a c t u r e s  and w e l l s  i t  

was decided t o  adhere c l o s e l y  t o  t h e  o r i g i n a l  Phase I 1  r e s e r v o i r  design, i.e., 

t o  cons ider  a b u i l d i n g - b l o c k  r e s e r v o i r  o f  16 f r a c t u r e s  capable o f  p r o v i d i n g  37 
MW(t) over  10 yr. We note  t h a t  t h i s  design i s  r a t h e r  conserva t i ve  because i t  

d is regards  t h e  b e n e f i c i a l  e f f e c t s  o f  thermal s t r e s s  c rack ing ,  which were demon- 

s t r a t e d  i n  Phase I, and because, even w i t h o u t  thermal s t r e s s  c rack ing ,  t h e  

s t a t e d  power, 37 MW(t) i s  o n l y  about o n e - t h i r d  t h a t  p o t e n t i a l l y  a v a i l a b l e  f rom 
an i deal vo l  umet r i  c source. 

5 

We a l s o  no te  t h a t  reuse o f  t h e  w e l l s ,  f o r  example, by deepening o r  s ide-  

t r a c k i n g  them i n t o  v i r g i n  rock, i s  n o t  considered. I n  theo ry  a new b u i l d i n g -  

b l o c k  r e s e r v o i r ,  equal i n  p roduc t i on  c a p a c i t y  t o  t h e  f i r s t ,  cou ld  be produced 

by d r i l l i n g  an a d d i t i o n a l  h o r i z o n t a l  l e n g t h  o f  535 m. A t  an ang le  o f  35" from 
v e r t i c a l  t h i s  r e q u i r e s  an a d d i t i o n a l  d r i l l i n g  o f  940 m (3  100 f t ) .  However, 

as a consequence o f  t h e  n e a r l y  exponent ia l  depth-cost r e l a t i o n  discussed i n  

Sect. I V ,  t h e  cos t  o f  deepening a 4.5-km-deep w e l l  o n l y  940 m i s  70% o f  t h e  
cos t  o f  d r i l l i n g  a new w e l l  f rom t h e  su r face  t o  approx imate ly  4.5 km. While 

an economic argument cou ld  thus  be made t o  deepen e x i s t i n g  w e l l s ,  r a t h e r  than 
d r i l l  new ones, we never the less  adopt t h e  conserva t i ve  view t h a t  t h e  o l d  w e l l s  

may have s u f f e r e d  some damage over a 1 0 - y r  per iod ,  and assume t h a t  new w e l l s  

w i l l  always be d r i l l e d .  The s i t u a t i o n  w i t h  regard t o  s i d e t r a c k i n g ,  o r  
d e v i a t i n g ,  a w e l l  i n t o  l a t e r a l l y  ad jacent  rock i s  more d i f f i c u l t  t o  evaluate.  

Desp i te  t h e  g rea t  d i f f i c u l t y  and expense experienced w h i l e  s i d e t r a c k i n g  w e l l s  

GT-2 and EE-3, one would assume t h a t  i n  a commercial ly mature HDR i n d u s t r y  

7 



such cos ts  cou ld  be s i g n i f i c a n t l y  decreased; and a program o f  research i n  t h i s  
area i s  recommended. However, t h e  outcome o f  such a program cannot be 

a n t i c i p a t e d  here, so again, f o r  t h i s  study we c o n s e r v a t i v e l y  assume comple te ly  
new w e l l s  a re  d r i l l e d  from t h e  sur face  a f t e r  t h e  r e s e r v o i r s  a re  drawn down by 
20% a t  t h e  end o f  10 yr. 

As shown i n  Sect. 111, t h e  ne t  e f f i c i e n c y  o f  conve r t i ng  thermal power t o  

e l e c t r i c a l  power i s  low, and consequently t h e  Phase I 1  b u i l d i n g - b l o c k  rese r -  
v o i r  w i l l  generate o n l y  6.5 MW(e), so t h a t  12 such r e s e r v o i r s  would be neces- 

sary f o r  78 MW(e). P r e l i m i n a r y  s tud ies  i n d i c a t e  t h a t  comnerc ia l l y  f e a s i b l e  

p l a n t s  need t o  have a c a p a c i t y  of a t  l e a s t  50 MW(e); we chose 78 MW(e) because 

t h i s  r e s u l t s  i n  a convenient d r i l l i n g  and r e s e r v o i r  geometry, as descr ibed 
below. L a t e r  i t  w i l l  be found necessary t o  de ra te  t h e  system by 2 t o  3 MW(e) 

t o  p rov ide  d r y  coo l i ng ,  so f o r  t h e  remainder o f  t h i s  r e p o r t  we w i l l  r e f e r  t o  
t h i s  system as a nominal 75 MW(e) system. 

F i g u r e  3 shows t h a t  twe lve  b u i l d i n g - b l o c k  r e s e r v o i r s  cou ld  be c rea ted  by 
d r i l l i n g  n ine  w e l l s  i n  t h e  " f i v e - s p o t "  p a t t e r n  l o n g  f a m i l i a r  i n  t h e  o i l  and 

gas i ndus t r y .  Note t h e  economy o f  sca le  as t h e  number o f  w e l l s  increases: 
For  a s i n g l e  r e s e r v o i r ,  two w e l l s  a re  necessary, an i n j e c t i o n  w e l l  and a 

p roduc t i on  w e l l ,  b u t  f o r  t h e  75 MW(e) system, 12 r e s e r v o i r s  a re  a v a i l a b l e  w i t h  
o n l y  n i n e  we l l s .  If t h e  f i v e - s p o t  p a t t e r n  was cont inued ad i n f i n i t u m ,  eventu- 

a l l y  each w e l l  would r e s u l t  i n  two a d d i t i o n a l  rese rvo i r s .  The a s t u t e  reader  

I 

WELLS /1 I I 
1.2. 3 

Ef' A 

4. 6. 6 

TO AND FROM - . - . . . -. . . 
LANT 

3. 6, n 

FRACTURES 
PRODUCTIO 

WELLS 

Fig.  3. 
Conceptual nine-we1 1 HDR r e s e r v o i r  f o r  75 MW( e) genera t ing  p l  ant. 
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w i l l  observe t h a t  each r e s e r v o i r  f r a c t u r e  i s  now a square, o r  i f  you l i k e ,  a 

diamond s lab  of  l eng th  S / f i  on each s ide  and w i t h  a f r a c t u r e  opening i n  t h e  
t h i r d  dimension, which i s  very smal l ,  t y p i c a l l y  1 mm. The w e l l s  a re  now a t  

oppos i te  corners.  I n  c o n t r a s t  t h e  Phase I 1  f r a c t u r e s  w i l l  l i k e l y  resemble 

c i r c l e s  of d iameter S. The area o f  each c i r c l e  i s  nS /4 whereas t h e  area o f  a 

diamond i s  S /2, i.e., on l y  70% as l a r g e  as t h e  c i r c l e .  Reca l l  however t h a t  

t h e  water sweep e f f i c i e n c y  o f  t h e  c i r c l e  i s  o n l y  70%, so t h a t ,  w h i l e  t h e  sweep 

e f f i c i e n c y  o f  t h e  diamond w i l l  no t  a t t a i n  loo%, i t  c e r t a i n l y  w i l l  be consider-  
a b l y  g rea te r  than 70%. Th is  fo l lows because t h e  w e l l s  a re  l oca ted  a t  t h e  

extremes o f  each diamond, i n  t h e  corners.  Thus t h e  e f f e c t i v e  h e a t - t r a n s f e r  
areas o f  t he  c i r c l e s  and diamonds w i l i  no t  d i f f e r  s i g n i f i c a n t l y .  

2 
2 

111. THERMODYNAMICS 

L e t ' s  f i r s t  address t h e  ques t ion  o f  t h e  i d e a l  Carnot e f f i c i e n c y  f o r  con- 

v e r t i n g  heat t o  e l e c t r i c i t y .  To examine t h e  e f f e c t  o f  a decreas ing resource 
temperature,  i t ' s  he1 p f u l  t o  consider6 an i n f i n i t e  number o f  i n f i n i t e s i m a l l y  

small r e v e r s i b l e  heat engines each genera t ing  an i n f i n i t e s i m a l  amount o f  work 
SW and r e j e c t i n g  heat a t  t h e  temperature To as shown i n  Fig.  4. I n t e g r a t i o n  

Out then  y i e l d s  t h e  maximum work, o r  t h e  over t h e  temperature range Tgf t o  Tgf 
change i n  a v a i l a b i l i t y ,  AB. 

i n  

AB =[. - T,AS ] T i u f t  , 
T i n  

g f  

6 
where AH and A S  a r e  t h e  en tha lpy  and ent ropy changes. 
an approximate expression f o r  t h e  maximum Carnot c y c l e  e f f i c i e n c y ,  nc 

One can then develop 
max. . 

,in 

AB ?! - - 
figfCp[Ti: - 

T i n  ' gf - To - To an - 
gf T O  

i n  o u t  
T g f  - T g f  

where t71 i s  t h e  mass f l o w  r a t e  through t h e  r e s e r v o i r s  and Cp i s  t h e  s p e c i f i c  

heat capac i t y  o f  t h e  water. I n  t h i s  express ion a l l  temperatures must be 

9 
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expressed as abso lu te  q u a n t i t i e s .  I n  t h e  l i m i t  o f  a p e r f e c t  power convers ion 

process T ou t  - 
gf 

- To: t h e r e f o r e  ,I:~~ reduces t o :  

i n  Thus, us ing  an average temperature o f  230°C f o r  Tgf as s t a t e d  e a r l i e r  and a 

heat r e j e c t i o n  temperature,  To, equal t o  t h e  Fenton H i l l  average ambient a i r  

temperature of 3°C (which i s  we l l  documented by our  own s i t e  meteoro log ica l  

data as w e l l  as t h a t  f o r  t h e  Union/PNM s i t e  a t  Baca) we can c a l c u l a t e  t h a t  

qFax = 0.27. Having found the  i d e a l  Carnot e f f i c i e n c y ,  we must next  address 

t o  use t o  o b t a i n  t h e  t h e  ques t ion  o f  t h e  proper  u t i l i z a t i o n  e f f i c i e n t y ,  

o v e r a l l  convers ion e f f i c i e n c y ,  qu.vc There r e a l l y  a re  two quest ions here: 
f i r s t ,  what i s  t h e  optimum thermodynamic e f f i c i e n c y  one can expect f o r  Fenton 
H i l l  cond i t i ons ,  and second, how c lose  t o  t h i s  thermodynamic optimum should 
one operate f o r  economical ly  optimum cond i t i ons  t o  p r e v a i l ?  

, max 

The thermodynamical ly optimum nu depends on: 

1. power c y c l e  f l u i d  cho ice  

2. geothermal f l u i d  temperatures 

3. ambi en t  temperatures,  

4. mechanical e f f i c i e n c i e s  f o r  t h e  t u r b i n e  and t h e  power c y c l e  

= 0.85 and t u r b i n e  feed pump, w i t h  t h e  usual  assumptions be ing  q 

= 0.80 Pump rl 

5. approach t e m p e r a t u r e s  i n  t h e  p r i m a r y  h e a t  exchanger  and 

condenser system, (p inch  po i  n t  A T ' S ) .  

COLD GEO-FLUID HOT GEO-FLUID 

O U T A T T Y  * 

INFINITE NUMBER OF 
REVERSIBLE HEAT 
ENGINES 

HEAT SINK AT To 

F i g  4. 
I d e a l i z e d  heat engines. 
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It can be shown t h a t  a s i n g l e  f l u i d  organic  b i n a r y  cyc le  i s  t h e  best  choice 

f o r  Fenton H i l l  cond i t ions ,  r a t h e r  than, say, a d i r e c t  f l a s h i n g  cyc le ,  
because: (1) water  i s  a p rec ious  resource , there ,  so water consumption should 

be minimized by avo id ing  f l a s h i n g  cyc les ,  (2) t o  u t i l i z e  t h e  low ambient a i r  
temperature of 3"C, we should no t  use water  as t h e  working f l u i d  i n  the  power 

cyc le ,  because o f  i t s  low vapor d e n s i t y  a t  temperatures below 35"C, compared 

t o  many organics.  Water cannot be used e f f e c t i v e l y  because t h e  t u r b i n e  

exhaust end areas are  t o o  la rge .  

The r e s u l t s  shown i n  Figs.  5 and 6 ( f o r  condensing temperatures o f  

26.7"C and 37.8"C, r e s p e c t i v e l y )  i n d i c a t e  t h a t  f o r  reasonable A T ' S ,  i n  t h e  
range 10 t o  15"C, maximum nu's would range from 55 t o  65% depending on t h e  

cho ice  o f  work ing f l u i d .  For To = 3"C, t h e  n u ' s  would be somewhat lower ,  
assuming t h a t  t he  condensing temperature remains a t  26.7OC (F ig .  5) o r  37.8OC 
(F ig .  6) i n  e i t h e r  case. However, by proper des ign o f  t h e  condensing system, 
a f l o a t i n g  condensing temperature cou ld  be u t i l i z e d  f o r  seasonal and d i u r n a l  

The maximum temperature ever recorded a t  Fenton H i l l  i s  v a r i a t i o n s  i n  T 

6 

7 

0' 

Fig .  5. 
Geothermal u t i l i z a t i o n  e f f i c i e n c y  nu as a f u n c t i o n  o f  geothermal f l u i d  tempera- 
t u r e  fo r  optimum thermodynamic opera t i ng  cond i t i ons .  A condensing temperature 
o f  26.7"C was used wi th  a 10°C approach t o  an average ambient temperature o f  
16.7"C. A 10°C minimum approach on t h e  pr imary  hea t ing  s i d e  was a l s o  used 
w i t h  an 85% t u r b i n e  and 80% feed pump e f f i c i e n c y ,  (adapted from M i l o r a  and 
Tes te r )  . 6  
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OPTIMUM THERyooyN*L1K: 
To = 27.8.C T-,= 31.8.C 
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Fig.  6. 
U t i l i z a t i o n  e f f i c i e n c y  nu as a f u n c t i o n  o f  geothermal f l u i d  temperature, 
adapted from M i l  o ra  and Tes ter6  and Eskesen, w i t h  optimum thermodynamic 
performance ind i ca ted .  

29°C (85°F) and t h e  minimum must be w e l l  below 0°F - so l e t ' s  say t h a t  t h e  
d a i l y  average v a r i e s  as To = 3 - + 15°C. 

Under opt imal condensing cond i t i ons ,  To = -12"C, t h e  ac tua l  condensing 

temperatures would be l e s s  than t h e  design values o f  26.7 o r  37.8OC, b u t  on 
ho t  days, To = +18"C, condensing temperatures would be h ighe r  than t h e  design 

values. On average these c o n d i t i o n s  balance, so we should design t h e  system 
f o r  To = 3°C. Even i f  t o t a l l y  d r y  c o o l i n g  was used f o r  Fenton H i l l ,  t h e  

a b s o l u t e l y  wors t  case, we cou ld  s t i l l  expect t o  approach 26.7"C (Fig. 5) i n  
t h e  condensing f l u i d  on t h e  average; t h e  AT f o r  t h e  a i r - coo led  condenser would 

be about 22°C (40°F). We have i n  f a c t  a c t u a l l y  achieved t h i s  c o n d i t i o n  u s i n g  
an R-114 f l u i d  i n  t h e  60(e) Barber-Nichols genera t ing  u n i t  ope ra t i ng  a t  Fenton 
H i l l .  Therefore, based on a To = 3"C, we es t imate  t h e  maximum vu's t o  be i n  

t h e  range o f  48 t o  56%. Th is  range of nu's has no t  o n l y  been documented i n  
p rev ious  work, 6 s 7 y 9  b u t  i t  a l s o  agrees w i t h  Pope e t  a1.l' and Eskesen" who 

g i v e  a range o f  52 t o  55% f o r  3 b i n a r y  f l u i d s  ( i sobutane,  isopentane, and 

8 

pump' and ' t u rb ine '  propane), w i t h  s i m i l a r  assumptions regard ing  rl 

The f i n a l  ques t ion  i s  t h e  more c o n t r o v e r s i a l  one. How c l o s e  t o  t h i s  

maximum v can we a c t u a l l y  operate a r e a l ,  economical ly f e a s i b l e  cyc le?  As 
po in ted  ou t  by M i l o r a  and Tester6 and Pope e t  a1 . , lo t h e  cos t  o f  producing t h e  

U 

12 



water ( d r i l l i n g  w e l l s ,  etc.) ,  r e l a t i v e  t o  t h e  cos t  o f  c o n v e r t i n g  t h e  heat t o  
e l e c t r i c  power (heat exchangers, pumps, t u r b i n e s ,  condensers, etc.) i s  c r i t i -  

ca l  i n  determing how c lose  t o  t h i s  optimum one operates.  Examining t h e  
extremes discussed i n  Appendix B o f  Ref. 6, one sees t h a t  very  low A T ' S  i n  t h e  

heat exchangers a re  requ i red  f o r  h igh  r e l a t i v e  w e l l  cos ts  whereas much l a r g e r  
A T ' S  can be accommodated when w e l l  cos ts  a re  low. As w i l l  be shown, t h e  t o t a l  

r e s e r v o i r  development cos t ,  i n c l u d i n g  w e l l s ,  f r a c t u r i n g ,  and s i t e  a c q u i s i t i o n ,  
i n  a "commercial ly mature'' HDR r e s e r v o i r  system w i l l  be h i g h  r e l a t i v e  t o  t h e  

t o t a l  equipment cos t  , approximately 55%. Consequently, t h e  maximum U ' s 

r e s u l t i n g  w i t h  s u p e r c r i t i c a l  ope ra t i on  and AT'S o f  10-15°C would be near- 

op t ima l  from an economic s tandpo in t  because o f  t h e  premium placed on thermo- 
dynamica l l y  e f f i c i e n t  use o f  t h e  geothermal water by i t s  h i g h  r e l a t i v e  cost .  

Th i s  i s  i n  d i r e c t  c o n t r a s t  t o  r e s u l t s  shown by Pope e t  a l .  who g i ve ,  f o r  a 
hydrothermal resource, an economic optimum range o f  nu = 40 t o  45% f o r  

s i t u a t i o n s  where t h e  r a t i o  o f  w e l l  cos t  t o  t o t a l  equipment cos t  i s  l e s s  than  
50%. Conversion t o  HDR c o n d i t i o n s  would r e s u l t  i n  h ighe r  nu's.  

Based upon t h e  above d i scuss ion  we assume an o p e r a t i n g  economic nu some- 
where i n  t h e  range o f  48 t o  56%, say 52% on average. Therefore,  t h e  ne t  t h e r -  

mal conversion e f f i c i e n c y ,  nc i s  14%. 

I n  t h e  prev ious  sec t ion ,  r e s e r v o i  r thermal power ca l  c u l  a t i o n s  were based 

upon an i n j e c t i o n  temperature o f  5OoC and a mean e x t r a c t i o n  temperature o f  
230"C, a temperature d i f f e r e n c e  o f  180°C. However, our thermodynamic ca l  c u l  a- 

t i o n s  of nFax a re  based [Eq. (2)]  upon a h e a t - r e j e c t i o n  temperature, To, which 
has an annual mean value o f  3°C. Wi th  t h i s  lower  temperature, t h e  heat- 

e x t r a c t i o n  temperature d i f f e r e n c e  i s  increased from 180 t o  227"C, an i nc rease  
O f  26%, and t h e  r e s e r v o i r  thermal powers prov ided i n  Tab le  I should be m u l t i -  

p l i e d  by  1.26 x 0.14, o r  0.177, t o  conver t  t o  e l e c t r i c  power. Thus, t h e  
d e s i g n  power f o r  t h e  Phase I 1  r e s e r v o i r ,  37 MW(t) ,  c o r r e s p o n d s  t o  an 

e l e c t r i c a l  capac i t y  o f  6.5 MW(e), and as discussed e a r l i e r ,  1 2  such r e s e r v o i r s  

a re  capable o f  genera t ing  a nominal 75 MW(e). 

10 

max 

I V. ECONOM I C s  

The cos ts  o f  genera t ing  e l e c t r i c i t y  w i t h  a 75 MW(e) HDR system a re  

broken down i n t o :  (1) opera t i ng  and maintenance cos ts  and, (2 )  f i x e d  cos ts  due 
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t o  c a p i t a l  investment. I n  accordance w i t h  t h e  prev ious  s e c t i o n  i t  i s  assumed 

t h a t  t h e  r e s e r v o i r s  and w e l l s  have a use fu l  l i f e  o f  10 yr. I n s o f a r  as poss i -  

b l e  cos ts  a re  s t a t e d  on a 1981 bas is ,  i t  assumes then t h a t  our  h y p o t h e t i c a l  

HDR s t a t i o n  begins opera t i on  t h i s  year,  and t h a t ,  t he re fo re ,  e x p l o r a t i o n  and 

p l a n t  c o n s t r u c t i o n  began several  years  ago. For  these e a r l y  cos ts ,  i n i t i a l  

cos t  i s  compounded t o  1981 as discussed below. 

A. Opera t ing  and Maintenance Costs ( 0  & M) 
These cos ts  a re  due t o  water charges, a u x i l i a r y  power requirements f o r  

dry cool  i ng , heat-exchanger fans, Water c i  r c u l  a t i o n  pumps , and o t h e r  m isce l -  
laneous 0 & M cos ts  such as revenue and p r o p e r t y  taxes, and labor .  As w i l l  be 

developed, a l l  0 & M cos ts  amount t o  o n l y  10% o f  t o t a l  HDR cos ts ,  so they  a r e  

descr ibed r a t h e r  b r i e f l y  here. 

1. Water Charges. Water i s  requ i red  f o r  (1) makeup w a t e r  losses  due 

t o  permeation and leakage from t h e  f r a c t u r e  system t o  t h e  surrounding rock ,  
and (2 )  evapora t i ve  water losses  i f  wet c o o l i n g  i s  used t o  r e j e c t  t h e  "waste" 

heat t h a t  was n o t  converted t o  e l e c t r i c i t y .  For s i m p l i c i t y  and conserva t i ve -  
ness, i t  was accepted t h a t ,  due t o  t h e  l i k e l y  remote s i t i n g  o f  HDR e l e c t r i c a l  

s t a t i o n s ,  a b e n e f i c i a l ,  cos t - recove r ing  use o f  t h e  460 MW(t) o f  r e j e c t e d  o r  
d i s s i p a t e d  heat energy would n o t  be found. Dur ing  run  segments 2 th rough  5 o f  

t h e  Phase I r e s e r v o i r  a t  Fenton H i l l ,  we exper ienced water l o s s  r a t e s  o f  

approx imate ly  10% o f  t h e  c i r c u l a t e d  rate.5 As would be expected, these r a t e s  

were t r a n s i e n t ,  be ing  a maximum a t  t h e  s t a r t  o f  opera t ion ,  and d e c l i n i n g  w i t h  

t i m e  t h e r e a f t e r .  The 10% r a t e  s t a t e d  above occurred near t h e  end o f  run  seg- 

ment 5, which l a s t e d  281 days. Over 10 yr  o f  ope ra t i on  one would expect even 
sma l le r  l o s s  ra tes .  Al though t h e  exact r a t e  i s  obv ious l y  s i t e - s p e c i f i c ,  we 

have been guided by t h e  Fenton H i l l  exper ience and have acco rd ing l y  assumed 
t h a t  t h e  average r a t e  of loss over t h e  10-y r  l i f e t i m e  w i l l  be approx imate ly  

5%. Th is  amounts t o  0.028 m / s  (430 gpm o r  770 a c r e - f t  per y e a r )  f o r  a 75 
MW(e) system. Once again t h e  cos t  of t h i s  water w i l l  be h i g h l y  s i t e - s p e c i f i c ,  

b u t  even i f  i t  assumed t h a t  such l a r g e  usage does no t  permi t  commercial ra tes ,  

3 

so t h a t  t h e  u t i l i t y  must pay r a t e s  s i m i l a r  t o  t h e  t y p i c a l  home owner, $2 p e r  

1000 ga l l ons ,  t h e  y e a r l y  c o s t  w i l l  be o n l y  $450,000. To conver t  t h i s  t o  an 

e q u i v a l e n t  c o s t  per  k i l o w a t t  hour, assume t h a t  t h e  l o a d  f a c t o r  i s  85% 

(geothermal p l a n t s  such as The Geysers a re  t y p i c a l l y  90%; coa l  f i r e d  p l a n t s  

14 



are  80%). Thus a 75 MW(e) HDR p l a n t  would generate 5.6 x lo8 kWh per  year  and 

t h e  water cos t  would represent  o n l y  0.1 cents  per kWh. 

Robertson e t  a1.12 suggest i n  t h e i r  Table 2-1 t h a t  t h e  r e j e c t i o n  of 
waste heat by means o f  a wet c o o l i n g  tower a t  a s i t e  l i k e  Fenton H i l l  w i l l  

r e q u i r e  60 acre- feet  o f  water per  year  per MW(e) o f  capac i ty .  A 75 MW(e) 

p l a n t  would thus  r e q u i r e  4 500 ac re - fee t  per  year .  I n  many areas o f  t h e  
count ry  such amounts of water a re  a v a i l a b l e ,  bu t  i n  t h e  water -shor t  western 

reg ions , where most e l  e c t r i  c i t y  genera t ing  HDR rese rvo i  r s  w i  11 1 i k e l y  be 

l o c a t e d  because of t h e  h i g h  geothermal g rad ien ts ,  water w i l l  p robably  be 

scarce. For t h i s  reason we assume t h a t  a d r y  c o o l i n g  tower w i l l  be used, and 

t o  account fo r  t h e  l a r g e  c a p i t a l  cos ts  associated w i t h  such coo l i ng ,  $100 pe r  

kW o f  capac i t y  w i l l  be added below t o  t h e  f i x e d  c a p i t a l i z a t i o n  costs.  13 

2. A u x i l i a r y  Power Requirements. The e l e c t r i c a l  power requ i red  t o  

p rov ide  t h e  fo rced a i r  d r a f t  f o r  d r y  c o o l i n g  can be c rude ly  est imated from our  
Fenton H i l l  heat-exchanger experience. These heat exchangers can r e j e c t  20 

M W ( t )  t o  t h e  atmosphere us ing  fans 

kW). Our 75 MW(e) HDR system must 

same heat-exchange system was used 
d r a f t .  No doubt a more e f f i c i e n t  

even i f  one c o u l d n ' t ,  our  nominal 
MW(e). 

w i t h  a nominal motor r a t i n g  o f  120 hp (90 

r e j e c t  460 MW(t) o f  heat, so t h a t  i f  t h e  
again,  2.1 MW(e) would be requ i red  f o r  a i r  

dry c o o l i n g  system cou ld  be designed bu t  

75 MW(e) p l a n t  need on ly  be derated by 2 

Each b u i l d i n g - b l o c k  r e s e r v o i r  requ i res  46 kq/s o f  water f l o w  t o  gener- 
a t e  37 MW(t). Refer ing t o  F i g .  2 we see t h a t ,  wh i le  one i n j e c t i o n  w e l l ,  t h e  

cen te r  one, must s e r v i c e  f o u r  r e s e r v o i r s ,  t h e  o the r  f o u r  i n j e c t i o n  w e l l s  

s e r v i c e  o n l y  two r e s e r v o i r s  each. The f o u r  p roduc t i on  w e l l s  s e r v i c e  t h r e e  
r e s e r v o i r s  each. To ease t h e  des ign o f  sur face  hardware such as pumps and 

va lves,  uneven pressures should be avoided. A rough balance o f  w e l l  pressure 
drops can be accomplished i f  the  d iameter  o f  t h e  center  i n j e c t i o n  w e l l  i s  made 

30% l a r g e r  than t h e  o the r  w e l l s  -- a reasonable compromise i s  t o  case a l l  
w e l l s  w i t h  9-5/8- in.  cas ing  ( s i m i l a r  t o  EE-2 and EE-3) except f o r  t h e  cen te r  

i n j e c t o r ,  which should be cased a t  13-5/8 i n .  I n  t h i s  case t h e  t o t a l  pressure 

l o s s  i n  the  w e l l s  i s  3 MPa (450 p s i ) ,  1 MPa each i n  t h e  i n j e c t o r s ,  and 2 MPa 

each i n  t h e  producers.  Fu r the r  c a l c u l a t i o n s  i n d i c a t e  n e g l i g i b l e  pressure 
losses  i n  t h e  sur face  equipment. Counter ing t h e  pressure losses i s  t h e  

pressure ga in  due t o  buoyancy i n  t h e  w e l l s .  On average the  i n j e c t i o n  w e l l s  
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w i l l  be f i l l e d  w i t h  50°C water w h i l e  t h e  e x t r a c t i o n  w e l l s  . w i l l  be f i l l e d  w i t h  

230°C water. The d e n s i t y  d i f f e r e n c e  w i l l  be 315 kg/m , r e s u l t i n g  i n  a 
buoyancy pressure d r i v e  o f  12 MPa (1800 p s i ) .  S u b t r a c t i n g  t h e  w e l l b o r e  

pressure l o s s  o f  3 MPa leaves  9 MPa (1300 p s i )  f o r  t h e  f rac tu res .  Because t h e  
f l o w  i n  each f r a c t u r e  i s  0.0029 m / S  (45  gpm), even a f r a c t u r e  impedance as 

h igh  as 3 GPa s/m3 (29 psi/gpm) cou ld  be w i ths tood  be fo re  pumping would be 
required. For comparison, t h e  impedance measured d u r i n g  run segment 5 was 1.5 

GPa s/m . I n  sumnary, i t  appears necessary t o  p rov ide  a u x i l i a r y  power o n l y  
f o r  forced a i r  d r a f t ,  which r e q u i r e s  2 MW(e). R e c a l l i n g  t h a t  t h e  ac tua l  

r a t i n g  was 78 MW(e), we r e t a i n  t h e  nominal r a t i n g  o f  75 MW(e), t hus  p r o v i d i n g  
an a d d i t i o n a l  1 MW(e) f o r  s i t e  power. 

3 

3 

3 

3. Other 0 & M Costs. Based upon 1979 taxes  p a i d  by P u b l i c  Se rv i ce  
Co. of New Mexico,' revenue taxes a re  taken as 2 1/2% o f  t h e  bus ba r  p r i c e ,  

which, as we w i l l  conclude, must be approx imate ly  4.4 cents  per  kWh. The t a x  

per  kWh i s  thus  0.1 cents pe r  kWh. Proper ty  taxes  a re  based upon o n e - t h i r d  o f  

t h e  undepreciated value o f  sur face  p l a n t  and improved land, and a t a x  r a t e  o f  

0.026. Land and p l a n t  values a re  discussed below. With these va lues  

p r o p e r t y  taxes amount t o  an average o f  0.05 cents  p e r  kWh over t h e  IO-yr 

l i f e t i m e .  Insurance cos ts  were taken as $4 p e r  $1000 o f  su r face  equipment 
cos ts ,  o r  0.05 cents  per  kWh. Other miscel laneous 0 & M cos ts ,  p r i m a r i l y  f o r  

p l a n t  ope ra to rs  and maintenance, a re  taken from Ref. 1 and esca la ted  t o  1981 
a t  15% per  year. These miscel laneous cos ts  then amount t o  0.2 cents  per  kWh. 

A sumnary o f  a l l  0 & M cos ts  i s  provided i n  Table 11. 

TABLE I 1  
OPERATING AND MAINTENANCE COSTS FOR A 75 MW(e) HDR POWER STATION 

cos t ,  
- I tern cents  pe r  kWh 

Water losses 0.1 

Dry Coo l ing  ( o p e r a t i n g  cos t  o n l y )  P l a n t  dera ted  by 2 MW(e), 
t o  75 MW(e) 

Pumping 0.0 

Revenue and Proper t y  Taxes, and Insurance 0.2 

M i  s c e l l  aneous 
To ta l  

0.2 
0.5 
- 
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B. C a p i t a l  Costs 

C a p i t a l  cos ts  c o n s i s t  o f  geophysical e x p l o r a t i o n  and s i t e  a c q u i s i t i o n  

costs,  su r face  p l a n t  costs, w e l l  d r i l l i n g  and complet ion cos ts ,  and f r a c t u r i n g  
Costs. These cos ts  comprise 90% o f  t o t a l  HDR cos ts ,  and o f  these, sur face  

p l a n t  cos ts  and w e l l  d r i l l i n g  and comple t ion  cos ts  alone amount t o  96% of a l l  
c a p i t a l  c o s t s .  C o n s e q u e n t l y ,  t h e s e  two  c o s t s  w i l l  b e a r  t h e  b r u n t  o f  
d i scuss ion  below. 

1. Geophysical E x p l o r a t i o n  and S i t e  Development Costs. Geophysical 

e x p l o r a t i o n  c o n s i s t s  o f  t h e  usual surveys ( e l e c t r i c a l ,  magnetic, seismic,  and 
g r a v i t y ) ,  sha l low we1 1 s f o r  p r e l  i m i n a r y  hea t - f l ow  s tud ies ,  and deep eval  u a t i o n  

d r i l l i n g .  Fo l l ow ing  Tes ter  e t  al., t o t a l  e x p l o r a t i o n  cos ts  a re  est imated a t  

2.9 m i l l i o n  d o l l a r s  i n  1978. E s c a l a t i n g  a t  15% per  yea r  y i e l d s  a 1981 cos t  o f  

The t o t a l  geothermal r e s e r v o i r  i t s e l f  u n d e r l i e s  o n l y  100 acres. For  

conservativeness, assume t h a t  t h i s  l a n d  cannot be leased b u t  must be purchased 
o u t r i g h t ,  and t h a t  an a d d i t i o n a l  100 acres a re  r e q u i r e d  f o r  b u f f e r  purposes. 
Typ ica l  geothermal s i t e s  a re  r u r a l  i n  nature,  h a r d l y  i n  t h e  pa th  o f  ex tens i ve  

development. Furthermore, HDR i s  so pervasive,  u n l i k e  convent iona l  geothermal 

resources, t h a t  l i t t l e  premium i s  a t tached t o  t h e  l a n d  because o f  i t s  HDR 

p o t e n t i a l  . Consequently a reasonable es t ima te  o f  t h e  V a l  ue o f  t h e  raw 1 and 

would be $1 500 per  acre, w i t h  an a d d i t i o n a l  development c o s t  o f  $1 000 p e r  
acre. To ta l  land  cos ts  would then be $0.5 x 10 . 

The e x p l o r a t i o n  and land  cos ts  above a r e  t h e  compounded c o s t s  -- should 
a p l a n t  be cons t ruc ted  a t  t o d a y ' s  p r i c e s ,  t h e  geophysical e x p l o r a t i o n  would 

have been performed 8 t o  10 y r  ago and t h e  l a n d  purchased 5 yr  ago. The cos ts  
a t  those t imes would have been l e s s  than t h e  1981 cos ts  es t imated  here, bu t  

t h e  compounded cos t ,  w i t h  t h e  i n t e r e s t  on debt, would be about t h e  same, 
because i n t e r e s t  and i n f l a t i o n  r a t e s  have been rough ly  equal over t h e  l a s t  10 

Y r -  

1 

6 $4.4 x 10 . 

6 

2. Surface P l a n t  Costs. Again f o l l o w i n g  Tes te r  e t  al.,' t h e  c o s t  pe r  

kW o f  e l e c t r i c a l  power capaci ty,  C w i t h o u t  dry coo l i ng ,  i s  taken as 
P' 
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f o r  i n f l a t i o n  a t  15% per  year,  t h e  cos t  per  kW(e) i n  1981 d o l l a r s  i s  $733. 
The 15% i n f l a t i o n  f a c t o r  i s  very  conservat ive;  i n f  a t i o n  o f  f i x e d  non- 

r e s i d e n t i a l  equipment has on ly  been 7% f o r  1978 t o  1981. l4 Add t o  t h i s  c o s t  
another $100 f o r  d r y  cool ing13 and the  t o t a l  sur face cos t  i s  $833 p e r  kW(e). 

Th is  sur face  p l a n t  cos t  i s  t h e  t o t a l ;  i t  inc ludes  t h e  purchase cos ts  as w e l l  
as engineer ing,  i n s t a l  l a t i o n ,  and cont ingencies.  The c r e d i b i l i t y ,  i n  f a c t ,  
t h e  conservat iveness o f  t h i s  t o t a l  cos t  i s  es tab l i shed  when one considers t h a t  
t h e  t o t a l  c a p i t a l  cost  o f  a c o a l - f i r e d  e l e c t r i c a l  s t a t i o n  i s  about $975 p e r  
kW(e), on ly  17% g rea te r  than t h e  HDR cost ,  even though t h e  c o a l - f i r e d  s t a t i o n  

3. D r i l l i n g ,  Complet ion and F r a c t u r i n g  Costs. The most u n c o n t r o l l e d  
cos t  i n  HDR power s t a t i o n s ,  as w e l l  as o the r  geothermal power s t a t i o n s ,  i s  t h e  

cos t  o f  d r i l l i n g .  I n  t h i s  r e p o r t  we use ac tua l  Fenton H i l l  cos ts  and a r e  
guided f u r t h e r  by t h e  average cos ts  o f  onshore o i l  and gas w e l l s  d r i l l e d  t o  

comparable depths. F i g u r e  7 presents  average cos ts  o f  onshore o i l  and gas 
w e l l s  d r i l l e d  i n  t h e  U.S. based upon 1979 d a t a l 5  o f  t h e  J o i n t  Assoc ia t ion  on 

D r i l l i n g  Costs. Only cos ts  f o r  completed w e l l s  a re  presented i n  Fig. 7; d r y  

ho les were excluded. We1 1 costs  increase d r a m a t i c a l l y  w i t h  depth; over  t h e  

depth range o f  1 t o  4 km, the  data i n  Fig. 7 can be f i t t e d  w i t h  a s t r a i g h t  

l i n e ,  imp ly ing  t h a t  cos ts  increase e x p o n e n t i a l l y  w i t h  depth. A lso shown f o r  

comparison a re  t h e  ac tua l ,  t o t a l  cos ts  o f  d r i l l i n g  t h e  f o u r  deep geothermal 
w e l l s  a t  Fenton H i l l :  GT-2, EE-1, EE-2, and EE-3 as w e l l  as t h e  " l e a r n i n g  and 

d i s a s t e r - f r e e "  cos ts  which, as descr ibed below, a re  be l i eved  t o  be more repre-  
s e n t a t i v e  o f  f u t u r e ,  more commercial ly mature HDR d r i l l i n g .  A l l  cos ts  i n  Fig. 

7 a re  presented i n  1981 do l la rs .  Fo l low ing  Carson and L in16 a 17% y e a r l y  

e s c a l a t i o n  f a c t o r  was taken f o r  d r i l l i n g  costs ,  based upon t h e  cos t  o f  U.S. 

o i l  and gas w e l l s  f rom 1972 through 1979. Whereas a d r i l l i n g  i n f l a t i o n  o f  17% 
pe r  year  sounds h igh,  Garde-Hansen17 i n d i c a t e s  a r a t e  o f  15% per  year  from 

1970 t o  1979. Th is  p e r i o d  inc ludes  t h r e e  years o f  low i n f l a t i o n  p r i o r  t o  t h e  

1973 o i l  embargo. 
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Fig. 7. 
Well costs. 

The cos t  data f o r  HDR w e l l s  GT-2, EE-1, EE-2, and EE-3 a r e  summarized i n  

Table 111. Both t h e  cos ts  a t  t h e  t i m e  o f  complet ion,  as w e l l  as r e s t a t e d  1981 
costs ,  i n f l a t e d  a t  17% again,  a re  shown. A s t r i k i n g  e f f e c t  o f  17% i n f l a t i o n  

i s  t h a t  t h e  seemingly inexpensive cos ts  o f  GT-2 and EE-1  a t  t h e  t imes of  t h e i r  
complet ions would t r i p l e  o r  n e a r l y  t r i p l e  a t  t oday ' s  d r i l l i n g  costs. For  each 

w e l l  we a l s o  present  t h e  cost ,  i n  1981 d o l l a r s ,  f o r  t h e  average o i l  and gas 
w e l l  d r i l l e d  t o  t h e  same depth. These cos ts  a re  taken from Fig. 7. A conse- 

quence of t h e  n e a r l y  exponent ia l  cost -depth r e l a t i o n s h i p ,  and 17% i n f l a t i o n ,  
i s  t h a t  EE-2 and EE-3 were a c t u a l l y  l e s s  expensive than GT-2 o r  EE-1 when 

compared on equ iva len t  t ime  and depth bases. To see t h i s  more c l e a r l y  r e f e r  

t o  t h e  t a b l e  heading, R a t i o  o f  1981 Actual  Cost t o  Oi l /Gas Average. Wel ls  

GT-2 and EE-1 cos t  about f i v e  t imes t h e  o i l / g a s  average, whereas EE-3 c o s t  

four  t imes t h e  average, and EE-2 c o s t  o n l y  two t imes t h e  averaqe. Thus, 

d r i l l i n g  has s i g n i f i c a n t l y  improved a t  Fenton H i l l ,  i n  t h e  sense t h a t  HDR w e l l  
cos ts  are approaching those o f  o i l / g a s  average costs. Th i s  f a c t  i s  even more 

apparent when one r e c a l l s  t h a t  GT-2 was d r i l l e d  n e a r l y  v e r t i c a l l y ,  w i t h  no 
d i r e c t i o n a l  d r i l l i n g ,  and t h a t  EE-1 was d i r e c t i o n a l l y  d r i l l e d  o n l y  f o r  t h e  
bottom 150 m (500 f t ) ,  a t  a maximum d e v i a t i o n  o f  4' from t h e  v e r t i c a l ,  and 

r a t h e r  i n a c c u r a t e l y  a t  that .  I n  con t ras t ,  EE-2 and EE-3 were d i r e c t i o n a l l y  
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DRILL1 
TABLE I 1 1  

IG AND COMPLETION COSTS 

Rat io ,  

M i l l i o n s  o f  Oil/Gas Av. Actual 
Actual Cost. 1981 

D r i l l -  Total Depth D o l l a r s  Cost'. M i l -  Cost 
i n g  Com- Alonq t h e  Escalated l i o n s  o f  To 
Time p l e t i o n  Yel lbore  A t  Comp. t o  1981 O i  1 /Gas , - Well j l b s . )  Date &I feet Tine 1981' D o l l a r s  Avg. 

6T-2 8 10114 2.93 9 620 1.9 5.1 0.94 6.1 

EE-1 5 10/75 3.06 10 050 2.3 5.9 1.1 5.4 

EE-2 13 5/80 4.66 15 290 1.3 8.5 3.6 2.3 

Learning- Rat io ,  Learn- 
6 Disaster- i n g  6 Disaster  
Free Cost, Free Cost 
M i l l i o n s  t o  Oil/Gas Major Disaster  
o f  $ 1981 Average Events 

3.3 3.5 .Stuck* d r i l l  pipe. 

3.2 2.9 Expts. a t  6 500 tt. 

Washover Required. 

surveying expts. 

6.3 1.8 Collapsed CaSlng. 

2.5 Major f i s h  job. EE-3 15 8/81 4.25 13 930 11.5 11.5 2.8 4.1 6.9 
and sidetracking . - - 

Avg. A l l  Wells = 4.5 Avg. A l l  Wells - 2.7 

* D r i l l i n g  Cost Escalation taken as 17% per year. 

*Ref. 15 

d r i l l e d ,  and accu ra te l y  so, t o  an angle o f  35" f rom t h e  v e r t i c a l  f o r  t h e  
bottom 2. 3 t o  2. 7 km (7500 t o  8800 ft).* T h i s  convergence o f  HDR and o i l  and 

gas w e l l  cos ts  was foreseen i n  Ref. 18. For very  deep w e l l s  HDR cos ts  can 
a c t u a l l y  be lower because use o f  expensive d r i l l i n g  muds and f l u i d  a d d i t i v e s  

can be avoided i n  hard c r y s t a l l i n e  rocks. 
Carson and L in16  observed t h a t  geothermal w e l l s  cos t  two t o  f o u r  t imes 

t h a t  o f  o i l  and gas wells. The geothermal w e l l s  i nc luded  i n  t h e i r  survey were 
p r i m a r i l y  i n  hydrothermal r e s e r v o i r s  -- t h e y  were d r i l l e d  s t r a i g h t ,  and 

u s u a l l y  i n  s o f t e r  f o r m a t i o n s .  I n  c o n t r a s t ,  w e l l s  EE-2 and EE-3 were  
d i r e c t i o n a l l y  d r i l l e d  i n  hard, dense c r y s t a l l i n e  rock, y e t  t hey  c o s t  o n l y  2. 3 

and 4. 1 t imes t h e  o i l  and gas average w e l l s  d r i l l e d  t o  t h e  same depths. 

Having shown t h a t  Fenton H i l l  d r i l l i n g  i s  n e a r l y  as inexpens ive  as o t h e r  

geothermal w e l l s  d e s p i t e  harder  fo rmat ions  and d i r e c t i o n a l  d r i l l i n g ,  and t h a t  
Fenton H i l l  d r i l l i n g  i s  a c t u a l l y  improving w i t h  experience, l e t  us now 

cons ider  improvements t h a t  may l i e  i n  t h e  future.  Refer  again t o  Table 111, 
t h i s  t i m e  t o  t h e  column headed "Learning and D i s a s t e r  Free Costs." These 
cos ts  a re  t h e  a c t u a l  1981 costs,  from which a re  sub t rac ted  cos ts  due t o  de lays  
f o r  experiments and "disasters."  It i s  impor tan t  t o  no te  t h a t  these a re  - n o t  

*This does no t  mean t h a t  d i rec t i on -chang ing  t u r b i n e  d r i l l  i n g  or. m o t o r - d r i l l s  
and s o p h i s t i c a t e d  guidance t o o l s  (such as t h e  "EYE") were used throughout t h i s  
i n t e r v a l ;  we mean t h a t  t h e  d i r e c t i o n  o f  t h e  w e l l s  and t h e i r  p r o x i m i t y  were 
c l o s e l y  c o n t r o l l e d ,  and changed when necessary, us ing  a combinat ion o f  con- 
ven t iona l  r o t a r y  d r i l l  i n g  and t u r b i n e  d r i l l  i ng ,  w i t h  t h e  "EYE" when necessary. 
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t h e  same as " t r o u b l e  f ree" costs. We b e l i e v e  w e l l s  w i l l  always have t h e  
usual ,  unavoidable t r o u b l e s ,  b u t  i n  d e r i v i n g  cos ts  t o  which HDR d r i l l e r s  might 
a s p i r e  we have sub t rac ted  cos ts  due t o  t h e  d i s a s t e r s  as w e l l  as t h e  exper i -  
ments t h a t  one might reasonably expect t o  avo id  as d r i l l i n g  matures and t h e  

number o f  w e l l s  i n  t h e  r e s e r v o i r  increases. The cos ts  o f  these d i s a s t e r s ,  and 
experiments t h a t  need no t  be repeated, were i d e n t i f i e d  w i t h  t h e  h e l p  o f  Don 

Brown and John Rowley, bo th  of Los Alamos Na t iona l  Laboratory.  As examples, 
f o r  GT-2 we subt rac ted  cos ts  f o r  t h e  cont inuous c o r i n g  experiments, and t h e  

stuck p i p e  and subsequent washover e f f o r t .  For EE-1  we sub t rac ted  t h e  cos t  o f  
26 days of experiments a t  2 km, and t h e  excessive t i m e  l o s t  i n  l o c a t i n g  t h e  

bottom o f  t h e  h o l e  i n  r e l a t i o n s h i p  t o  GT-2, an a r t  which we seem t o  have 
mastered i n  EE-2 and EE-3. For  EE-2 we subt rac ted  t h e  cos ts  due t o  t h e  cas ing  

co l lapse,  which may have been caused by a s imp le  miscount o f  cas ing  j o i n t s .  
Fo r  EE-3 we removed t h e  cos t  due t o  t h e  prolonged f i s h i n g  j o b  and subsequent 

s ide t rack ing .  We d i d  - not  s u b t r a c t  t h e  cos ts  o f  more t y p i c a l  t r o u b l e s :  losses  

of c i r c u l a t i o n ,  t w i s t o f f s  and t h e  more usual f i s h i n g  jobs ,  breached casings, 

and d i r e c t i o n a l  d r i l l  motor and t o o l  f a i l u r e s .  Nor, o f  course, have we sub- 
t r a c t e d  cos ts  o f  reaming, cementing, c i r c u l a t i n g ,  i nspec t i on ,  logg ing ,  and 

casing. 

The r a t i o s  of these " l e a r n i n g  and d i s a s t e r - f r e e "  cos ts  t o  average 

o i l / g a s  cos ts  a re  presented i n  Table 111. Wel ls GT-2 and EE-1  have r a t i o s  o f  

3.5 and 2.9, whereas EE-2 and EE-3 a r e  1.8 and 2.5, respec t i ve l y .  I n  view of, 

once again, t h e  marked improvement w i t h  t h e  l a s t  two w e l l s ,  l e t ' s  use t h e i r  
average r a t i o s .  The ac tua l  average c o s t  r a t i o  was 3.2, and t h e  " l e a r n i n g  and 

d i s a s t e r  f r e e "  average r a t i o  was 2.2. We propose, f o r  t h e  purpose o f  e s t i -  
mat ing f u t u r e  costs,  t h a t  t h e  n i n e  w e l l s  i n  a commercial ly mature, 75 MW(e) 

system can be d r i l l e d  f o r  2.7 t imes t h e  o i l / g a s  average. Th is  i s  e x a c t l y  
midway between t h e  average ac tua l  and t h e  ' ' d isas ter  f r e e "  r a t i o s .  I n  o t h e r  

words we are, r a t h e r  conserva t i ve l y ,  assuming t h a t  no f u r t h e r  progress w i l l  be 
made i n  d r i l l i n g  technology; t h a t  only by d i n t  o f  many r e p e t i t i o n s ,  we can 

avo id  one-hal f  t h e  d i s a s t e r s  t h a t  b e f e l l  us e a r l i e r .  
The o i l  and gas equ iva len t  c o s t s  o f  EE-2 and EE-3 i n  1981 a r e  $6.4 x 

10 , per  Table 111. The f a c t o r  2.8 t imes t h i s  cost ,  $17 x 10 ( o n l y  14% l e s s  
than t h e  ac tua l  t o t a l  1981 c o s t  o f  EE-2 and EE-3), i s  t h e  expected average 

cos t  o f  a HDR geothermal w e l l  p a i r .  Consequently a n ine-we l l ,  75-MWe system 
w i l l  r e q u i r e  $77 x 10 

6 6 

6 
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The f i n a l  cos t  o f  concern i s  t h a t  o f  f r a c t u r i n g .  F rac tu res  w i l l  be made 

w i t h  o r d i n a r y  water a l though i t  i s  p o s s i b l e  t h a t  an inexpensive a d d i t i v e  w i l l  
be i nc luded  t o  reduce f r i c t i o n  losses  i n  t h e  i n j e c t i o n  w e l l  as w e l l  as t o  de- 

crease permeation losses  from t h e  face  o f  each f r a c t u r e  as i t  i s  propagated. 
Our experiences i n  t h e  Fenton H i l l  g r a n i t i c  fo rmat ions  i n d i c a t e  t h a t  upon t h e  

cessat ion  o f  pumping and f r a c t u r i n g ,  t h e  f r a c t u r e  faces are  'Isel f-propped" due 
t o  a s p e r i t y - t o - a s p e r i t y  con tac ts  on t h e  f r a c t u r e  surfaces. There fore  prop- 

pants i n  t h e  f r a c t u r i n g  f l u i d  a re  n o t  requ i red ,  r e s u l t i n g  i n  cons iderab le  
savings over t h e  usual f r a c t u r i n g  j ob ,  which t y p i c a l l y  r e q u i r e s  hundreds o f  
thousands o f  pounds of proppants, expensive f r a c t u r e  f l u i d s ,  b lend ing  t r u c k s ,  
and pad and cleanup f l u i d s .  Experience d u r i n g  t h e  h y d r a u l i c  f r a c t u r i n g  opera- 

t i o n s ,  Expts. 195 and 203, which created, i n  p a r t ,  ou r  c u r r e n t  Phase I, 300-m 

f r a c t u r e ,  showed t h a t  pumping r a t e s  of up t o  0.05 m / s  (750 gpm), pressures o f  

20 MPa (3000 p s i ) ,  and t o t a l  i n j e c t i o n  volumes o f  1500 m (400 000 g a l )  of 

water  were used i n  c r e a t i n g  t h e  f rac tu res .  Costs o f  Expts. 195 and 203 were 

l e s s  t h a n  $25 000 each. If t h e  n e a r l y  200 f r a c t u r e s  r e q u i r e d  cou ld  be c rea ted  
t h i s  inexpens ive ly ,  then t h e  t o t a l  f r a c t u r i n g  c o s t  would be $4.8 x 10 , or 

6 $0.53 x 10 per  we l l .  However, i t  i s  p o s s i b l e  t h a t  we may r e q u i r e  expensive 
downhole i s o l a t i o n  techniques, such as repeated packer runs and pressur iza-  

t i o n s ,  or t h e  repeated s e t t i n g  o f  cement i s o l a t i o n  packers, or p e r f o r a t e d  
l i n e r s ,  i n  which case es t imates  have run as h i g h  as $3 x lo6  f o r  t h e  EE-2/ 

EE-3 p a i r ,  or  $14 x 10 f o r  t h e  n ine-we l l  system. On t h e  o t h e r  hand t h e r e  i s  
ample j u s t i f i c a t i o n  f o r  optimism. For  example, t h e  requirement f o r  a t o t a l  o f  

192 f r ac tu res  stems from t h e  assumption t h a t  t h e  maximum f r a c t u r e  diameter i s  

360 m (300 m was es tab l i shed  i n  t h e  Phase I r e s e r v o i r ,  r a t h e r  e a s i l y  i t  

appears i n  h i n d s i g h t ) .  I f  t h e  diameter cou ld  be doubled, then i t  can be seen 

by  r e f e r r i n g  t o  Fig.  3 t h a t  t h e  number o f  f r a c t u r e s  cou ld  be reduced t o  80. 
For t h i s  r e p o r t  we assume a t o t a l  f r a c t u r e  c o s t  o f  10 m i l l i o n  d o l l a r s .  As was 
discussed, t h i s  cos t  i s  sub jec t  t o  a g rea t  deal o f  unce r ta in t y ,  b u t  i t  must be 

noted t h a t  t h e  f r a c t u r i n g  i s  on l y  o f  t h e  o rde r  o f  10 t o  15% o f  t h e  d r i l l i n g  
and complet ion cos ts ,  so t h a t  even such l a r g e  u n c e r t a i n t i e s  i n  f r a c t u r i n g  

cos ts  a re  re1 a t i v e l y  unimportant . 
Table I V  summarizes t h e  c a p i t a l  costs. HDR power s t a t i o n s  a re  c a p i t a l -  

i n tens i ve ,  r e q u i r i n g  $2 060 per kW(e) o f  i n s t a l l e d  capaci ty.  Two i tems a lone 
account f o r  91% o f  c a p i t a l  costs:  d r i l l i n g  and w e l l  complet ions account f o r  

50%, and surface p l a n t  cos ts  account f o r  41%. I n  a m o r t i z i n g  t h e  c a p i t a l  costs,  

3 
2 

6 

6 
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TABLE I V  

CAPITAL COSTS OF 75 MW(e) HDR POWER STATION, 1981 DOLLARS 

T o t a l  Cost 
J m i l l i o n s  o f  $ )  - I tem 

Geophysical E x p l o r a t i o n  4.4 

S i t e  A c q u i s i t i o n  & Development 0.5 

Dry Cool ing Heat Re jec to r  7.5 

Other Surface P lan t  Costs 55. 

We1 1 D r i  11 i ng and Completions 77. 
10. F r a c t u r i n g  - 

Tota l  154. 

Cost per  kW(e) 
$ 

59 

7 

100 
733 

1,030 
130 

2,060 

F r a c t i o n  
o f  c o s t  

0.03 
-- 

0.05 
0.36 

0.50 
0.06 

1.00 
- 

a d i s t i n c t i o n  must be made between t h e  w e l l s  and f r a c t u r i n g ,  which have a 

use fu l  l i f e  o f  10 yr, and t h e  sur face  p l a n t ,  s i t e  a c q u i s i t i o n ,  and e x p l o r a t i o n  
costs .  Typ ica l  sur face  p l a n t  equipment has a use fu l  l i f e  o f  30 y r ,  so t h e  
p l a n t  can be used f o r  more than one HDR r e s e r v o i r  system. I n  f a c t ,  s ince  t h e  

g rea t  advantage o f  HDR i s  i t s  a b i l i t y  t o  e x p l o i t  t h e  e a r t h ' s  heat i n  n e a r l y  

any t y p e  o f  format ion,  t h e  second system should be developable imned ia te l y  

ad jacent  t o  t h e  f i r s t  system. Not o n l y  can t h e  sur face  p l a n t  be reused, i t  

need no t  even be moved, and fu r thermore  one need no t  repeat  geophysical  
e x p l o r a t i o n  i n  such a proximate l o c a t i o n .  Th is  be ing t h e  case, t h e  investment 

i n  w e l l s  and f r a c t u r i n g  was amort ized over 10 yr, and t h e  o the r  cos ts  were 
amort ized over 30 yr. 

C. Break-even Bus Bar  Costs  o f  E l e c t r i c i t y  

I n  t h i s  sec t i on  we es t imate  t h e  p r i c e  per  k i l o w a t t  hour t h a t  an e l e c t r i c  

u t i l i t y  must charge t o  break even w i t h  a 75 MWe HDR power s t a t i o n .  Th is  i s  

t h e  s e l l  i n g  p r i c e  t h a t  covers debt serv ice ,  ope ra t i ng  and maintenance cos ts ,  

and income taxes, and s t i l l  p rov ides  a reasonable r a t e  o f  r e t u r n  on inves ted  
c a p i t a l .  The ac tua l  cash f l o w  r e s u l t i n g  from opera t i ng  any e l e c t r i c  p l a n t  

w i l l  vary  over i t s  l i f e t i m e .  The c a p i t a l  expendi tures w i l l  be made before 
p roduc t i on  s t a r t s  and then t h e  i n t e r e s t  payments, d iv idends,  and r e t u r n  o f  

c a p i t a l  t o  i n v e s t o r s  w i l l  t ake  p lace  over t ime i n  a manner depending on t h e  
p a r t i c u l a r  method chosen f o r  f i n a n c i a l  c a p i t a l  re t i rement .  L ikewise ,  operat -  
i n g  and maintenance expenses may vary,  i n f l a t i o n  w i l l  a l t e r  abso lu te  l e v e l s  o f  
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cos ts  and revenues, and t a x  payment schedul es w i  11 be s i  gn i  f i cant1 y changed by 

acce le ra ted  d e p r e c i a t i o n  r u l e s  and e x p l o i t a t i o n  o f  va r ious  t a x  i ncen t i ves .  So 
t h e  ac tua l  y e a r l y  cos ts  o f  e l e c t r i c i t y  p roduc t i on  w i l l  n o t  be cons tan t  and, 

t h e r e f o r e ,  i t  becomes d i f f i c u l t  t o  d i r e c t l y  compare t h e  cos ts  o f  competing 
p l a n t s  o r  techno log ies .  The s o l u t i o n  t o  t h i s  problem i s  t o  use t h e  " l e v e l i z e d  

l i f e - c y c l e  c o s t "  method as descr ibed f o r  t h e  e l e c t r i c  u t i l i t y  i n d u s t r y  i n  
19 E l e c t r i c  Power Research I n s t i t u t e ' s  (EPRI) Technology Assessment Guide. 

Th is  method reduces t h e  bus ba r  cos t  o f  e l e c t r i c i t y  t o  a s i n g l e  number, i n  
cons tan t  d o l l a r s ,  so t h a t  p l a n t s  based on d i f f e r e n t  techno log ies ,  l i f e t i m e s ,  

f i n a n c i n g  schemes, e tc .  can be d i r e c t l y  compared by l i f e - c y c l e  cos t .  A 

p a r t i c u l a r  format f o r  implementing t h i s  method i s  found i n  BICYCLE - - A 

Computer Code f o r  C a l c u l a t i n g  Leve l i zed  L i f e - C y c l e  Costs. 2o The c a l c u l a t i o n s  

i n  t h i s  r e p o r t  were based on t h i s  method, bu t  due t o  t h e  unique income t a x  

f e a t u r e s  o f  geothermal development, m o d i f i c a t i o n s  t o  t h e  t a x  c a l c u l a t i o n s  o f  

t h e  code were made as requ i red .  
Table V l i s t s  t h e  bas i c  parameters t h a t  were used t o  c a l c u l a t e  t h e  l e v e l -  

i z e d  l i f e - c y c l e  cos ts  f o r  t h e  75 MW(e) HDR p l a n t .  The r e s u l t a n t  base case 
c o s t  was 4.4$/kWh i n  1981 d o l l a r s .  I n  t h e  f o l l o w i n g  paragraphs we w i l l  
d iscuss  t h e  s e l e c t i o n  o f  parameters and t h e  changes i n  l e v e l i z e d  c o s t  which 

r e s u l t  f rom a l t e r n a t e  parameter se lec t i ons .  The f i q u r e s  used f o r  investments,  

o p e r a t i n g  and maintenance cos ts ,  p l a n t  l i f e t i m e s ,  and c a p a c i t y  have a l ready  

been discussed i n  p rev ious  sec t ions ,  so t h i s  s e c t i o n  w i l l  deal  p r i m a r i l y  w i t h  

t h e  f i n a n c i a l  and t a x  parameters. 
The most impor tan t  f i n a n c i a l  parameter i s  t h e  i n t e r e s t  r a t e  p a i d  on cap i -  

t a l .  For t h e  base case we have used a nominal 17% i n t e r e s t  r a t e  f o r  b o t h  
bonds and equ i t y .  Th i s  r a t e  i s  r e f l e c t i v e  o f  c u r r e n t  r a t e s  o f  r e t u r n  i n  t h e  

e l e c t r i c  u t i l i t y  i n d u s t r y .  P u b l i c  u t i l i t y  bonds r e c e n t l y  have been y i e l d i n g  

16 1/2% f o r  AAA r a t e d  s e c u r i t i e s  ( t h e  most secure r a t i n g ) ,  rang ing  up t o  17% 

f o r  A r a t i n g s  and 17.3% f o r  BAA ( u s u a l l y  t h e  l e a s t  secure r a t i n g  f o r  marke t ing  

newly i ssued bonds t o  t h e  p u b l i c ) .  *' The 1981 range f o r  t h e  BAA bonds has 
been about 1518%.  So i f  p u b l i c  f i n a n c i n g  o f  HDR p l a n t  c a p i t a l  i s  contem- 

p la ted ,  then even t h e  r i s k i e s t ,  expected new bond r a t i n g  would c a r r y  w i t h  i t  

an i n t e r e s t  r a t e  near 17% a t  present.  L ikewise, recent  r e t u r n s  on p u b l i c  
u t i l i t y  common stock based on p r i c e  earn ings  r a t i o s  o f  over 5.8 a r e  a l s o  ve ry  

c l o s e  t o  17%. The 1981 range on these e q u i t y  r e t u r n  r a t e s  has been 14.7- 
18.2%.22 As we s h a l l  see, t h e  ac tua l  i n t e r e s t  r a t e  has a l a r g e  e f f e c t  on t h e  
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TABLE V 

BASE CASE ECONOMIC PARAMETERS FOR A 75 MW(e) HDR STATION: 
LEVELIZED LIFE-CYCLE COST CALCULATION I N  1981 DOLLARS 

Resu l t  - Level  i z e d  L i  f e - c y c l e  Cost 4.4 $/kwh 

To ta l  Investment 
D r i l l i n g  and F r a c t u r i n g  Investment 
E l e c t r i c  P l a n t  and Other Investment 
Opera t ing  and Maintenance/year 

Reservo i r  L i f e t i m e  
E l e c t r i c  P l a n t  L i f e t i m e  
P1 an t  Capaci ty 
Capac i ty  Fac tor  

Nominal I n t e r e s t  Rate 
E q u i t y  I n t e r e s t  Rate 
Bond I n t e r e s t  Rate 
F r a c t i o n  o f  Cap i ta l  i n  E q u i t y  
F r a c t i o n  o f  C a p i t a l  i n  Bonds 
I n f l a t i o n  Rate 
Real I n t e r e s t  Rate 

Federal Income Tax Rate 
S t a t e  Income Tax Rate 
Gross Revenue Tax Rate 

$154 m i l l i o n  
87 m i l l i o n  
67 m i l l i o n  

2.33 m i l l i o n  

10 years  
30 yea rs  
75 megawatts e l e c t r i c  
85% 

17% 
17% 
17% 
.56 
.44 
6% 

10.4% 

46% 
5% 

2.5% 

Deprec ia t i on  Method Sum o f  D i g i t s  
Share o f  D r i l l i n g  and F r a c t u r i n g  Costs 

Which a r e  I n t a n g i b l e  75% 
Depl e t  i on A1 1 owance 15% 
Share o f  To ta l  Revenues t o  Which 

Dep le t i on  A1 lowance App l ies  56% 
Regular Investment Tax C r e d i t  10% 
Geothermal Investment Tax C r e d i t  n o t  taken 

l e v e l i z e d  l i f e - c y c l e  cos t  of e l e c t r i c i t y ,  so it i s  impor tan t  t o  account f o r  

r e a l i s t i c  r a t e s  o f  r e t u r n  on c a p i t a l .  For s i m p l i c i t y  we w i l l  u s u a l l y  s e t  b o t h  
bond and e q u i t y  r a t e s  equal t o  t h e  same f i g u r e .  There i s  good t h e o r e t i c a l  

bas i s  f o r  us ing  a s i n g l e  i n t e r e s t  r a t e  f o r  e v a l u a t i n g  a p r o j e c t .  23 The bas i c  

i dea  i s  t h a t  t h e  p r o j e c t  as a whole can be evaluated f o r  i t s  o v e r a l l  business 

r i s k  and business r e t u r n  p o t e n t i a l ,  which a re  independent o f  t h e  p a r t i c u l a r  
f i n a n c i a l  ins t ruments  used t o  r a i s e  t h e  investment funds. However, t h e r e  i s  

a l s o  a bas i s  f o r  expec t ing  ac tua l  i n t e r e s t  r a t e s  t o  d i f f e r  between bonds and 
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e q u i t y  on the  same p r o j e c t  due t o  leverag ing  o f  f i n a n c i a l  r i s k  and due t o  t a x  
ef fects.  We have separated ou t  t h e  t a x  e f f e c t  problem by examining t h e  e f f e c t  
on bus bar  cos t  o f  changing the  r a t i o  o f  debt t o  e q u i t y  w h i l e  l eav ing  i n t e r e s t  

ra tes  unchanged. 
We assumed t h a t  t h e  f r a c t i o n  o f  c a p i t a l  f inanced by bonds i s  equal t o  

0.44, based on t h e  assumption t h a t  bonds w i l l  f i nance  t h e  e l e c t r i c  p l a n t  and 
o the r  surface investments (44% o f  t o t a l  c a p i t a l )  , whereas r i s k i e r  e q u i t y  funds 

w i l l  pay f o r  w e l l s  and f r a c t u r i n g .  I n  t h e  l ong  run  t h i s  i s  a conserva t ive  
( i  .e., p e s s i m i s t i c )  assumption because mature u t i l  i t y  i n d u s t r y  debt  f r a c t i o n s  

are  h igher ,  b u t  i s  probably  r e a l i s t i c  d u r i n g  t h e  e a r l y  years  o f  t h e  i ndus t r y .  
Because of t h e  tax  d e d u c t i b i l i t y  o f  bond i n t e r e s t ,  l e v e l i z e d  cos ts  would drop 

i f  a l a r g e r  p o r t i o n  o f  c a p i t a l  was f inanced w i t h  borrowed funds. For example, 
i f  we s imp ly  reverse t h e  debt t o  e q u i t y  r a t i o  so t h a t  debt f inances  56% o f  

c a p i t a l ,  then l e v e l i z e d  cos ts  drop by 2.8 m i l l s  t o  about 4.l#/kWh. I f  we want 
t o  be r e p r e s e n t a t i v e  of a mature p u b l i c  u t i l i t y  i n d u s t r y  we cou ld  use t h e  

c u r r e n t  e l e c t r i c  u t i l  i t y  debt percentage which i s  62.5%. 24 Th is  changes o u r  
base case l e v e l i z e d  bus bar  cos t  t o  4.Oj!/kWh, bu t  probably  would be an 

u n r e a l i s t i c a l l y  h igh  debt r a t i o ,  a t  l e a s t  i n i t i a l l y ,  f o r  an i n f a n t  i n d u s t r y  
such as HDR. 

The i n t e r e s t  d i f f e r e n c e s  between bond and e q u i t y  f i n a n c i n g  w i l l  be 

i n f l uenced  by t h e  debt f r a c t i o n  and by o v e r a l l  p r o j e c t  r i s k .  However, t h e  
weighted average i n t e r e s t  r a t e  ( i n c l  ud ing tax  e f f e c t s )  requ i red  by f i n a n c i a l  

markets w i l l  depend on ly  on r e a l  p r o j e c t  business c h a r a c t e r i s t i c s  and r i s k s .  
So by focus ing  on a s i n g l e  i n t e r e s t  r a t e ,  and s e t t i n g  bond and e q u i t y  r a t e s  

equal t o  t h i s  p r o j e c t  r a t e  f o r  s i m p l i c i t y ,  we do no t  l o s e  any i n s i g h t  i n t o  
t o t a l  l e v e l i z e d  bus bar  cos t .  23,* 

The i n t e r e s t  r a t e  which a c t u a l l y  determines the  " r e a l "  l e v e l  o f  bus bar  

cos t  i s  t h e  ' ' r ea l "  ( n o n i n f l a t i o n a r y ,  constant  d o l l a r )  i n t e r e s t  ra te.  The r e a l  
r e t u r n s  t o  a p r o j e c t  r e s u l t  from t h e  p r o d u c t i v i t y  o f  c a p i t a l  and i n c l u d e  a 

premium f o r  r i s k ,  which depends on t h e  u n c e r t a i n t y  o f  business prospects. 
Observed marke t  i n t e r e s t  r a t e s  c o n t a i n  an a d d i t i o n a l  component t h a t  i s  

requ i red  t o  compensate lenders  f o r  t h e  de f l a ted  va lue  o f  t h e  funds t h a t  a r e  

* I n  f a c t ,  we have ca l cu la ted  bus bar  cos ts  where debt and e q u i t y  r a t e s  a re  not  
equal i n  t h e  mature i n d u s t r y  case. Th is  c a l c u l a t i o n  i s  e a s i l y  handled by t h e  
BICYCLE code (Ref. 20). A proper weighted average i n t e r e s t  r a t e  ( i n c l u d i n g  
t a x  e f f e c t s )  y i e l d s  i d e n t i c a l  r e s u l t s .  
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re tu rned t o  them. The t r u e  cos t  of funds needed f o r  a p r o j e c t  depends on ly  on 

t h e  marg ina l  p r o d u c t i v i t y  o f  c a p i t a l  i n  general ,  i. e., t h e  going r a t e  on 
funds f o r  l ow- r i sk  p r o j e c t s ,  p l u s  t h e  r i s k  premium f o r  t h e  s p e c i f i c  p r o j e c t .  

Th is  t r u e  cos t  i s  independent o f  genera l i zed  changes i n  t h e  va lue  of  money 
i t s e l f .  To eva lua te  t h e  r e a l  l e v e l  of c a p i t a l  market cos ts ,  we need t o  

concent ra te  on d e f l a t e d  i n t e r e s t  ra tes.  Thus, t h e  nominal i n t e r e s t  ra te ,  i , 
which i s  a c t u a l l y  observed i n  t h e  f i n a n c i a l  markets w i l l  c o n s i s t  o f  a I I rea l "  

component, r ,  t h e  t r u e  r e t u r n  on inves ted  c a p i t a l ,  and an i n f l a t i o n  premium, 
P, which compensates i n v e s t o r s  f o r  t h e  loss o f  purchasing power o f  t h e  d o l l a r s  

they a r e  pa id  back w i th ,  b u t  does no t  p rov ide  any r e a l  income. The r e l a t i o n  
between these terms du r ing  d i s c r e t e  t i m e  per iods  i s  ( 1  + i) = ( 1  + r ) ( l  + p).  

So i n  our  i n f l a t i o n a r y  base case, t oday ' s  nominal 17% i n t e r e s t  r a t e  r e f l e c t s  a 
somewhat lower " r e a l "  i n t e r e s t  ra te .  The assumption about what i n f l a t i o n  r a t e  

t h e  f i n a n c i a l  markets are i n c l u d i n g  i n  t h e  nominal r a t e  c a l c u l a t i o n  i s  c r i t i -  
ca l  t o  knowing what t h e  llrealll i n t e r e s t  r a t e  i s .  We have assumed an i n f l a t i o n  

r a t e  o f  6%/year i n  a l l  o f  our  base c a l c u l a t i o n s .  Wi th  ou r  base 17% nominal 
i n t e r e s t  r a t e  t h i s  i m p l i e s  a I l rea l "  r a t e  o f  r e t u r n  of about 10.4%. It i s  t h i s  
r e a l  r a t e  which determines cons tan t  d o l l a r  bus bar  costs.  F i g u r e  8 shows 
l e v e l i z e d  bus bar  cos ts  as a f u n c t i o n  o f  r e a l  i n t e r e s t  ra tes .  The ca l cu la -  

t i o n s  upon which Fig. 8 i s  based were a l l  made assuming a 6% i n f l a t i o n  ra te .  

REAL INTEREST R A T E 0  

Fig .  8. 
Leve l i zed  HDR e l e c t r i c  p l a n t  bus bar  cos t  as a f u n c t i o n  o f  r e a l  i n t e r e s t  ra te .  
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The nominal r a t e s  o f  i n t e r e s t  used were 10.8, 14, 17, 20, and 25%. The reader I 
may conver t  t h e  r e a l  i n t e r e s t  r a t e s  o f  Fig.  8 t o  normal market r a t e s  by u s i n g  

t h e  f o r m u l a  p r e v i o u s l y  1 i s t e d ,  o r  a p p r o x i m a t e l y ,  by  a d d i n g  t h e  assumed 

i n f l a t i o n  r a t e  t o  t h e  r e a l  i n t e r e s t  ra te .  We chose t o  use a 6% i n f l a t i o n  r a t e  

because i t  has been approx imate ly  t h e  average r a t e  over t h e  l a s t  15 years ,  and 

i t  corresponds t o  c u r r e n t l y  p r e d i c t e d  r a t e s  over t h e  1980's. 25 The a c t u a l  
i n f l a t i o n  r a t e  i s  unimportant t o  computing t h e  cons tan t  d o l l a r  bus ba r  c o s t  o f  

e l e c t r i c i t y  p rov ided one i s  c a r e f u l  t o  recogn ize  what ' ' r ea l "  i n t e r e s t  r a t e  
corresponds t o  nominal market ra tes .  The reason f o r  i n c l u d i n g  t h e  i n f l a t i o n  

r a t e  i n  t h e  c a l c u l a t i o n  a t  a l l  i s  t h a t  i t  does have t a x  e f f e c t s  which change 
f i n a l  revenue requirements s l i g h t l y .  For our base case HDR p l a n t ,  we found 

t h a t  h o l d i n g  r e a l  i n t e r e s t  r a t e s  cons tan t ,  zero  i n f l a t i o n  would reduce bus b a r  

cos ts  by o n l y  0.6 mi l ls /kWh, whereas r a i s i n g  i n f l a t i o n  t o  11% increased bus 

ba r  cos ts  by o n l y  0.6 mi l ls /kWh. 
The reader may make h i s  own conc lus ions  from F ig .  8 as t o  how f a s t  and how 

f a r  HDR e l e c t r i c i t y  cos ts  would drop as t h e  matur ing  i n d u s t r y ' s  f i n a n c i a l  and 
business s t r e n g t h  and r e l i a b i l i t y  r e s u l t  i n  l e s s  r i s k  premium and lower  r e a l  

i n t e r e s t  ra tes .  A r e a l  i n t e r e s t  r a t e  o f  4.5%, y i e l d i n g  a bus b a r  c o s t  of 
3.l$/kWh, i s  h i g h l i g h t e d  i n  Fig. 8 because i t  represents  an exac t  f i n a n c i a l  

analog ( i n c l u d i n g  t a x  ra tes ,  debt e q u i t y  r a t i o ,  d e p r e c i a t i o n  method, etc.) t o  

t h e  f i g u r e s  f o r  a mature coal  and nuc lear  e l e c t r i c  i n d u s t r y  as r e c e n t l y  

s t u d i e d  i n  Hard ie  and Thayer. 26 The low weighted average i n t e r e s t  r a t e  used 

i n  t h e  Hard ie  and Thayer s tudy  i s  based on t h e  ac tua l  h i s t o r i c a l  r e a l  r a t e s  o f  

2.5% on u t i l i t y  bonds and 7% on equ i t y .  Thus, should t h e  f i n a n c i a l  markets 
pe rce i ve  equal r i s k s ,  our HDR p l a n t  would have bus ba r  cos ts  e s s e n t i a l l y  i d e n t i -  

c a l  t o  new coa l  p l a n t s  ( a t  $25/ton f o r  c o a l )  o r  new nuc lea r  p l a n t s  ( a t  $25 
lb/U308), b o t h  o f  which have bus bar  cos ts  o f  about 3.2$/kWh. However, i t  i s  

u n r e a l i s t i c  t o  b e l i e v e  t h a t  t h e  young HDR e l e c t r i c  i n d u s t r y  cou ld  o b t a i n  such 
low  f i n a n c i n g  ra tes ,  and the re fo re  our base case nominal r a t e  o f  17% ( r e a l  

r a t e  o f  10.4%) prov ides  a r e a l i s t i c  r i s k  premium f o r  t h e  near f u t u r e .  The 
c o n s e r v a t i v e n e s s  o f  o u r  f i n a n c i a l  c a l c u l a t i o n s ,  i n  c o n j u n c t i o n  w i t h  t h e  

r e a l i s m  o f  t h e  d r i l l i n g  and o t h e r  c o s t  es t imates  p r e v i o u s l y  discussed, should 

make i t  abundantly c l e a r  t h a t  a "mature" HDR e l e c t r i c  i n d u s t r y  should be 

h i g h l y  compe t i t i ve  w i t h  c u r r e n t  e l e c t r i c  genera t ion  f a c i l i t i e s .  
Return ing  now t o  some of t h e  o the r  parameters i n  Table V, we used t h e  

new 46% Federal income t a x  ra te ;  t h e  normal 10% Federal investment t a x  c r e d i t ;  
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a 5% s t a t e  income t a x  r a t e ,  which i s  h ighe r  than average b u t  i s  t h e  New Mexico 

r a t e ;  and t h e  f a i r l y  t y p i c a l  2.5% gross revenue t a x  r a t e  o f  New Mexico. The 

d e p r e c i a t i o n  method used f o r  t a x  purposes was t h e  favo rab le  sum o f  d i g i t s  
method, b u t  no a t tempt  was made t o  i n c o r p o r a t e  t h e  upcoming new acce le ra ted  

d e p r e c i a t i o n  r u l e s  because t h e  I R S  has n o t  y e t  de f i ned  how t h e y  a re  t o  be 
implemented. These new r u l e s  w i l l  p robab ly  have n e g l i g i b l e  a d d i t i o n a l  b e n e f i t  

t o  our HDR system because we a l ready  have spec ia l  t a x  b e n e f i t s  ( i n c l u d i n g  

r a p i d  expense w r i t e o f f s )  o f  much more importance. 

Our HDR e l e c t r i c  p l a n t  rece ives  spec ia l  t a x  b e n e f i t s  as a r e s u l t  o f  t h e  

U.S. Energy Tax Act o f  1978 i n  th ree ,  forms: expensing i n t a n g i b l e  d r i l l i n g  
27,28 cos ts ,  a d e p l e t i o n  a1 1 owance, and a geothermal investment t a x  c r e d i t .  

These t a x  f e a t u r e s  a r e  very impor tan t  t o  t h e  economic f e a s i b i l i t y  of t h e  

system -- w i t h o u t  any o f  them our base case bus ba r  c o s t  r i s e s  t o  5.2$/kWh. 
Expensing t h e  i n t a n g i b l e  d r i l l i n g  cos ts  by i t s e l f  saves about O.B$/kWh, and 
t h e  d e p l e t i o n  al lowance i s  a l s o  wor th  another 0.4$/kWh. Thus, t o g e t h e r  t h e y  
reduce bus bar  cos ts  t o  t h e  base case l e v e l  o f  4.4$/kWh. We have no t  i n c l u d e d  
t h e  spec ia l  10% geothermal investment t a x  c r e d i t  i n  our base case because i t  

e x p i r e s  on December 31, 1982 and thus  w i l l  n o t  be r e p r e s e n t a t i v e  o f  f i n a n c i n g  
arrangements i n  t h e  f u t u r e .  For a p l a n t  be ing  b u i l t  c u r r e n t l y  t h e  e f f e c t  o f  
t h i s  c r e d i t  would be t o  reduce bus ba r  c o s t  i n  ou r  base case t o  4.l$/kWh. 

The o p t i o n  t o  expense i n t a n g i b l e  d r i l l i n g  cos ts  f o l l o w s  b a s i c a l l y  t h e  

method used i n  o i l  and gas d r i l l i n g .  For ou r  base case we assumed t h a t  75% of  
d r i l l i n g  and f r a c t u r i n g  cos ts  would be i n t a n g i b l e .  Th i s  i s  based on f i g u r e s  
f o r  normal land-based o i l  and gas d r i l l i n g  and on exper t  o p i n i o n  about v a r i a -  

t i o n s  expected i n  HDR d r i l l i n g  opera t ions ,  publ ished29 and unpublished.* It 

i s  a conserva t i ve  number as t h e r e  i s  a p o s s i b i l i t y  t h a t  t h e  f i g u r e  cou ld  go as 
h i g h  as 90% depending on HDR techno log ica l  developments and i s  ve ry  u n l i k e l y  

t o  be l e s s  than  75%. S t a f f  a t  Los Alamos Nat iona l  Labora tory  es t imated  a 

t a n g i b l e  cos t  o f  $ 1  300 000 f o r  our  r e s e r v o i r  des ign  i n c l u d i n g  su r face  

equipment, casing, and t u b i n g  s t r i n g s  i n  each w e l l  f o r  p o s s i b l e  removal and 

replacement i n  commercial opera t ion ,  and f l o w  c o n t r o l  equipment i n  every o t h e r  
well .** Th i s  es t ima te  s t i l l  produces an i n t a n g i b l e  c o s t  f r a c t i o n  of 85% 

*Personal communications w i t h  Wal ly Tyner o f  Purdue U n i v e r s i t y ,  Ron M i l l e r  and 
John Broder ick  of DOE Leasing P o l i c y  O f f i c e ,  Bob K a l t e r  o f  Cornel1 U n i v e r s i t y ,  
and Ed Kaufman geothermal consu l tan t ,  Los Alamos, October 1981. 
**Personal communication w i t h  Don Dreesen, Los Alamos Nat iona Laboratory,  
October 1981. 
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( taxwise,  more favorable than the  75% f i g u r e  used f o r  c a l c u l a t i o n s ) .  However, 

even i f  t h e  r a t i o  r i s e s  t o  90%, our  bus bar  cos t  drops by on ly  0.6 mi l ls /kWh 
from our base case us ing  75%, so our f i n a l  cos ts  a re  r e l a t i v e l y  i n s e n s i t i v e  t o  

the  exact i n t a n g i b l e  cos t  r a t i o .  
I n  computing the  tax  e f fec ts  o f  t h e  geothermal d e p l e t i o n  al lowance we 

used t h e  15% r a t e  which w i l l  be e f f e c t i v e  i n  1984 and t h e r e a f t e r .  A c t u a l l y  
t h e  r a t e  i s  20% i n  1981, 18% i n  1982, and 16% i n  1983. But g iven t h e  aims o f  

our  r e p o r t  i t  seemed f a i r e s t  j u s t  t o  use t h e  f u t u r e  r a t e  f o r  a l l  years and t o  
i gno re  t h e  m in i scu le  e x t r a  b e n e f i t  t h a t  might  accrue t o  a p l a n t  s t a r t i n g  

opera t ions  i m e d i a t e l y .  The d e p l e t i o n  al lowance t e c h n i c a l l y  app l i es  on l y  t o  
t h e  hot  water sa les value and no t  t o  f i n a l  e l e c t r i c i t y  sales.  So a method o f  

a l l o c a t i n g  t h e  share o f  HDR water cos t  ou t  o f  t o t a l  bus bar  cos t  has t o  be 
appl ied.  We s imp ly  took t h e  share of c a p i t a l  expendi tures (56%) t h a t  t h e  HDR 

produc t ion  f a c i l i t y  absorbed and used t h a t  percent  o f  t o t a l  revenue as be ing  
t h e  hot  water value. Th is  method seems t o  p rov ide  a s a t i s f a c t o r y  approxima- 

t i o n  f o r  our  purposes, because our  ana lys i s  shows t h a t  t h e  percentage o f  HDR 
revenues can range from 39% t o  73% o f  bus bar  e l e c t r i c i t y  p r i c e  i n  o rde r  t o  

cause on ly  a 1.0 mi l l / kWh change i n  o u r  4.4jf/kWh l e v e l i z e d  cost.  
Our tax  c a l c u l a t i o n s  depend on an i n s t i t u t i o n a l  s t r u c t u r e  t h a t  makes it 

poss ib le  t o  t r u l y  r e a l i z e  a l l  o f  t h e  t a x  b e n e f i t s ,  by hav ing income t o  o f f s e t  

w i t h  deduct ions o r  a b i l i t y  t o  c a r r y  over i n t o  f u t u r e  years. Th is  means t h a t  

t h e  p r o j e c t  may have t o  be p a r t  o f  a l a r g e r  corpora te  s t r u c t u r e  t o  f u l l y  
u t i l i z e  t h e  tax  c r e d i t s ,  e tc .  Th is  i s  no t  a r e s t r i c t i v e  assumption as ample 

evidence i n d i c a t e s  r o u t i n e  methods o f  ach iev ing  these r e s u l t s  i n  t h e  r e a l  
world.* Even i n  t h e  specu la t i ve  o i l  d r i l l i n g  business t h e r e  are  whole schemes 

o f  s e l l i n g  t a x  she l te rs ,  u n i t i z i n g  f i e l d s  (a l ready  t r u e  o f  C a l i f o r n i a  geo- 
thermal steam w e l l s ) ,  and o the r  arrangements t o  f u l l y  e x p l o i t  t h e  t a x  incen- 

t i v e s  se t  up by t h e  government. So we b e l i e v e  t h a t  our  c a l c u l a t i o n s  are  n o t  

o n l y  hypo the t i ca l  l y  c o r r e c t ,  bu t  a c t u a l l y  r e a l  i z a b l e  through normal management 

and o rgan iza t i ona l  s t ruc tu res .  
Our bus bar  cos t  o f  4.4j!/kWh i s  s i m i l a r  t o  the  cos ts  o f  HDR e l e c t r i c i t y  

repor ted  i n  References 1 and 2, i n  s p i t e  o f  t h e  s i g n i f i c a n t l y  d i f f e r e n t  
r e s e r v o i r  design assumptions and the  dynamic o p t i m i z a t i o n  methodologies used 

%Personal communications w i t h  Wal ly  Tyner o f  Purdue U n i v e r s i t y ,  Ron M i l l e r  and 
John Broder ick  o f  DOE Leasing P o l i c y  O f f i ce ,  Bob K a l t e r  o f  Cornel1 U n i v e r s i t y ,  
and Ed Kaufman geothermal consul t a n t  , Los A1 amos, October 1981 . 
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i n  those s tud ies .  I n  p a r t i c u l a r ,  i n  References 1 and 2 i t  was assumed t h a t  

each r e s e r v o i r  r e q u i r e d  two w e l l s ,  whereas here we used 9 w e l l s  f o r  12 
r e s e r v o i r s .  Reference 1 assumed c o s t s  of 3.8 o r  S.O$/kWh ( c o r r e c t e d  t o  1981 
do l  1 a r s )  and then c a l c u l a t e d  p r o f i t  l e v e l  s depended upon va r ious  r e s e r v o i  r and 

t e c h n i c a l  parameters. Reference 2 found a c o s t  o f  3.3g!/kWh ( c o r r e c t e d  t o  
1981 d o l l a r s )  f o r  geothermal g rad ien ts  s i m i l a r  t o  Fenton H i l l  b u t  used d r i l l -  

i n g  c o s t s  t h a t  were o n l y  about h a l f  t h e  l e v e l  o f  those used here. Thus t h e  
general  magnitude o f  p r e v i o u s l y  s tud ied  bus b a r  cos ts  can be r e c o n c i l e d  w i t h  

o u r  r e s u l t s ,  w i t h  our  cos ts  be ing  more soundly based on recen t  research and 
cos t  data. 

D. Comparison With Conventional Power S t a t i o n s  

Hot d r y  rock geothermal power p roduc t i on  cos ts  must be compared w i t h  t h e  

c o s t s  of o t h e r  genera t ing  systems i n  o rde r  t o  eva lua te  t h e i r  commercial 

f e a s i b i l i t y .  Table V I  summarizes t h e  most impor tan t  c o s t  c h a r a c t e r i s t i c s  o f  a 
number of t y p i c a l  genera t ing  s t a t i o n s .  The c a l c u l a t i o n s  f o r  these cos ts  were 

a l l  performed i n  t h e  same way, u s i n g  t h e  method descr ibed e a r l i e r ,  so t h a t  t h e  
f i n a l  l e v e l i z e d  bus bar  cos ts  can be d i r e c t l y  compared. The o n l y  excep t ion  i s  
t h a t  ou r  HDR base case assumes a much l e s s  f a v o r a b l e  i n t e r e s t  r a t e  and c a p i t a l  

TABLE V I  

COMPARISON OF ELECTRICITY GENERATING COSTS I N  LEVELIZED, CONSTANT 1981 DOLLARS+ 
Type 0 1  C a p i t a l  Cost Fuel Level ized Bus Bar 

Generating S t a t i o n  A p p l i c a t i o n  ($/kW o f  Capaci t y l  Cost Cost (#/kWh) 

Hot Dry Rock Baseload 
Geot hermal 

Coa 

O i  1 

Nu c 

Gas 

F i r e d  Steam Basel oad 

F i r e d  Steam Basel oad 

ear  LWR Baseload 

Turbine Peaking 

Diesel  E l e c t r i c  Peaking 

$2060 None 4.4* 
3.1** 

97 5 $25/ton 3.2 
$40/ton 3.9 

645 $34/BBL 6.9 
$5O/BBL 9.6 

1335 $25/ lb  U308 3.2 
$75/lb U308 3.6 

202 $2.7 2 /mc f 4.2 
$5.00/mcf 7.2 

300 $34/BBL 
$5O/BBL 

8.4 
11.9 

Method o f  c a l c u l a t i o n :  Ref. 20. t 

*Base Case, 10.4% r e a l  i n t e r e s t  ra te.  
**Using mature i n d u s t r y  c a p i t a l  s t r u c t u r e  and i n t e r e s t  r a t e s  t o  make plant- independent 
parameters i d e n t i c a l  t o  o the r  generat ing s t a t i o n s  l i s t e d .  

Sources o f  i n p u t  data: Refs. 19, 25, 26, 30, 31. 
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s t r u c t u r e ,  as p r e v i o u s l y  discussed. However, we have a l so  shown i n  the  t a b l e  

t h e  c a l c u l a t i o n  f o r  ou r  HDR system wi th  a mature f i n a n c i a l  s t ruc tu re .  Th is  
y i e l d s  a 3.lfi/kWh f i n a l  cos t ,  which i s  i n s i g n i f i c a n t l y  d i f f e r e n t  f rom t h e  

present coal  and nuc lear  cos ts  c a l c u l a t e d  w i t h  i d e n t i c a l  p lant- independent 
assumptions. 

Fo r  each of t h e  fue l  burn ing p l a n t s  we have f i r s t  shown a f i n a l  bus bar  

cos t  assuming t h a t  today 's  r e a l  f u e l  p r i c e s  w i l l  remain unchanged. A second 
s e t  of cos ts  i s  a l so  shown f o r  a h igher  " r e a l "  (1981 d o l l a r s )  fue l  cos t  t o  
g i v e  some i n d i c a t i o n  as t o  how expected f u e l  p r i c e  r i s e s  w i l l  a f f e c t  t h e  c o s t  
of  e l e c t r i c i t y  f o r  these p lan ts .  For  c o a l - f i r e d  steam s t a t i o n s ,  f o r  example, 

we present r e s u l t s  f o r  a c u r r e n t  cos t  o f  $25 per  ton,  b u t  even today ac tua l  
cos ts  vary from a low o f  $15 p e r  ton, which some Rocky Mountain s t a t i o n s  s t i l l  

have access to ,  t o  a h igh  o f  $50 per  t o n  i n  New England s tates.  The a n t i c i -  
pated fu tu re  t y p i c a l  cos t  was taken as $40 p e r  ton,  a p r i c e  which many 

s t a t i o n s  are paying already. To emphasize t h e  importance o f  f u e l  cos ts  i t  i s  
noted t h a t  even a t  present  cos ts ,  f u e l  cos ts  a re  a s i g n i f i c a n t ,  even t h e  

dominant, f a c t o r  i n  bus bar  p r ices .  For example, a t  $25 per  ton,  t he  coa l  
cos t  alone represents  l.lf per kWh, and a t  $34 p e r  b a r r e l  t h e  cos t  o f  o i l  
represents  5.71 per  kWh. I n  these c a l c u l a t i o n s  t h e  hea t ing  va lue  o f  coal  was 
taken as 12 000 b t u  per  l b ,  t h a t  o f  o i l  taken as 5.5 x l o 6  b t u  per  b a r r e l ,  and 

t h a t  o f  na tu ra l  gas taken as 1 000 b t u  per  scf. 

We a1 so performed l e v e l  i zed  1 i f e  c y c l e  cos t  c a l c u l a t i o n s  assuming t h a t  

t oday ' s  r e a l  p r i c e s  w i l l  r i s e  a t  a 3%/year ra te .  The r e s u l t s  a re  omi t ted  f rom 
t h e  t a b l e  t o  avoid added c l u t t e r  and because f u t u r e  p r i c e  e s c a l a t i o n  r a t e s  a r e  

a m a t t e r  o f  speculat ion.  But t h e  q u a n t i t a t i v e  r e s u l t s  f o r  t h e  genera t ing  
p l a n t s  a re  s i m i l a r  t o  t h e  t a b u l a r  f i n a l  cos ts  shown f o r  a s imple h ighe r  f u e l  

p r i ce .  The impor tan t  p o i n t  i s  t h a t  t h e  HDR system cos ts  do no t  depend on fue l  
p r i c e s ,  so t h a t  HDR's r e l a t i v e  advantages can o n l y  grow i n  t h e  face  o f  r i s i n g  

r e a l  f u e l  cos ts  f o r  convent ional  power s ta t i ons .  The s t a b i l i t y  o f  t h e  HDR 
c o s t  i s  a dual  b e n e f i t :  t o  u t i l i t i e s  i n  t h e i r  c a p i t a l  f i nanc ing ,  and t o  

consumers i n  t h e i r  use o f  t h e  f i n a l  product.  
Looking a t  Table V I  we can see t h a t  t h e  HDR s t a t i o n  i s  a l ready  much 

lower  i n  cos t  than petroleum-using p l a n t s  o f  any type: 4.4jVkWh compared t o  
6.9f f o r  o i l  f i r e d  steam, and 8.41/kWh d i e s e l - e l e c t r i c .  HDR i s  rough ly  

compe t i t i ve  now w i t h  n a t u r a l  gas bu rn ing  p lan ts ,  4.4$/kWh compared t o  4.2UkWh 
f o r  a gas t u r b i n e  peaking u n i t ,  and i s  expected t o  improve i t s  p o s i t i o n  
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r a p i d l y  as gas de regu la t i on  r e s u l t s  i n  dramat ic  gas p r i c e  increases. So o n l y  
Coal and nuc lear  p l a n t s  (bo th  3.2f/kWh c u r r e n t l y )  remain as r e a l i s t i c  competi- 

t i o n  t o  HDR baseload e l e c t r i c i t y .  The reader may e x t r a p o l a t e  h i s  own fue l  
p r i c e  inc rease expec ta t ions  f o r  these generat ing s t a t i o n s  from t h e  f i gu res  

shown, and may consider  the  e f f e c t s  o f  probable drops i n  HDR cos ts  as techno- 
l o g i c a l  exper ience i s  gained. The l i f e - c y c l e  cos t  f i g u r e s  shown, based on 

ac tua l  c a p i t a l  and fuel  p r i c e s  i n  1981 and c a l c u l a t e d  on a common bas is ,  leave 
l i t t l e  doubt about t h e  f u t u r e  comparat ive economic advantages o f  HDR power 

s t a t  i ons . 

V. DISCUSSION AND CONCLUSIONS 

We conclude t h a t  a 7 5  MW(e) HDR genera t ing  s t a t i o n  can s e l l  e l e c t r i c i t y  
a t  t h e  bus bar  f o r  4.4 cents per  kWh and "break even", i.e., pay i t s  debts and 
0 & M cos ts ,  s a t i s f y  t a x  l i a b i l i t i e s ,  and s t i l l  r e t u r n  17% per  year  t o  i t s  
inves tors .  Should i n t e r e s t  and investment r e t u r n  r a t e s  f a l l  below 17%, s i g n i -  
f i c a n t  cos t  decreases w i l l  r e s u l t  -- f o r  example a d e c l i n e  from 17% t o  14% 

r e s u l t s  i n  a 15% decrease i n  l e v e l i z e d  bus bar  cost .  Th is  HDR bus bar  cos t  i s  
based on c a l c u l a t i o n s  assuming rea l  r a t e s  o f  r e t u r n  o f  more than double h i s t o r -  

i c a l  e l e c t r i c  u t i l i t y  l eve l s .  A mature HDR i n d u s t r y  w i t h  r a t e s  o f  r e t u r n  a t  
more normal l e v e l s  would have a bus bar  cos t  o f  o n l y  3.lf/kWh. Th is  cos t  

c a l c u l a t i o n  i s  dominated by c a p i t a l  costs,  which amount t o  90% o f  t h e  t o t a l  
cos t .  The c a p i t a l  cost ,  i n  t u r n ,  i s  dominated by j u s t  two i tems, sur face  
p l a n t  equipment, and the  d r i l l i n g  and complet ion o f  we l ls .  The s u r f a c e  p l a n t  

equipment, i n c l u d i n g  d r y  coo l i ng ,  comprises 41% o f  t h e  c a p i t a l  cos t  and, 

accord ing ly ,  roughly  37% o f  t he  bus bar  cost .  The d r i l l i n g  and complet ion 
cos ts  comprise 50% o f  c a p i t a l  and about 45% o f  t h e  bus bar  cos t ,  consequent ly 

any percentage increase o r  decrease i n  d r i l l i n g  cos ts  i s  imned ia te ly  r e f l e c t e d  
as about one-ha l f  t h a t  percentage change i n  bus bar  cost .  

Because the  sur face  p l a n t  and d r i l l i n g  cos ts  a re  so impor tant ,  amounting 
toge the r  t o  81% of bus bar  p r i c e ,  these cos ts  were discussed i n  d e t a i l  and 

j u s t i f i e d  i n  t h e  t e x t .  To r e i t e r a t e ,  t h e  t o t a l  sur face  p l a n t  equipment cos t  
was taken as $833, 85% of t h e  t o t a l  c a p i t a l  cos t  o f  a c o a l - f i r e d  s t a t i o n ,  

which i nc ludes  expensive equipment f o r  p o l l u t i o n  abatement ( t a l l  s tacks,  
p r e c i p i t a t o r s ,  waste ma te r ia l  hand1 ing ,  etc.) , f u e l  p repara t i on  and combustion 
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(crushers,  washers, separators,  b o i l e r s ,  superheaters),  and a u x i l  i a r y  equip- 
ment (preheaters ,  feed water pumps, etc.) . 

D r i l l i n g  cos ts  were assumed t o  be s i m i l a r  t o  EE-2/EE-3 costs. Desp i te  
t h e  expected commercial matura t ion  o f  HDR d r i l l i n g  i t  was assumed t h a t  conven- 

t i o n a l  r o t a r y  d r i l l i n g  would be used, w i t h  no f u r t h e r  techn ica l  improvements, 

and t h a t  we cou ld  avoid o n l y  one-ha l f  t h e  " d i s a s t e r s "  t h a t  b e f e l l  EE-2 and 

EE-3. Th is  i s  an extremely s t r i n g e n t  assumption -- i n  t h e  comparison o f  HDR 
cos ts  t o  coal -  and o i l - f i r e d  cos ts  we make comparisons t o  techno log ies  t h a t  
have matured over 60 years.  But deep, hard rock d r i l l i n g  i s  s t i l l  i n  i t s  
in fancy  and much improvement can be expected even i n  r o t a r y  d r i l l i n g .  I n  the  

longer  view, new means o f  d r i l l i n g ,  f o r  example impulse and thermal s p a l l a t i o n  
methods, may o f f e r  even more s i g n i f i c a n t  cos t  savings. A h a l v i n g  o f  geother- 

mal d r i l l i n g  costs ,  which would s imply  make them comparable t o  o i l  and gas 
d r i l l i n g  costs ,  would put  t he  bus bar  cos t  o f  HDR a t  o n l y  3.3 cents  pe r  kWh 

w h i l e  s t i l l  i n c l u d i n g  t h e  s u b s t a n t i a l  f i n a n c i a l  r i s k  premium i m p l i e d  by a 
10.4% r e a l  i n t e r e s t  ra te .  Th i s  cos t  i s  i n  good agreement w i t h  t h e  cos t  e s t i -  

mated i n  Ref. 26 f o r  coal  and nuc lea r  p l a n t s  i n  1981. If, however, remain ing 
s k e p t i c s  i n s i s t  t h a t  t h e  t o t a l  EE-2/EE-3 cos ts  be used f o r  a l l  f u t u r e  we l l s ,  

t h e  bus bar  cos t  would inc rease on ly  by 8%, t o  4.8 cents  per  kWh, w i t h  r e a l  
i n t e r e s t  ra tes  s t i l l  t w i c e  t h e  normal e l e c t r i c  u t i 1  i t y  l e v e l s .  

HDR cos ts  were a l s o  based i n  p a r t  upon r e s e r v o i r  heat e x t r a c t i o n  char-  
a c t e r i s t i c s  measured i n  Phase I experiments a t  Fenton H i l l ,  New Mexico. On 

t h e  one hand they  are conserva t ive  i n  t h a t  i t  was assumed t h a t  f u t u r e  
f r a c t u r e s  are  l i m i t e d  t o  a diameter no g rea te r  than 360 m, mere ly  20% g rea te r  

than t h e  one demonstrated i n  t h e  Phase I r e s e r v o i r ;  t h a t  on ly  about o n e - t h i r d  

of  t h e  t o t a l  heat o f  t he  r e s e r v o i r  volume would be ex t rac ted ;  and t h a t  t h e  

b e n e f i c i a l  e f f e c t s  o f  thermal s t ress  c rack ing  were n e g l i g i b l e .  Furthermore i t  
was assumed t h a t  even when t h i s  smal l  f r a c t i o n ,  o n e - t h i r d  o f  t h e  heat 

p o t e n t i a l l y  a v a i l a b l e  from a rock volume was ex t rac ted ,  t h e  w e l l s  would be 
comple te ly  abandoned - -  t h e  p o s s i b i l i t y  o f  min ing heat from adjacent  reg ions 

of rock by e i t h e r  deepening t h e  w e l l s  o r  s i d e t r a c k i n g  was ignored. On t h e  
o t h e r  hand the  economic c a l c u l a t i o n s  assumed t h a t  t h e  r e s e r v o i r  w i l l  be 

developed i n  t h e  manner in tended f o r  t h e  Phase I 1  rese rvo i r .  Each b u i l d i n g -  
b l o c k  r e s e r v o i r  must have 16 f r a c t u r e s  w i t h  t h e  r e q u i s i t e  h e a t - t r a n s f e r  area 

and f l o w  capaci ty .  Th is  i s  c l e a r l y  a formidable task,  and represents  one o f  

t h e  t h r e e  most impor tant  t echn ica l  tasks  t o  be accomplished i n  t h e  coming 
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years. The o the r  two tasks are conc lus i ve  demonstrat ion o f  thermal s t r e s s  
c rack ing  i n  l a r g e  rese rvo i r s ,  and s i g n i f i c a n t  reduct ions i n  d r i l l i n g  costs.  
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