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ABS TRACT 

This report is one of two case studies of economic factors that 

may jnfluence the potential commercial feasibility of electricity 

produced from hot dry rock geothermal resources (HDR) funded under 

DOE Contract No. DE-AS04-79ET27017. The case study described here 

concerns an HDR system which provides geothermal fluids for a hypo- 

thetical electric plant located in the Fenton Hill area in New Mexico's 

Jemez Mountains. The second case study* concerns an HDR system which 

is hypothetically located in California's Imperial Valley. 

Primary concern in this report is focused on the implications 

of differing drilling conditions, as reflected by costs, and differing 

risk environments for the potential commercialization of an HDR system. 

Drilling costs for best, medium and worst drilling conditions are taken 

from a recent study of drilling costs for HDR systems prepared by the 

Republic Geothermal Company. 

by differing rate-of-return requirements on stocks and interest on bonds 

which the HDR system is assumed to pay; rate of returdinterest combina- 

tions considered are 6%/3%, 9%/6%, 12%/9% and 15%/12%. 

Differing risk environments are represented 

The method of analysis used here is that of determining the minimum 

busbar cost for electricity for this case study wherein all costs are 

expressed in annual equivalent terms. 

electric generating plant is determined jointly with the minimum cost 

design for the HDR system. 

designs for the plant and HDR system is given specific attention 

Th,e minimum cost design for the 

The interdependence between minimum cost 

* Cummings. R. G. and G. E. Morris, December, 1979(b). 
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in this report; the optimum design temperature for the plant is shown 

here to be lower than one might expect for conventional power plants 

-- in the range 225O-265OC. 
Major results from the analyses of HDR-produced electricity in 

the Fenton Hill area are as follows. With real, inflation-free, debt/ 

equity rates of 6% and 9%, respectively, the minimum busbar cost is 

shown to lie in the range 18-29 mills/kwh. 

rise to 12% and 15%, busbar costs rise to 24-39 mills/kwh. 

When real debt/equity rates 

i v  
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I .  INTRODUCTION 

. 

A. The HDR Geothermal Resource. To most people ,  r e f e r e n c e  t o  

' 'geothermal resources"  i s  taken t o  mean t h e  e x i s t e n c e  of ho t  water and/ 

o r  steam t h a t  is  found below t h e  surface of t h e  e a r t h .  It i s  well-known 

t h a t  such r e sources ,  t e c h n i c a l l y  descr ibed  as " l i q u i d  ( o r ,  vapor) domi- 

nated" geothermal a q u i f e r s  (LDA's) are g e n e r a l l y  l o c a t e d  only  i n  areas 

w i t h  anomalous g e o l o g i c a l  c h a r a c t e r i s t i c s  and such areas are f r e q u e n t l y  

some d i s t a n c e  from c e n t e r s  of demand f o r  e l e c t r i c  power and/or  p rocess  

h e a t .  Moreover, i n  many cases t h e  temperature  of t h e  l i q u i d s  o r  b r i n e s  

a s s o c i a t e d  wi th  LDA's i s  low and t h i s  l i m i t s  t h e  number of a p p l i c a t i o n s  

t o  which they  may be  economically a p p l i e d .  

Another source  f o r  geothermal energy ex i s t s ,  however.* Th i s  source ,  

t h e  "hot d ry  rock'' (HDR) geothermal r e source ,  is rep resen ted  schemat i ca l ly  

i n  F igu re  1. I n  g e n e r a l ,  as one moves towards t h e  center of t h e  e a r t h  t h e  

e a r t h ' s  temperature  increases. This increase i n  temperature  (usually 

measured i n  degrees  c e n t i g r a d e  p e r  k i lome te r  of v e r t i c a l  depth ,  'C/km> i s  

r e f e r r e d  t o  as a "geothermal tempera ture  g rad ien t "  o r  a "gradient" ;  gener- 

a l i z e d  g r a d i e n t s  f o r  parts of t h e  United States are g iven  below i n  F igure  2 .  

A t  any g iven  geographica l  s i t e ,  a w e l l  i s  d r i l l e d  some 3 t o  10 k i lome te r s  

(kms) i n t o  areas of impermeable c r y s t a l l i n e  rock ( g r a n i t e )  as shown i n  

F igure  1. 

i n g ,  given t h e  g r a d i e n t  a t  t h e  s i t e ) ,  a f r a c t u r e  ( o r  system of f r a c t u r e s )  

When a d e s i r e d  rock temperature  i s  achieved (via depth of  d r i l l -  

Jr Actua l ly ,  one can c a t e g o r i z e  fou r  sources  f o r  geothermal energy: n a t u r a l  
convect ion systems (LDA's), conduct ion dominated systems (HDR) , geo- 
pressured  r e sources ,  and h o t  igneous (magma) systems; see Burness,  et. al. 
( 1 9 7 9 ) .  
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is  c r e a t e d  i n  t h e  rock.  A second w e l l  i s  then d r i l l e d  t o  i n t e r s e c t  t h e  

f r a c t u r e  above i t s  i n t e r s e c t i o n  w i t h  t h e  f i r s t  w e l l .  Water o r  o t h e r  f l u i d s  

may then  be seen  as be ing  pumped (under  h igh  p res su re )  through t h e  f i r s t ,  

" i n j e c t i o n "  w e l l ,  pa s s ing  over  t h e  s u r f a c e  of t h e  f r a c t u r e  ( t h e  HDR "reser- 

voi r" )  and r e t u r n i n g  t o  t h e  s u r f a c e  t h e  second, product ion  w e l l ;  t h e  

r e t r i e v e d  h o t  f l u i d  may t hen  be used f o r  many p rocess  h e a t  a p p l i c a t i o n s  o r  

i n  t h e  product ion  of e l e c t r i c i t y .  I n  c o n t r a s t  t o  t h e  LDA, t h e  HDR system 

a s  descr ibed  is  a man-made system, i n  which case, f i r s t ,  system temperature  

i s  f i x e d  by des ign  (via - t h e  choice  of d r i l l i n g  depths)  and, second, given 

t h e  v i r t u a l  omnipresence of t h e  r e source ,  l o c a t i o n  o r  s i t i n g  is much less 

cons t r a ined .  

B .  P o l i c y  Q u e s t i o n s  of Relevance f o r  HDR Systems. The wor ld ' s  f i r s t  

completed HDR system w a s  c r e a t e d  a t  Fenton H i l l ,  l o c a t e d  i n  t h e  Jemez 

Mountains i n  c e n t r a l  New Mexico, by s c i e n t i s t s  a t  t h e  Los Alamos S c i e n t i f i c  

Laboratory i n  June 1977 ;  t h e  development of l a r g e r  HDR systems i s  c u r r e n t -  

l y  underway. The exper imenta l  systems w i l l  form t h e  core  of f u t u r e  HDR 

r e sea rch .  While, obvious ly ,  a l a r g e  number of  t echno log ica l  q u e s t i o n s  

r e q u i r e  r e s o l u t i o n  b e f o r e  claims f o r  a "proven" technology can be made, 

r e sea rch  t o  d a t e  i s  s u f f i c i e n t  t o  determine those  t e c h n i c a l  and economic 

f a c t o r s  which w i l l  l i k e l y  be  of  primary importance i n  determining t h e  econom- 

i c  f e a s i b i l i t y  of t h e  technology once proven [ s e e  EPRI, 19791 . Some of  t h e s e  

more imp0 r t a n t  f a c  tors-ques t i o n s  are : 

( i )  Temperature drawdown: Temperature drawdown -- t h e  coo l ing  

of t h e  h o t  rock as water i s  passed ove r  i t  -- i s  determined by r e s e r v o i r  

s i z e  ( t h e  s u r f a c e  area of t h e  f r a c t u r e )  and t h e  well-flow r a t e  -- t h e  r a t e  

( i n  ki lograms pe r  second,  kg /sec)  a t  which water is  passed through the  reser- 

v o i r .  Given a well-flow ra te ,  l a r g e r  r e s e r v o i r  s i z e  imp l i e s  lesser tempera- 
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t u r e  drawdown; g iven  a r e s e r v o i r  s i z e ,  smaller wel l - f low rates imply smaller 

rates of tempera ture  drawdown. A major R&D q u e s t i o n  then  concerns  t h e  poss i -  

b i l i t y  of des igning  r e s e r v o i r s  s o  as t o  have  l a r g e  enough s u r f a c e  areas t o  

accommodate well-flow rates On t h e  o r d e r  of 75-150 kg/sec* w i t h  "acceptable"** 

rates of tempera ture  drawdown. 

( i i )  S i t i n g  c o n s i d e r a t i o n s :  Given t h e  dependence of d r i l l i n g  depths  

r e q u i r e d  f o r  any t a r g e t  r e s e r v o i r  tempera ture  on t h e  geothermal tempera ture  

g r a d i e n t  (which i s  s i t e - s p e c i f i c ) ,  what are m i n i m u m  g r a d i e n t  ranges  i n  which 

HDR systems might b e  commercially f e a s i b l e ?  A response  t o  t h i s  q u e s t i o n  has  

immediate i m p l i c a t i o n s  f o r  t h e  p o t e n t i a l  magnitude of HDR's r e s o u r c e  base.  

(iii) How deep should HDR r e s e r v o i r s  be  d r i l l e d ?  What i s  a n  optimum 

r e s e r v o i r  tempera ture?  A s  i s  d i scussed  i n  [EPRI, 19791 and [Hageman, 19791, 

a response  t o  t h i s  ques t ion  i s  i n e x t r i c a b l y  t i e d  t o  t h e  ques t ion :  What i s  

t h e  g e n e r a t i n g  p l a n t ' s  des ign  temperature? 

r e s e r v o i r  dep th ,  and t h e r e f o r e  temperature ,  and t h e  p l a n t ' s  des ign  tempera- 

t u r e  i s  developed below. 

This  in te rdependence  between 

( i v )  How much w i l l  d r i l l i n g  f o r  HDR r e s e r v o i r s  c o s t ?  Given t h a t  

d r i l l i n g  t o  l a r g e  depths  i n  h o t  g r a n i t e  i s  n o t  a w e l l  e s t a b l i s h e d  technology,  

e s t ima ted  d r i l l i n g  c o s t s  [see Milora  and Tester, 19761 f o r  HDR systems is  

g e n e r a l l y  based on expe r i ences  i n  t h e  petroleum i n d u s t r y  wherein d r i l l i n g  

w i l l  normally cease when g r a n i t e  i s  encountered.  More r e c e n t l y ,  a Los 

Alamos-funded s tudy  of d r i l l i n g  c o s t s  by t h e  Republic Geothermal Company 

p rov ides  a method f o r  d e r i v i n g  d e t a i l e d  estimates of d r i l l i n g  c o s t s  f o r  

HDR, b u t  such estimates w i l l  remain p rob lema t i ca l  u n t i l  ex pos t  ana lyses  

* Given t h e  n e c e s s i t y  of  having s u f f i c i e n t  f l u i d s  from HDR r e s e r v o i r s  t o  
s a t i s f y  t h e  gene ra t ing  p l a n t ' s  des ign  flow r a t e ,  very  small well-flow ra tes  
would imply t h e  need f o r  many HDR r e s e r v o i r s  f o r  each gene ra t ing  p l a n t .  

** A t  some level  of accumulated tempera ture  drawdown, t h e  r e s e r v o i r  m u s t  be  
r e -e s t ab l i shed  ( r e - d r i l l i n g  i s  d iscussed  below) a t  a n o n - t r i v i a l  c o s t ;  
"acceptable" ,  i n  t h i s  c o n t e x t ,  i s  then  an economic ques t ion  r e l a t e d  t o  
the  c o s t s  of w e l l  r e -es tab l i shment ,  an i s s u e  which i s  t r e a t e d  below. 
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of d r i l l i n g  c o s t s  a c t u a l l y  incu r red  become a v a i l a b l e .  A t  i s s u e .  then ,  

i s  t h e  s e n s i t i v i t y  of one ' s  assessment  concerning t h e  p o t e n t i a l  commercial 

f e a s i b i l i t y  of HDR systems t o  a l t e r n a t i v e  estimates f o r  d r i l l i n g  c o s t s .  

(v)  F i n a n c i a l  r i s k :  I t  i s  n o t  a t  a l l  uncommon t o  f i n d  p r i v a t e  

bus inesses  r i s k  a v e r s e  i n  terms of t h e  adopt ion  of d r a m a t i c a l l y  d i f f e r e n t  

t echno log ie s ;  t h i s  i s  p a r t i c u l a r l y  t r u e  when l a r g e  amounts of up-front  

c a p i t a l  inves tments  are r equ i r ed  b e f o r e  product ion  even beg ins .  A mani- 

f e s t a t i o n  of a technology which i s  viewed as " r i sky"  i s ,  among o t h e r  t h i n g s ,  

t h e  n e c e s s i t y  of t h e  i n v e s t o r  f i rm t o  pay very  h i g h  rates of r e t u r n  on 

investment c a p i t a l ,  i. e . ,  very  high i n t e r e s t  rates which r e f l e c t  a premium 

f o r  r i s k .  The i m p l i c a t i o n s  of h igh  i n t e r e s t  rates f o r  t h e  commercial 

f e a s i b i l i t y  of HDR systems then  become of p a r t i c u i a r  importance.  

C. The Fenton H i l l  Case Study. As noted  earlier,  t h e  f i v e  issues 

desc r ibed  above ( a s  w e l l  as o t h e r s )  have been cons idered  i n  one con tex t  

o r  another .*  A l l  of t h e s e  earlier s t u d i e s  (wi th  one excep t ion  noted below) 

have a b s t r a c t e d  from s i t e - s p e c i f i c  problems as they  would b e  r e f l e c t e d  i n  

c o s t s ,  however; f u r t h e r ,  r e c e n t  changes i n  tax  p r o v i s i o n s  r e l e v a n t  f o r  HDR 

systems ( p a r t i c u l a r l y ,  d e p l e t i o n  al lowances)  were no t  considered i n  t h e s e  

works. A l l  of  t h i s  i s  t o  sugges t  t h e  need f o r  a n  assessment  of HDR's po- 

t e n t i a l  commercial f e a s i b i l i t y  w i t h i n  t h e  con tex t  of a case s tudy  wherein 

s i t e - s p e c i f i c  c o n s i d e r a t i o n s  are brought  t o  b e a r  on r e l e v a n t  c o s t s  and 

which would i n c o r p o r a t e  more r e c e n t  d a t a  i n  d r i l l i n g  c o s t s  and t axes .  

The purpose of t h i s  r e p o r t  i s  t o  provide such an expanded, s i te-  

s p e c i f i c  a n a l y s i s .  A case  s t u d y  i s  provided which cons ide r s  t h e  p o t e n t i a l  

f See, e . g . ,  Cumings and Morris  (1979a),  Hageman (1979) % and Cumminps 
and Morris (1979b). 
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commercial f e a s i b i l i t y  of a n  HDR e l e c t r i c i t y - p r o d u c i n g  system l o c a t e d  i n  

t h e  Fenton H i l l  area i n  New Mexico's Jemez Mountains. The ana lyses  pre-  
. .  

s e n t e d  h e r e  focus  p r i m a r i l y  on t h e  i s s u e s  ( i i i ) ,  ( i v ) ,  and (v) l i s t e d  

above--optimal d r i l l i n g  depths ,  t h e  i m p l i c a t i o n s  of a l t e r n a t i v e  d r i l l i n g  

c o s t s  estimates and t h e  i s s u e  of r i s k .  The i s s u e  of tempera ture  drawdown 

(problem ( i )  above) i s  n o t  g iven  e x p l i c i t  t r ea tmen t ,  b u t  our  ana lyses  are  

p red ica t ed  on  a s i g n i f i c a n t  rate of tempera ture  drawdown i n  t h e  f i r s t  f i v e  

y e a r s  of ope ra t ion .  S i t i n g  ( g r a d i e n t )  c o n s i d e r a t i o n s  (problem ( i i )  above) 

are n o t  r e l e v a n t  inasmuch as t h e  only  geothermal g r a d i e n t  of i n t e r e s t  h e r e  

i s  t h a t  r e l e v a n t  f o r  t h e  Fenton H i l l  s i t e .  

Th i s  r e p o r t  i s  in tepded  as a companion r e p o r t  t o  a case s tudy  of  

HDR-produced e l e c t r i c i t y  i n  t h e  I m p e r i a l  Val ley ,  C a l i f o r n i a  [Cummings and 

Morr i s ,  1979bl. The p r e s e n t  Fenton H i l l  case s t u d y  d i f f e r s  from t h e  case 

s tudy  of t h e  Imper i a l  Val ley  i n  a p a r t i c u l a r l y  important  way, however. 

I n  t h e  Imper i a l  Val ley s tudy ,  two s e p a r a t e  b u s i n e s s  e n t i t i e s  are assumed: 

a power producing company who "owns" t h e  HDR r e s e r v o i r s ,  and an e l e c t r i c  

- g e n e r a t i n g  p l a n t .  The power producing company sells h o t  water o r  steam 

t o  t h e  e lectr ic  gene ra t ing  p l a n t .  

on a g iven  des ign  f o r  t h e  e l e c t r i c  gene ra t ing  p l a n t .  I n  t h e  p r e s e n t  s tudy ,  

however, t h e  HDR r e s e r v o i r s  and t h e  power p l a n t  a re  assumed t o  be under a 

The des ign  of t h e  HDR system is  based 

c e n t r a l i z e d  management scheme wherein o p e r a t i n g  p o l i c i e s  and system des ign  

f o r  f l u i d  producing and e l e c t r i c i t y  gene ra t ing  a c t i v i t i e s  a r e  determined 

j o i n t l y .  Th i s  " j o i n t  management" scheme, wh i l e  d i f f e r e n t  from t h e  arrange-  

ment c u r r e n t l y  employed f o r  LDA developments i n  t h e  U.  s . ,  s e r v e s  t o  c a l l  

a t t e n t i o n  t o  a somewhat unique c h a r a c t e r i s t i c  of  HDR systems i n  t h e i r  u se  

t o  provide  power f o r  e l e c t r i c  gene ra t ion ,  e, t h e  interdependence between 

I 

HDR r e s e r v o i r  design (as  r e l a t e d  t o  d r i l l i n g  depth)  and power p l a n t  des ign .  
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This  r e p o r t  i s  organized i n  the  fol lowing manner. I n  s e c t i o n  11, a 

ske tch  of t h e  methodology used h e r e  f o r  a s s e s s i n g  t h e  p o t e n t i a l  commercial 

f e a s i b i l i t y  of HDR-produced e l e c t r i c i t y  i s - g i v e n .  F e a s i b i l i t y  ana lyses  

a re  presented  i n  s e c t i o n  111 concerning t h e  HDR system under a l t e r n a t i v e  

assumptions f o r  d r i l l i n g  c o s t s  and r i s k .  Concluding remarks are o f f e r e d  

i n  s e c t i o n  I V .  

D. Some Caveats.  The r o l e  of economic ana lyses ,  such as those  pre-  

s en ted  h e r e ,  a t  e a r l y  staees of technology development h a s  r ece ived  con- 

s i d e r a b l e  a t t e n t i o n  i n  t h e  r e c e n t  l i t e r a t u r e . *  I n  t h e  case of HDR, such 

"early ' '  e c o n m i c  ana lyses  are intended t o  serve two major purposes ,  

f i r s t  purpose i s  t o  p o i n t  t o  management and des ign  s t r a t e g i e s  t h a t  may be  

somewhat unique t o  HDR systems vis-a-vis convent iona l  technologies ;  de- 

f i n i n g  t h e s e  s t r a t e g i e s  may have t h e  e f f e c t  of sugges t ing  p r i o r i t i e s  i n  

A 

terms of R&D e f f o r t s .  The second purpose i s  t o  i d e n t i f y  c o n d i t i o n s  under 

which t h e  HDR technology, once a proven technology, might meet t h e  market 

test  of provid ing  s e r v i c e s  a t  a compet i t ive  cost-- i .e . ,  t h e  p o t e n t i a l  

commercial f e a s i b i l i t y  of a proven HDR technology. From t h e  s t andpo in t  

of r e s e a r c h e r s  and policymakers,  t h e r e f o r e ,  a b a s i s  i s  e s t a b l i s h e d  f o r  com- 

p a r a t i v e  ana lyses  concerning t h e  c o s t  e f f e c t i v e n e s s  of R6D funds a l l o c a t e d  

t o  HDR research  as w e l l  as f o r  long-range planning r e l a t e d  t o  t h e  U.S. 

p o t e n t i a l  s tock  of energy r e sources .  

I n  t h e  Fenton H i l l  c a se  s tudy  presented  he re ,  a wide range of reser- 

v o i r  and gene ra t ing  p l a n t  c h a r a c t e r i s t i c s  and parameters  are  he ld  f i x e d  

a t  va lues  based on p l a u s i b l e ,  perhaps even conse rva t ive ,  e s t i m a t e s  given 

* See, e .g . ,  Burness,  e t . a l ,  (1979) and Cumings and Schulze (1979).  
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t h e  c u r r e n t  s t a g e  of technology development ( s e e  Table 1).  

s e n s i t i v i t y  of busbar  c o s t s  f o r  HDR-produced e l e c t r i c i t y  t o  d r i l l i n g  c o s t  

Analyses of t h e  

estimates, r i s k ,  e tc . ,  a re  t h e n  r e l e v a n t  f o r  t h i s  p a r t i c u l a r  set of v a l u e s ,  

assuming a proven technology f o r  HDR. Obviously, i f  f u t u r e  r e s e a r c h  and/or  

economic c o n d i t i o n s  r e s u l t  i n  more o r  less f a v o r a b l e  v a l u e s  f o r  t h e  para-  

meters given i n  Table 1, t h e  p o t e n t i a l  fo r  f e a s i b l e  BDR systems i s  improved 

o r  diminished, respectively. 
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TABLE 1 

PARAMETER VALUES FOR THE 

FENTON HILL CASE STUDY 

Power Plant Parameters: 

Plant capacity 

Capacity factor 

System life 

Operation & maintenance 

Income taxes 

Plant design temperature 

Design flow rate 

Reservoir Parameters: 

Geothermal gradient 

Fracture radius 

Number of fractures 

Operation & maintenance 

50 MW(e) 

.80 

30 years 

5 mills/kwh 

52% of taxible income 

235OC 

346 kg/ sec 

60°C/km 

300 m 

6 

$500,00O/year 
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11. HDR-PRODUCED ELECTRICITY AT FENTON HILL : 

A METHODOLOGICAL SKETCH 

A.  Problem S e t t i n g .  The Fenton H i l l  area i s  l o c a t e d  i n  New Mexico's 

Jemez Mountains some 90 m i l e s  n o r t h  of Albuquerque, New Mexico, and some 

t e n  a i r  m i l e s  from t h e  major f a c i l i t i e s  of t h e  Los Alamos S c i e n t i f i c  Lab- 

o r a t o r y .  Th i s  is  t h e  area i n  which LASL e s t a b l i s h e d  and en larged  i t s  f i r s t  

HDR system and i s  c u r r e n t l y  d r i l l i n g  a commercial-scale second system. 

Based on d r i l l i n g  exper ience  t o  d a t e ,  t h e  average  geothermal tempera ture  

g r a d i e n t  i n  t h i s  area i s  thought  t o  b e  on t h e  o rde r  of 60OC/km. 
/1 

For ana lyses  of i n t e r e s t  h e r e ,  w e  p o s i t  t h e  e x i s t e n c e  of a 50MW(e) 
. ,  

electr ic  gene ra t ing  p l a n t  i n  t h e  Fenton H i l l  environment:  t h e  power p l a n t  

uses  a Binary F lu id  Rankine Cycle technology.  Surrounding t h e  p l a n t  i s  t h e  

HDR w e l l  f i e l d  (F igu re  1) which p rov ides  t h e  power r equ i r ed  by t h e  e l e c t r i c  

gene ra t ing  p l a n t .  P l a n t  des ign ,  as r ep resen ted  h e r e  by t h e  p l a n t ' s  des ign  

tempera ture  (which p l a y s  a major r o l e  i n  determining p l a n t  c o s t s ) ,  and t h e  

des ign  of t h e  HDR system are  t o  be  con junc t ive ly  determined.  Thus, t h e r e  

i s  t h e  i m p l i c i t  assumption t h a t  a s i n g l e  management e n t i t y  determines t h e  

des ign  f o r  bo th  t h e  e l e c t r i c  gene ra t ing  p l a n t  and t h e  HDR r e s e r v o i r  system. 

B. Revenues and Costs f o r  t h e  System. Revenues f o r  t h i s  j o i n t  power 

p r o d u c i n g - e l e c t r i c i t y  gene ra t ing  system emanate from t h e  s a l e  of e l e c t r i c i t y .  

Rather  t han  a t t empt ing  t o  s p e c u l a t e  as t o . t h e  p o s s i b l e  s t r u c t u r e  f o r  f u t u r e  

e l e c t r i c i t y  p r i c e s  ( a t  t h e  busba r ) ,  t h e  busbar  p r i c e  pe r  k i lowat t -hour  (kwh) 

of e l e c t r i c i t y  i s  taken  he re  t o  simply equa l  t h e  busbar  - c o s t  

e l e c t r i c i t y :  t h e  busbar  c o s t  i s  t h a t  amount pe r  kwh which j u s t  cove r s  a l l  

HDR system c o s t s  ( i n c l u d i n g  r e t u r n s  t o  inves t ed  c a p i t a l )  and exc ludes  

of  producing 



e l e c t r i c i t y  t r ansmiss ion  and d i s t r i b u t i o n  c o s t s .  

" f e a s i b i l i t y "  may b e  a s s e s s e d  

A s  such , system 
, 

t he  comparison of busbar  c o s t s  e s t ima ted  
I 

f o r  e l e c t r i c i t y  ( i n  1978 d o l l a r s )  w i t h  es t imated  f u t u r e  busbar  c o s t s  f o r  

e l e c t r i c i t y  produced w i t h  o t h e r  technologies .  

s u b j e c t  of s e c t i o n  111 below. 

Such a n a l y s e s  are t h e  

Costs  f o r  t h e  HDR system w i l l  f a l l  i n t o  t h e  fo l lowing  c a t e g o r i e s :  

( i )  exploration-development c o s t s ;  

( i i )  c o s t s  f o r  p l a n t  c o n s t r u c t i o n ;  

( i i i )  d r i l l i n g  and f l u i d  d i s t r i b u t i o n  c o s t s  f o r  e s t a b l i s h i n g  
HDR r e s e r v o i r s ;  

, 
( i v )  r e - d r i l l i n g  c o s t s ;  

( v) 

(Vi)  t axes .  

opera t ion lmain tenance  c o s t s  and o t h e r  annual  c o s t s ;  

Methods used f o r  c a l c u l a t i n g  annual  equ iva len t  v a l u e s  f o r  each of t h e s e  

components of c o s t  are desc r ibed  i n  t h e  fo l lowing;  a summary of n o t a t i o n  

used i n  t h i s  s e c t i o n  i s  shown i n  Table 2 .  
I 

~ 

( i )  Exploration-development Cos ts .  S ix  types  of exp lo ra t ion -  . 

development c o s t s  are inc luded  i n  HDR system c o s t s .  These are: t h e  c o s t  

of land  purchase f o r  t h e  power p l a n t ,  lease c o s t s  f o r  l a n d  r equ i r ed  f o r  

t h e  HDR r e s e r v o i r s ,  c o s t s  of geophys ica l  surveys  r e q u i r e d  f o r  s i t e  re- 

connaissance and f o r  s i t e  s e l e c t i o n  and d r i l l i n g  c o s t  f o r  f i v e  sha l low 

exp lo ra to ry  w e l l s .  q e s e  c o s t s  are incu r red  from s i x  t o  nine y e a r s  p r i o r  

t o  t h e  beginning  of p l a n t  o p e r a t i o n  as shown i n  Table  3. Inasmuch a s  a l l  

revenues and c o s t s  are t o  b e  measured i n  cons t an t ,  1978 d o l l a r s  i n  t h e  

i n i t i a l  year  of p l a n t  o p e r a t i o n s ,  i t  i s  then necessary  t o  inc lude  i n  these  

exploration-development c o s t s  a l l  i n t e r e s t  charges  t h a t  would accumulate ,  

between t h e  year  i n  which t h e  c o s t  i s  incu r red  and t h e  f i r s t  year  of 

I 

I 1 2  
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TABLE 2 

SUMMARY OF NOTATION 

EDC: Exploration-development c o s t s  

MW: I n s t a l l e d  capac i ty  of  e l e c t r i c  gene ra t ing  p l a n t  ( i n  MW(e)) 

Td: Design tempera ture  of e l e c t r i c  gene ra t ing  p l a n t  

PCC : P l a n t  c o n s t r u c t i o n  c o s t  

AVPCC: , Annualized va lue  of p l a n t  c o n s t r u c t i o n  c o s t s  

Real ra te  of r e t u r n  on deb t  

Real rate o f  r e t u r n  on debt  a d j u s t e d  f o r  taxes 

The des ign  f l u i d  flow rate f o r  t h e  p l a n t  (ki lograms p e r  second,  kg / sec )  

rl : 

fl: 
PFR: 

WFR: Well-flow-rate f o r  an HDR r e s e r v o i r  (kg / sec )  

D: Average d r i l l i n g  depth  f o r  t h e  i n i t i a l  e s t ab l i shmen t  of an HDR 
r e s e r v o i r  ( f e e t )  

D r i l l i n g  c o s t s  f o r  t h e  i n i t i a l  e s t ab l i shmen t  of an HDR r e s e r v o i r  DC: 

R e a l  r a te  of r e t u r n  on e q u i t y  

Real r a t e  o f  r e t u r n  on e q u i t y  a d j u s t e d  f o r  t a x e s  

r2: 

f 2 :  
, N: . The number of HDR r e s e r v o i r s  ( p a i r s  of w e l l s )  r equ i r ed  t o  s a t i s f y  

t h e  p l a n t ' s  f l u i d  flow requi rements  

PC : Pipe  c o s t s  

TDC: T o t a l  i n i t i a l  d r i l l i n g  c o s t s  

CRF: C a p i t a l  recovery f a c t o r  

RDC: R e d r i l l i n g  c o s t s  

DD,ST: R e d r i l l i n g  techniques ,  "deeper d r i l l i n g "  and s i d e - t r a c k i n g  

AVDC: Annualized va lue  of t o t a l  ( i n c l u d i n g  r e d r i l l i n g )  d r i l l i n g  c o s t s  

TXY : Taxable income f o r  t h e  HDR system 

p :  . Busbar p r i c e  of e l e c t r i c i t y  

p*: Busbar c o s t  of e l e c t r i c i t y  

PO: Annual power ou tpu t  ( i n  kwh) 
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TABLE 3 

ESTIMATED EXPLORATION, LEASING, AND DEVELOPMENT COSTS , 

FOR A HOT DRY ROCK POWER PLANT 

YEARS TO START 
OF PRODUCTION 

TYPE OF 
A C T I V I T Y  

9 Power p l a n t  s i t e  purchase ' $ 125,000 

9 Leased w e l l  s i t e  (per  p a i r  of w e l l s )  293,000 

8 Geophysical sur'veys f o r  S i te  reconnaisance 131,000 

7 Geophysical surveys  f o r  s i t e  s e l e c t i o n  131,000 

7 Shallow exp lo ra to ry  d r i l l i n g  (5 h o l e s )  262,000 

6 Deep e v a l u a t i o n  d r i l l i n g  (1-3 h o l e s )  2,360,000 

'Explora t ion  Development Costs  "EDC" $3,302,000 
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p l a n t  o p e r a t i o n s .  Thus, c o s t s  given i n  Table 3 f o r  each exp lo ra t ion -  

development a c t i v i t y  inc ludes  such accumulated i n t e r e s t . *  For t h e  pur- 

pose  of l a te r  d i scuss ions ,  t h e  sum of t h e s e  c o s t s  is denoted "EDC" 

( "expl o r a t  ion-development c o s t s  'I) . 
( i i )  P l a n t  Cons t ruc t ion  Costs .  Cons t ruc t ion  c o s t s  f o r  t h e  e l e c t r i c  

gene ra t ing  p l a n t  are es t ima ted  from an  up-dated** ve r s ion  of t h e  c o s t  fo r -  

mulae f o r  an opt imized,  b i n a r y  c y c l e  p l a n t  g iven  i n  Milora  and Tester 

[1976, p .  1121. Defining PCC as "p lan t  c o n s t r u c t i o n  cos t s " ,  t h e  gene ra l  

formulae f o r  c a l c u l a t i n g  such c o s t s  i s  given by t h e  fo l lowing ,  where MW 

i s  i n s t a l l e d  capac i ty  ( i n  megawatts, MW(e)) and Td i s  t h e  p l a n t ' s  des ign  

tempera ture  ( i n  OC) : 

, PCC = MW [$976,910 - $2,146(Td)] 

Th i s  formula t ion  i s  assumed t o  hold f o r  i n s t a l l e d  c a p a c i t i e s  between 

50MW (e) and lOOMW (e ) ,  and f o r  des ign  tempera tures  i n  t h e  range 100' t o  300°C. 

Since  i n s t a l l e d  capac t ty  is  f i x e d  i n  our  case s tudy  a t  50MW(e), PCC 

i s  measured. as 

Inc luded  i n  t h i s  estimate f o r  p l a n t  c o n s t r u c t i o n  c o s t s  i s  accumulated 

i n t e r e s t  dur ing  c o n s t r u c t i o n ;  i . e . ,  PCC i s  measured i n  t h e  f i r s t  year  of 

p l a n t  ope ra t ion .  I n  c a l c u l a t i n g  t h i s  "present  value" of .PCC a t  the  f i r s t  

yea r  of ope ra t ion ,  a 5-year c o n s t r u c t i o n  pe r iod  i s  assumed wherein 10% 

* Costs  a re  i n f l a t e d  by t h e  f a c t o r  ( l + r ) t  where r i s  t h e  a p p r o p r i a t e  i n -  
terest r a t e  (d i scussed  below) and t i s  t h e  number of yea r s  between t h e  
y e a r  i n  which the  c o s t  i s  incu r red  and t h e  beginning of p l a n t  o p e r a t i o n s  
( e . g . ,  t = 7 f o r  d r i l l i n g  c o s t s  f o r  shal low walls ,  Table  3 ) .  

** Milora and Tester va lues ,  i n  1976 d o l l a r s ,  were i n f l a t e d  by 20% f o r  
1978 d o l l a r s .  
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of c o s t s  are incu r red  i n  t h e  f i r s t  yea r  of c o n s t r u c t i o n ,  17% i n  t h e  second 

year  and 2 4 . 3 3 %  i n  t h e  t h i r d ,  f o u r t h  and f i f t h  yea r s  of cons t ruc t ion .  

Using an i n t e r e s t  rate r , a d j u s t e d  f o r  income t a x e s  deduct ions  on i n t e r e s t  

payments", a c a p i t a l  recovery  f a c t o r  is  used t o  d e r i v e  an  annual  e q u i v i l e n t  

1 

value  f o r  PCC which i s  denoted AVPCC. 

The r e a d e r  should  no te  t h a t  t h i s  formula t ion  of p l a n t  c o n s t r u c t i o n  

c o s t s  r e f l e c t s  lower p l a n t  c o n s t r u c t i o n  c o s t s  as h ighe r  va lues  are chosen 

f o r  t h e  p l a n t ' s  des ign  temperature .  Thus, a l l  e lse  equa l ,  i n c e n t i v e s  

ex is t  f o r  des igning  t h e  p l a n t  f o r  working f l u i d s  a t  h igh  temperatures .  

This  obse rva t ion  w i l l  be  important  i n  ou r  l a te r  d i s c u s s i o n s  of d r i l l i n g  

c o s t s .  Inc reased  c o s t s  f o r  "deeper" d r i l l i n g  ( r e q u i r e d  t o  o b t a i n  "higher" 

temperatures  f o r  working f l u i d s )  are compared wi th  c o s t  s av ings  i n  p l a n t  

c o n s t r u c t i o n  c o s t s  a s s o c i a t e d  wi th  h ighe r  p l a n t  des ign  temperatures .  

F i n a l l y ,  t h e  choice  of a design temperature  f o r  t h e  gene ra t ing  p l a n t  

has  f u r t h e r  i m p l i c a t i o n s  of i n t e r e s t  here .  A t  h ighe r  des ign  tempera tures ,  

more e f f i c i e n t  use i s  made of working f l u i d s  and lower flow rates f o r  such 

f l u i d s  a r e  r equ i r ed .  

( i n  ki lograms per  second, kg /sec)  , denoted PFR, and t h e  p l a n t ' s  des ign  

The r e l a t i o n s h i p  between t h e  p l a n t ' s  des ign  flow rate 

temperature  i s  given i n  F igure  3 .  Once aga in ,  t h i s  obse rva t ion  w i l l  b e  

r e l e v a n t  f o r  l a t e r  d i scuss ions  of t o t a l  d r i l l i n g  c o s t s  inasmuch as,  given 

well-flow r a t e s  (WFR) f o r  each HDR r e s e r v o i r ,  well-flow rates from t h e  HDR 

r e s e r v o i r s  must s a t i s f y  t h e  ra te  f o r  which the  p l a n t  i s  designed.  Thus, 

the  number of  well-pairs--HDR reservoirs--which must be  d r i l l e d  i n  o r d e r  

* Assuming a 52% r a t e ,  which inc ludes  s t a t e  and f e d e r a l  income t a x e s ,  
t he  r e a l  i n t e r e s t  r a t e r  would be mul t ip l i ed  by . 4 8  t o  determine il. 1 
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t o  s a t i s f y  p l a n t  design i s  determined by PFR and t h e r e f o r e  t h e  p l a n t ' s  

design temperature .  

r e s e r v o i r s  are r equ i r ed  t o  s a t i s f y  t h e  p l a n t ' s  power requirements .  

The l a r g e r  Td, t h e  smaller PFR and fewer HDR 

( i i i )  I n i t i a l  c o s t s  f o r  w e l l  systems.  Three i n i t i a l  w e l l  system 

c o s t s  components are of  p a r t i c u l a r  i n t e r e s t :  d r i l l i n g  c o s t s  p e r  r e s e r v o i r  

( p a i r  of w e l l s ) ,  t h e  r equ i r ed  number of r e s e r v o i r s  and c o s t s  f o r  t h e  f l u i d  , 

d i s t r i b u t i o n  system ( p i p e  c o s t  f o r  ga the r ing  f l u i d s  from t h e  HDR reser- 

v o i r s  and d e l i v e r y  of t h e  f l u i d s  t o  t h e  genera t ing  p l a n t ) .  

Consider f i r s t  t h e  c o s t s  of  d r i l l i n g  f o r  one reservoir. Based on a 

r e c e n t  s t u d y  of d r i l l i n g  c o s t s  f o r  HDR r e s e r v o i r s  prepared f o r  LASL by t h e  

Republic Geothermal Company [1979],  t h e  fo l lowing  are  estimates f o r  d r i l l i n g  

an  HDR r e s e r v o i r  (one p a i r  of w e l l s  p l u s  t h e  c r e a t i o n  of a system of s i x  

connected f r a c t u r e s  wi th  r a d i i  of 300 meters)  a t  t h e  Fenton H i l l  s i t e ,  under 

wors t ,  medium and b e s t  d r i l l i n g  cond i t ions ;  DC and D denote  d r i l l i n g  c o s t s  

and depth of d r i l l i n g  ( i n  f ee t ) ,  r e s p e c t i v e l y .  

DC - wors t  = -$1,920,156 + $607.7(D); 

DC - medium = -$1,197,348 + $384.2(D) : 

DC - b e s t  = - $510,704 + $249.1(D). 

The f a c t o r s  which account  f o r  t h e s e  d i f f e r e n c e s  i n  d r i l l i n g  c o s t  estimates 

a re  p e n e t r a t i o n  ra tes ,  b i t  l i f e ,  contingency f a c t o r s ,  and d i f f e r e n c e s  

between whipstock runs  i n  d i r e c t i o n a l  d r i l l i n g .  Thus, under ly ing  t h e  

DC-high equat ion  a re  t h e  assumptions of low-penetrat ion rates, s h o r t  b i t  

l i v e s ,  t h e  u s e  of l a r g e  cont ingency f a c t o r s  and s h o r t  d i s t a n c e s  between 

whipstocks.  Values f o r  t h e s e  f a c t o r s  used f o r  h igh ,  medium and low e s t i -  

mates a re  g iven  i n  Table 4 .  
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TABLE 4 

RANGE OF VALUES USED FOR HDR DRILLING TIME ESTIMATES* 

Best Case Median Case Worst Case 
Drilling Drilling Drilling 
Function Function Function 

t 1 t 2 11 3 

Penetration Rate (ft/hr) 

Permeable Section 
26 " - 17%" bits 
12k." - 8%" bits 

Impermeable Section 
all bits 

Bit Life (hrs) 

26 I' - 17%" bits 
24%" - 8%'' bits 

8 118" bits 

Tripping Constants 

C1 (Hours/1000f t) 

C (Hours) 2 

Contingency Factor 

Permeable Section 

Impermeable Section 

Length of Whipstock Runs (ft) 

25 
30 

15 

80 
150 

75 

.5 

.5 I 

8% 

5% 

1 2  
15 

. 8  
I t .  

50 
75 
25 

1 .5  

1.5 

20% 

8% 

300 200 

7 
i 2  

5 

40 
50 
20 

1 .5  

3 

50% 

15% 

100 

* Republic Geothermal, Inc. "Industrial Assessment of Drilling Completion 
and Workover Costs of the Well and Fracture Subsystems of HDR Geothermal 
Systems'' . 
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I f  t h e  t h r e e  d r i l l i n g  c o s t  estimates r e f l e c t  b e s t ,  medium and 

wors t  d r i l l i n g  c o n d i t i o n s ,  t h e r e  is  some ques t ion  as t o  whether o r  no t  

one would encounter  ( f o r  example) b e s t  o r  wors t  d r i l l i n g  c o n d i t i o n s  

throughout t h e  e n t i r e  depth  of t h e  w e l l .  A s  a c o n j e c t u r e ,  one might 

encounter  b e s t  c o n d i t i o n s  some p a r t  of t h e  way, t hen  medium and then  

wors t  cond i t ions .  I n  a n  e f f o r t  t o  c a p t u r e  t h i s  p o s s i b i l i t y ,  a l o g - l i n e a r  

estimate f o r  d r i l l i n g  c o s t s  w a s  p repared  f o r  t h e  Fenton H i l l  s i t e  based 

on t h e  a r b i t r a r y  assumption of b e s t  cond i t ions  t o  10,000 f e e t ,  medium 

c o n d i t i o n s  a t  15,000 f e e t  and wors t  cond i t ions  a t  20,000 f e e t .  The 

r e s u l t i n g  d r i l l i n g  c o s t  r e l a t i o n  t akes  t h e  form: 

.0001635(IH492) .000169 (D-49 2) 
DC-HML = ($206,619)e + $165,75le  

Annual e q u i v a l e n t s  f o r  all d r i l l i n g  c o s t s  are de r ived  - via a c a p i t a l  

recovery f a c t o r  u s ing  a real i n t e r e s t  rate (net of t axes )  denoted r2.  

A s  suggested above, t h e  second c o s t  component of interest  here-- 

t h e  number o f  r equ i r ed  HDR r e se rvo i r s - - i s  determined by t h e  p l a n t ' s  de- 

s i g n  flow rate ,  PFR, and t h e  well-flow r a t e  (WFR) f o r  each r e s e r v o i r .  

I f  N i s  t h e  r equ i r ed  number of  r e s e r v o i r s ,  N = DFR WFR. For example, 

w i t h  Td = 2OO0C, PFR f o r  a 50 MbJ(e) p l a n t  i s  roughly 500 kg / sec  

F igure  3-2 i n  EPRI, 1979, p .  3-14]. 

fou r  r e s e r v o i r s  a re  r equ i r ed ;  w i t h  WFR = 62.5, e i g h t  r e s e r v o i r s  are  

r equ i r ed .  

[see 

With a well-flow r a t e  of 125 kg/sec ,  

The t h i r d  c o s t  component r e l e v a n t  f o r  t h e  i n i t i a l  e s t ab l i shmen t  of 

t h e  HDR f i e l d  i s  f o r  t h e  f l u i d  ga the r ing  and d i s t r i b u t i o n  system. 

f o r  t h i s  p i p e  system are taken t o  be  p ropor t iona l  t o  t h e  l i n e a r  footage  

r equ i r ed  t o  make p ipe  connec t ions  among co rne r s  of e q u i l a t e r a l  t r i a n g l e s  

a s  shown i n  F igure  4 .  Pipe  c o s t s ,  i n  cons t an t  1978 d o l l a r s ,  are estimated 

C o s t s  
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t o  be $4.92/inch d i ame te r / foo t  o f  l e n g t h .  A 12-inch p i p e  is  assumed 

f o r  a l l  p ipes .  

p i p e  l e n g t h  i s  600 f e e t ,  1200 f e e t  i n  t h e  next  hexagon and 1800 f e e t  f o r  

we l l -pa i r s  l y i n g  beyond t h e  o u t e r  hexagon. Thus, denot ing  pipe.  c o s t s  as 

PC and N as t h e  number of w e l l  p a i r s ,  w e  have: 

I n  t h e  s i x  we l l -pa i r s  i n  t h e  i n n e r  hexagon i n  F igu re  4 ,  

< 
PC = ($70,848)M i f  N - 6 ,  

PC = ($70,848) (2N-6) i f  6 <  N - < 18 ,  

PC = ($70,848) (3N-24) i f  N > 18. 

A capi ta l  recovery f a c t o r  is used t o  d e r i v e  annual e q u i v a l e n t  v a l u e s  

f o r  PC. 

Annual e q u i v a l e n t  v a l u e s  f o r  t o t a l  c o s t s  f o r  t h e  i n i t i a l  e s t a b l i s h -  

ment of  t h e  HDR system (TDC) i s  then  g iven  by (CRF i s  t h e  c a p i t a l  recovery 

r 
f a c t o r  1: 

1- (l+dT 

TDc = I (DC) (N) + PCICRF 

which measures d r i l l i n g  c o s t  p e r  r e s e r v o i r  t i m e s  t h e  r equ i r ed  number of 

r e s e r v o i r s  p l u s  p i p e  c o s t s  f o r  t h e  f l u i d  g a t h e r i n g - d i s t r i b u t i o n  dystem. 

Th i s  c o s t  w i l l ,  of  course,  depend on t h e  form of t h e  d r i l l i n g  c o s t  f u n c t i o n  

, 

used,  h igh ,  medium, low o r  t h e  combined HML form. 

( i v )  R e d r i l l i n g  Costs. Given t h e  i n i t i a l  e s t ab l i shmen t  of t h e  HDR 

r e s e r v o i r s ,  r e s e r v o i r  temperatures  and t h e r e f o r e  the  temperature  of 

geothermal f l u i d s  de l ive red  t o  t h e  genera t ing  p l a n t ,  w i l l  be  a t  some given 

tempera ture .  With t h e  HDR r e s e r v o i r s  i n  ope ra t ion ,  r e s e r v o i r  temperatures  
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w i l l  d e c l i n e  over t i m e . *  A s  r e s e r v o i r  tempera tures  approach t h e  gene ra t ing  

p l a n t ' s  des ign  tempera ture ,  i t  then  becomes necessary  t o  r e - d r i l l ,  o r  

" r e e s t a b l i s h " ,  t h e  HDR r e s e r v o i r s  i n  o r d e r  t o  cont inue  provid ing  geothermal 

f l u i d s  a t  tempera tures  a t  least  as g r e a t  as Td. 

Two a l t e r n a t i v e  r e - d r i l l i n g  techniques  a re  used he re .  These are 

diagrammed i n  F igu re  5. The f i r s t  i nvo lves  deeper  d r i l l i n g .  The 

"old" f r a c t u r e s  are s e a l e d ,  and t h e  o r i g i n a l  bo reho les  are extended 100 

t o  200 meters t o  new areas of h o t  rock a t  tempera tures  s l i g h t l y  h ighe r  

t han  t h a t  i n  t h e  o r i g i n a l  r e s e r v o i r .  The second technique i s  c a l l e d  

"s ide- t racking".  Here, t h e  d r i l l  e n t e r s  t h e  o r i g i n a l  borehole  b u t  a t  

some d i s t a n c e  above t h e  o r i g i n a l  f r a c t u r e  ( t h e  kick-off  p o i n t )  

d i r e c t i o n a l  d r i l l i n g  techniques  are  used t o  d r i l l  o b l i q u e l y  t o  una f fec t ed  

areas of g r a n i t e  a t  roughly t h e  same tempera ture  (ver t ica l  depth)  ,as t h e  

o r i g i n a l  w e l l s .  

As i n  t h e  case  f o r  d r i l l i n g  t h e  o r i g i n a l  w e l l s ,  r e - d r i l l i n g  c o s t s  

w i l l  depend on t h e  d r i l l i n g  c o n d i t i o n s  encountered--best ,  medium o r  wors t  

and HML-combinations. Thus, f o r  each r e - d r i l l i n g  technique  w e  w i l l  have 

fou r  a l t e r n a t i v e  c o s t  estimates which are g iven  as fo l lows:  

Re-d r i l l i ng  Technique: (dep th  i n  f e e t )  

D r i l l i n g  
Condi t ions  Deeper D r i l l i n g  S ide  t r a c k i n g  

Best 

Medium 

$438,917 + $28.5(D) $ 732,833 + 56.9(D) 

$563,750 + 43.8(D) $ 992,500 + 71.5(D) 

Worst $779,750 + 75.5(D) $1,524,417 + 89.3(D) 

HML ($214,943)e . OOOl18517(D) ( $  511,889) e .000092003(D) 

* See Appendix A f o r  t h e  method used i n  approximating tempera ture  drawdown. 
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FIGURE 5.A 

RECOMPLETION- WITH PLUG BACK AND SIDETRACKING 
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F I G U R E  5.B 

RECOMPLETION BY CEMENTING THE HEAT DEPLETED FRACTURE 

SYSTEM, DEEPENING THE WELL AND CREATING A NEW FFWCTURE SYSTEM 
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In  what fo l lows ,  r e - d r i l l i n g  c o s t s  are  denoted RDC; d r i l l i n g  condi- 

t i o n s  are i d e n t i f i e d  by B y  M y  W and HML, and t h e  technique  i s  i d e n t i f i e d  

as DD and ST. Thus, RDC-B-ST denotes  r e - d r i l l i n g  c o s t s  w i t h  b e s t  d r i l l i n g  

c o n d i t i o n s  wherein t h e  s i d e t r a c k i n g  technique  i s  used.  

Timing f o r  d r i l l i n g  c o s t s  is  determined i n  t h e  fo l lowing  manner: 

(1) A des ign  temperature  f o r  t h e  p l a n t ,  Td, i s  a r b i t r a r i l y  chosen 

o <  < o  i n  t he  range 150 C - Td - 300 C ,  and annual ized  p l a n t  c o n s t r u c t i o n  c o s t s ,  

AVPCC(Td), a r e  computed. I n i t i a l  d r i l l i n g  c o s t s  are t aken  computed f o r  

depths  y i e l d i n g  i n i t i a l  r e s e r v o i r  tempera tures  of Td up t o  (Td + 100°C). 

(2 )  For wel l - f low rates  between 75 - 150 k g j s e c ,  t h e  time-path of 

tempera ture  drawdown (from i n i t i a l  t empera tures)  i n  t h e  HDR r e s e r v o i r s  

i s  e s t ima ted  us ing  t h e  LASL drawdown model based on McFarland's [ 1976 ]  

model f o r  an HDR r e s e r v o i r .  I n  t h e  year  t h a t  r e s e r v o i r  tempera ture  

approaches Td, r e - d r i l l i n g  occurs ;  t hus ,  r e s e r v o i r  tempera tures  are always 

a t  least as g r e a t  as des ign  tempera tures .  

(3) For each Td and well-flow rate (which determines t h e  r equ i r ed  

number of HDR r e s e r v o i r s ) ,  p l a n t  c o s t s  can b e  summed wi th  i n i t i a l  d r i l l i n g  

c o s t s  and w i t h  t h e  p re sen t  v a l u e  of r e - d r i l l i n g  . cos t s  f o r  each i n i t i a l  

d r i l l i n g  depth.  The p l a n t  cost--well-flow r a t e - - i n i t i a l  d r i l l i n g  depth 

combination t h a t  y i e l d s  t h e  minimum c o s t  i s  t h e  combination used f o r  

a n a l y s i s .  

O f  course ,  ana lyses  are based on annual  equ iva len t  va lues  f o r  a l l  

c o s t s .  To approximate average annual d r i l l i n g  and r e - d r i l l i n g  c o s t s  

which have been incu r red ,  r e - d r i l l i n g  c o s t s  i ncu r red  i n  each year  ( e .8 . )  

t and t a r e  weighted by t h e  pe rcen t  of t h e  30-year p lanning  hor izon  

t h a t  such c o s t s  m u s t  be  c a r r i e d  by t h e  e n t e r p r i s e  and a CRF i s  a p p l i e d  t o  

5' 2 3 
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t h e  p r e s e n t  va lue  of t h i s  weighted sum; i . e . ,  f o r  any given set of d r i l l i n g  

c o n d i t i o n s  .(H, M, L,.HML) and a g iven  r e - d r i l l i n g  technology; t h e  annual 

e q u i v a l e n t  v a l u e  of t o t a l  d r i l l i n g  c o s t s  (AVDC) i s  given by: 

1 \ 

AVDC =[ (Dc)(N)  -t PC] CRF + CRF [RDC(tl) (30 ,o., (1  + f 2 ) - t l  

30 - t2 ( 1  + r2)-t2 + RDC(t3) i‘O iOt3) (1 + ;2)-t31. 
30 

+ RDC(t2) 

(v)  0 & M  and Other Annual Cos t s .  Annual operat ion-maintenance c o s t s  

f o r  t h e  combined g e n e r a t i n g  plant--HDR system e n t e r p r i s e  i s  assumed t o  be  

$.005/kwh. In  a d d i t i o n  t o  O&M c o s t s ,  t h e  e n t e r p r i s e  pays $69,37O/year i n  

p r o p e r t y  t a x e s  and $9 .17/acre /year  i n  l e a s i n g  c o s t s  f o r  land .  
C 

( v i )  Taxes. I n  a d d i t i o n  t o  p rope r ty  t a x e s  i d e n t i f i e d  above, 

t h e  HDR e n t e r p r i s e  pays a revenue t ax  of 2.5% of gross revenues and income 

t a x e s .  
1 

For t h e  purpose of  c a l c u l a t i n g  income t a x e s ,  t a x a b l e  income i s  com- 

puted as fo l lows:  

( a )  under c u r r e n t  l e g i s l a t i o n ,  t h e  HDR f a c i l i t y  would r e a l i z e  

a d e p l e t i o n  al lowance i n  an amount equa l  t o  t h e  s m a l l e r  o f :  

o f  g r o s s  revenue o r  50% of t a x a b l e  income ( b e f o r e  t h e  d e p l e t i o n  

15% 

al lowance) .  I n  a l l  cases s t u d i e d  h e r e ,  t h e  sma l l e r  of t h e s e  two i s  

15% of g r o s s  revenue.  An add-on t a x ,  r e f e r r e d  t o  as a “minimum t a x ” ,  

of 15% of t h e  d e p l e t i o n  allowance less $10,000, i s  a l s o  included.* 

i 

* This  formula t ion  may o v e r s t a t e  t h e  minimum t a x  i n  t h a t  t h e  minimum t a x  i s  
15% of  t h e  d e p l e t i o n  al lowance reduced by the  maximum of e i t h e r  $10,000 
o r  h a l f  of t h e  f i r m ’ s  r e g u l a r  t a x  b i l l .  I f  h a l f  t h e  t a x  b i l l  exceeds 
$10,000, t he  minimum t a x  would then  be  l o v e r .  
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(b)  t axab le  income (TXY) f o r  t h e  e n t e r p r i s e ,  n e t  of t h e  15% 

(of g ross  revenue) d e p l e t i o n  al lowance i s  assuuied t o  b e  given by 

TXY = pxPO(1-Revenue Tax-.15)-(O&Mpla,t)PO-O&%DR - EDC - 
AVPCC - Prope r ty  t a x e s  - Land Lease Cos t s  - AVDC 

With a 52% rate f o r  average s ta te  and f e d e r a l  income t a x e s ,  and 

recogniz ing  t h a t  t h e  annual  r e t u r n  on s t o c k s  

inc luded  i n  TXY, t h e  annual  t a x  b i l l  i s  then  g iven  by 

r2[(DC-N) + PC] i s  

Annual Tax = .52 [TXY + r2(DC x N + PC)] + .15 [.15 p x PO - $lo,ooO]. 

C .  Net, A f t e r  Tax Income and t h e  Busbar Cost. From t h e  d i s c u s s i o n s  

above, a l e a s t - c o s t  combination of p l a n t  costs (determined by Td), i n i t i a l  

d r i l l i n g  depths  and well-flow rates are  chosen f o r  t h e  HDR e l e c t r i c  gener- 

a t i n g  e n t e r p r i s e ,  which r e s u l t s  i n  t h e  fo l lowing  expres s ion  f o r  annual  

n e t ,  a f te r  t a x  income ( t h e  revenue tax i s  2.5% of g r o s s  revenue) :  

Net A f t e r  Tax Income = .54  ( p  x PO) - .48 [O&Mplant x PO + O&l$DR + EDC 

+ AVPCC + Prope r ty  Tax + Land Lease + AVDCI - .52 r2  [PC + N x DC]+ $1500. 

Of i n t e r e s t  h e r e  i s  t h e  busbar  c o s t  f o r  HDR-produced e l e c t r i c i t y  

which i s  t h e  cost/kwh which j u s t  covers  a l l  c o s t s  of product ion  excluding 

t r ansmiss ion  and d i s t r i b u t i o n  c o s t s .  A busbar  c o s t ,  p*, f o r  t h e  HDR system 

descr ibed  h e r e  corresponds t o  t h e  v a l u e  of p i n  t h e  above express ion  f o r  

n e t  a f t e r  t a x  income, which makes n e t  a f t e r  t a x  income zero (no te  t h a t  

t h e  annual payments of r e t u r n s  on s t o c k s  a r e  included i n  A V D C ) .  Thus, 
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given  least c o s t  va lues  f o r  Td, t h e  wel l - f low-rate  and i n i t i a l  d r i l l i n g  

depths ,  t h e  busbar  c o s t  p* is  determined by: 

.48 [O&~lant(PO)+O&I+$DR+EDC+AVPCC+Prop.Tax+Land Lease+AVPC] 

$1500 - .5235(PO) ' 

. 52  

.5235 
-- 

2 

Values of p* which r e s u l t  from t h e  v a r i o u s  parameters  chosen h e r e  

f o r  a n a l y s i s  are g iven  i n  Table  5 ,  
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TABLE 5 

BUSBAR COSTS FOR HDR-PRODUCED ELECTRICITY 

WITH ALTERNATIVE DESIGN TEMPERATURES, 

DISCOUNT RATES, AND DRILLING COSTS 

Design Temperature = 235Oc 
Plant Costs (PCC) $23,630,000. 
Property Taxes = $ 69,370. 

Drilling Conditions/Technology 
for Recompletion: 

Best Conditions/Deeper Drilling 

Sidetracking 

Medium Conditions/Deeper Drilling 

Sidetracking 

Worst Conditions/Deeper Drilling 

Sidetracking 

H-M-L Conditions/Deeper Drilling 

Sidetracking 

Busbar Cost for HDR-Produced Electricity 
with Real Debt/Equity Rates: 

3Xl6X 6%/9% 9%/12% 12X/15X 

16 

17  

18 

19 

22 

24 

17  

19 

(mills/kwh, 1978 dollars) 

18 

20 

21 

23 

27 

29 

20 

22 

21 24 

23 26 

25 28 

27 30 

32 37 

34 39 

23 26 

25 28 
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Based on  t h e  methodology set o u t  i n  t h e  preceeding s e c t i o n ,  e s t ima ted  

busbar  c o s t s  f o r  HDR-produced e l e c t r i c i t y  may b e  used t o  assess t h e  po- 

t e n t i a l  commercial f e a s i b i l i t y  of  such a n  e n t e r p r i s e  i n  t h e  Fenton H i l l  

area under a l t e r n a t i v e  assumptions concerning d r i l l i n g  c o n d i t i o n s  and,  

t h e r e f o r e ,  d r i l l i n g  c o s t s  and c o n d i t i o n s  of r i s k .  D r i l l i n g  c o n d i t i o n s  

are cons idered  i n  s u b s e c t i o n  A ,  a f t e r  which a t t e n t i o n  i s  focused on t h e  
/ 

i s s u e  of r i s k  i n  subsec t ion  B.  The i n t e r r e l a t i o n s h i p  between p l a n t  des ign  

and t h e  design of ' the HDR system i s  cons idered  i n  subsec t ion  C .  

A. D r i l l i n g  Costs .  A s  noted above, a r e c e n t  s tudy  of d r i l l i n g  

... 
c o s t s  f o r  HDR systems by t h e  Republic Geothermal 'Company (1979)  r e s u l t e d  

i'n d r i l l i n g  c o s t s  estimates under b e s t ,  medium and wors t  d r i l l i n g  condi- 

t i o n s .  These d a t a  may a l s o  b e  used t o  'develop s t i l l  a f o u r t h  e s t i m a t e  f o r  

d r i l l i n g  c o s t s  under cond i t ions  wherein one encounters  b e s t ,  then  medium 

and then  wors t  cond i t ions  (HML) i n  any d r i l l i n g  a c t i v i t y .  Under any se t  

of  d r i l l i n g  cond i t ions ,  w e l l  recomplet ion c o s t s  ( r e - d r i l l i n g )  w i l l  depend 

upon t h e  technology used--"deeper d r i l l i n g "  o r  s i d e t r a c k i n g .  E s t i m a t e s  f o r  

busbar c o s t s  f o r  our  h y p o t h e t i c a l  50MW(e) e l e c t r i c  gene ra t ing  p l a n t  i n  t h e  

Fenton H i l l  area under each of t h e s e  s e t s  of d r i l l i n g  c o n d i t i o n s  a re  given 

i n  Table  5. 

For t h e  purpose of  t h e s e  d i s c u s s i o n s ,  cons ider  busbar  c o s t s  i n  Table  

5 which o b t a i n  w i t h  real deb t / equ i ty  ra tes  6%/9%. Under b e s t ,  medium 

and worst  d r i l l i n g  c o n d i t i o n s ,  busbar  c o s t s  a r e  18-20 mi l l s /kwh,  21-23 

mills/kwh and 27-29 m i l l s / k w h ,  r e s p e c t i v e l y .  For t h e  combination of 

d r i l l i n g  cond i t ions  (HML), t h e  busbar  c o s t  of e l e c t r i c i t y  i s  i n  t h e  range 

20-22 mil ls /kwh.  I n  a l l  cases, s i d e t r a c k i n g  technology f o r  w e l l -  
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recomplet ion act ivi t ies  r e s u l t s  i n  a busbar  c o s t  which i s  g e n e r a l l y  

some one t o  two mil ls /kwh h i g h e r  than  t h o s e  which o b t a i n  w i t h  t h e  

"deeper d r i l l i n g "  technology . 
What do t h e s e  da t a  imply i n  terms of t h e  p o t e n t i a l  commercial f e a s i -  

b i l i t y  of HDR-produced e l e c t r i c i t y ?  A response  t o  t h i s  q u e s t i o n  r e q u i r e s  

some b a s i s  f o r  a comparison of e s t ima ted  busbar  c o s t s  f o r  HDR-produced 

e l e c t r i c i t y  w i t h  busbar  c o s t s  of e l e c t r i c i t y  from sources  w i t h  which HDR 

must compete. While estimates f o r  f u t u r e  busbar  e l e c t r i c i t y  p r i c e s  from 

nuc lea r -coa l  m i x e s  va ry  cons ide rab ly ,  an FEA (1976) estimate of  some 

30 mil ls /kwh f o r  1985 busbar  c o s t s  ( i n  1978 d o l l a r s )  would appear  t o  b e  

a conse rva t ive  estimate. Refe r r ing  then  t o  Table  5 ,  HDR-produced e l e c t r i -  

c i t y  a t  Fenton H i l l  would then  b e  compet i t ive  w i t h  a l t e r n a t i v e  power 

sources--commercially feasible--under  all d r i l l i n g  c o n d i t i o n s  w i t h  real 

deb t / equ i ty  rates of 6%/9% o r  lower. 

HDR-produced e l e c t r i c i t y  would seem t o  be  commercially f e a s i b l e  except  

under "worst" d r i l l i n g  cond i t ions .  

With h ighe r  real d e b t j e q u i t y  rates, 

As r e f l e c t e d  i n  c o s t s ,  d r i l l i n g  cond i t ions  are then  shown t o  have a 

s u b s t a n t i a l  impact on busbar  costs  f o r  HDR-produced e l e c t r i c i t y ,  wi th  busbar  

c o s t s  i n c r e a s i n g  by  SO% o r  more as d r i l l i n g  c o n d i t i o n s  vary  between best and 

wors t  cond i t ions .  Whether o r  no t  HDR-produced e l e c t r i c i t y  may b e  poten- 

t i a l l y  f e a s i b l e  under more p e s s i m i s t i c  expec ta t ions  as t o  d r i l l i n g  condi- 

t i o n s  than  t u r n s  on t h e  r i s k  environment f o r  technology adopt ion ,  an i s s u e  

t o  which a t t e n t i o n  i s  now turned .  

B. The I s s u e  of  Risk.  P a s t  exper ience  w i t h  t h e  adopt ion of new 

t echno log ie s ,  p a r t i c u l a r l y  i n  terms of LDA geothermal systems,  sugges t s  

t h a t  t h e  p rocess  of technology adopt ion  f o r  HDR (once a "proven" technology) 

might r e q u i r e  r e l a t i v e l y  h igh  rates of r e t u r n  f o r  i nves t ed  c a p i t a l  which 
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e s s e n t i a l l y  r e f l e c t  "premiums" f o r  r i s k .  Th i s  is  p a r t i c u l a r l y  t r u e  i n  

cases l i k e  HDR wherein e s s e n t i a l l y  a l l  c o s t s  are "up front"-- i .e . ,  

operation-maintenance and o t h e r  annual  c o s t s  are minescule  re la t ive t o  

c a p i t a l  c o s t s  f o r  e s t a b l i s h i n g  t h e  HDR system and c o n s t r u c t i n g  t h e  power 

p l a n t s .  

The impact of t h e  r i s k  environment on t h e  p o t e n t i a l  commercial f e a s i -  

b i l i t y  of HDR-produced e l e c t r i c i t y  is  made man i fe s t  by t h e  d a t a  i n  Table  5 .  

Under b e s t  d r i l l i n g  c o n d i t i o n s , t h e  busbar  c o s t  i n c r e a s e s  by some 50% as 

d e b t / e q u i t y  rates r ise from 3%/6% t o  12%/15%; s i m i l a r l y ,  t h e  busbar  cos t  

rises some 60% under wors t  d r i l l i n g  cond i t ions .  

While a "competit ive" f u t u r e  busbar  c o s t  f o r  e l e c t r i c i t y  w i l l  obvious ly  
a 

vary  from r e g i o n  t o  r eg ion  i n  t h e  U.S., i f  w e  cont inue  t o  u s e  30 mill /kwh 

as a benchmark f o r  f u t u r e  busbar  c o s t s  ( i n  1978 d o l l a r s ) ,  t h e  impact of 

\ 

r i s k  cond i t ions  as r e f l e c t e d  i n  r ea l  d e b t / e q u i t y  rates of  r e t u r n  become 

p a r t i c u l a r l y  s t r i k i n g .  

b e  commercially f e a s i b l e  under a l l  d r i l l i n g  c o n d i t i o n s  and w e l l  recomplet ion 

t echno log ie s  (on ly  margina l ly  so w i t h  wors t  c o n d i t i o n s  and s i d e t r a c k i n g )  w i t h  

real  d e b t / e q u i t y  rates of 6%/9% and lower .  I f  one assumes an  average  rate of 

i n f l a t i o n  of 6%, these  rates correspond t o  nominal rates of 12%/15% and lower.  

With real  d e b t / e q u i t y  rates of 9%/12% (nominal ra tes  of 15%/18%) HDR- 

produced e l e c t r i c i t y  i s  compe t i t i ve  w i t h  a l t e r n a t i v e  sources  f o r  e l e c t r i c i t y  

Refe r r ing  t o  Table  5,  HDR-produced e l e c t r i c i t y  would 

under a l l  b u t  worst  d r i l l i n g  cond i t ions ,  as  i s  t h e  case wi th  rea l  (nominal) 

rates of 12%/15% (18%/21%).  

Thus, a l l  e l se  equa l ,  t h e  p o t e n t i a l  commercial f e a s i b i l i t y  of a 

proven HDR technology f o r  e l e c t r i c  power gene ra t ion  wi th  wors t  d r i l l i n g  

c o n d i t i o n s  may depend s t r o n g l y  on t h e  r i s k  environment r e l e v a n t  f o r  i t s  

adop t ion .  With more o p t i m i s t i c  assumptions regard ing  d r i l l i n g  c o s t s ,  HDR- 

produced e l e c t r i c i t y  may be  commerciallv feasihle  even in cases e%ere 
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r equ i r ed  r i s k  premiums are h igh .  Given t h e  u n c e r t a i n t y  t h a t  remains 

concerning d r i l l i n g  c o s t s ,  however, t h i s  sugges t s ,  among o t h e r  t h i n g s ,  

t h e  need f o r  a wel l -designed program involv ing  demonstrat ion p l a n t s  i n  

v a r i o u s  g r a d i e n t  areas and exper imenta l  programs designed t o  m i t i g a t e  t h e  

u n c e r t a i n t i e s  surrounding t h e  n a t u r e  of d r i l l i n g  c o s t s  and r e s e r v o i r  

performance, a l l  of which serves t o  reduce r i s k .  
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C. System Design Trade-offs .  Reference w a s  macle earlier i n  t h i s  r e p o r t  

t o  t h e  in te rdependence  between t h e  o p t i o n a l  des ign  of t h e  power p l a n t  and 

t h a t  f o r  t h e  HDR system. Higher r e s e r v o i r  tempera tures ,  ach ieved  by 

deeper  (more expensive)  d r i l l i n g ,  a l low f o r  h ighe r  des ign  tempera tures  f o r  

t h e  power p l a n t  and t h e r e f o r e ,  lower p l a n t  c o s t s .  One then  " t r a d e s  o f f "  

h i g h e r  d r i l l i n g  c o s t  f o r  lower p l a n t  c o s t s ,  o r  -- visa versa. 

Th i s  t rade-off  i s  shown by d a t a  i n  F igu re  6,  wherein t h e  minimum 

busbar  e l e c t r i c i t y  c o s t  f o r  t h e  e n t i r e  reservoir-power p l a n t  system i s  

p l o t t e d  a g a i n s t  t h e  p l a n t ' s ,  des ign  tempera ture ;  t h e s e  d a t a  are  g iven  f o r  a l l  

fou r  d r i l l f n g  cond i t ions  and r e - d r i l l i n g  t echno log ie s  analyzed above, 

u s ing  a 6% i n t e r e s t  rate on  debt  

e .g. , "worst" d r i l l i n g  c o n d i t i o n s  and t h e  "deeper d r i l l i n g "  technology 

(panel  C i n  F igu re  6), t h e  busbar  c o s t  f o r  HDR-produced e l e c t r i c i t y  i s  

a lmost  36 mil ls /kwh f o r  a p l a n t  des ign  w i t h  a des ign  tempera ture  of 160 C .  

With a h ighe r  des ign  temperature ,  e.g. ,  205 C y  d r i l l i n g  c o s t ,  increase due 

and a 9% e q u i t y  rate of r e t u r n .  With, 

, ,  . .  

0 

0 

t o  t h e  n e c e s s i t y  of e s t a b l i s h i n g  HDR r e s e r v o i r s  a t  g r e a t e r  depths  (h ighe r  

rock t empera tu res ) ,  b u t  t h e  d e c l i n e  i n  p l a n t  cos ts*  is s u f f i c i e n t  to lower 

t h e  r e s u l t i n g  busbar  c o s t  from some 36 m i l l s  t o  30 mills/kwh. 

busbar  c o s t  o b t a i n s  _. wi th  des ign  tempera tures  between 235 C and 265 C. 

I n t e r e s t i n g l y  enough, t h e  range f o r  t h e  v a l u e  of Td t h a t  minimizes t h e  

busbar  c o s t  i s  shown t o  l i e  hetween 225OC and 265OC a c r o s s  a l l  d r i l l i n g  

The m i n i m u m  

0 0 

c o n d i t i o n s  and r e - d r i l l i n g  t echno log ie s .  

Thus, w h i l e  one t y p i c a l l y  looks  t o  h igh  des ign  temperature  f o r  power 

p l a n t s  us ing  convent iona l  t echno log ie s ,  t h e  d r i l l i n g - p l a n t  c o s t  t rade-off  

* Attending  t h e  h i g h e r  des ign  tempera ture  i s  a r educ t ion  i n  t h e  des ign  
flow r a t e  (PFR) and, t h e r e f o r e ,  t h e  requirement  f o r  fewer HDR r e s e r v o i r s .  
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apparent for the HDR technology suggests that the conjunctive determina- 

tion of plant and reservoir design may be critical in achieving minimum 

cost production of electricity. 
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I V .  CONCLUDING REMARKS 

While t h e  ana lyses  g iven  h e r e  concerning t h e  p o t e n t i a l  commercial 

f e a s i b i l i t y  of an HDR-powered e lectr ic  gene ra t ing  f a c i l i t y  a t  t h e  Fenton 

H i l l  area are  based on e s t ima ted  system parameters  (see Table 1) f o r  a 

technology which i s  st i l l  i n  i t s  infancy ,  t h e s e  a n a l y s e s  hope fu l ly  serve 

t o  draw a t t e n t i o n  t o  i s s u e s  which earlier s t u d i e s  have suggested as be ing  

p a r t i c u l a r l y  r e l e v a n t  f o r  f e a s i b i l i t y  assessments  concerning t h i s  technology. 

R e s u l t s  from t h i s  s tudy  sugges t  grounds f o r  c a u t i o u s  optimism i n  areas wi th  

g r a d i e n t s  on t h e  o r d e r  of t h o s e  found i n  t h e  Fenton H i l l  area* wi th  ( i )  any 

d r i l l i n g  c o n d i t i o n s  i f  real deb t / equ i ty  rates are on t h e  o r d e r  of 6%/9% o r  

less and ( i i )  b e s t  t o  medium d r i l J i n g  c o n d i t i o n s  i f  real  d e b t / e q u i t y  rates 

a re  as h igh  as 9%/12%. 

Cur ren t ly ,  c o a l - f i r e d  e l e c t r i c  gene ra t ing  p l a n t s  r e q u i r e  nominal 

debt  and e q u i t y  rates of some 9% and 12%, r e s p e c t i v e l y ;  assuming an average  

i n f l a t i o n  rate of 6%, t h i s  s i t u a t i o n  would correspond t o  t h e i r  requirement  

of real d e b t / e q u i t y  rates of 3%/6%. 

sugges t  t h a t  HDR-produced e l e c t r i c i t y  may be  p o t e n t i a l l y  compe t i t i ve  under 

a l l .  d r i l l i n g  c o s t  estimates w i t h  r equ i r ed  debt  and e q u i t y  rates of r e t u r n  

which a r e  100% and 50%, r e s p e c t i v e l y ,  h ighe r  t han  those  c u r r e n t l y  p a i d  by 

The cond i t ion  ( 5 )  above would then  

c o a l - f i r e d  e l ec t r i c  gene ra t ing  p l a n t s .  

Of course ,  as R&D e f f o r t s  a t  Los Alamos and elsewhere cont inue ,  

and more knowledge i s  acqu i red  concerning such t h i n g s  a s  r e s e r v o i r  des ign  

and performance, estimates for busbar  c o s t s  w i l l  vary  from those  p re sen ted  

* See, e .g . ,  Cummings and Morris  (1979a). 
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here .  To t h e  e x t e n t  t h a t  system parameters  used h e r e  are conse rva t ive ,  a 

proven technology f o r  HDR may w e l l  r e s u l t  i n  busbar  c o s t s  which are  lower 

than  t h o s e  e s t ima ted  he re .  This  i s  p a r t i c u l a r l y  t h e  case i n  terms of 

I 

r e s e r v o i r  des ign  r e l a t e d  t o  t h e  e f f e c t i v e  s u r f a c e  area of t h e  r e s e r v o i r  

and t h e r e f o r e  tempera ture  drawdown rates. I f  Los Alamos s c i e n t i s t s  are 
I 

s u c c e s s f u l  i n  t h e 5 r  ongoing exper tmenta l  e f f o r t s  t o  c r e a t e  a system of 
I 

m u l t i p l e ,  connected f rac tures - - thereby  c r e a t i n g  l a r g e  s u r f a c e  areas i n  t h e  I 
h o t  grani te-- temperature  drawdown i n  t h e  HDR r e s e r v o i r s  ( f o r  any g iven  

well-flow r a t e )  may w e l l  b e  less than  t h a t  used i n  t h i s  work. 

of tempera ture  drawdown can  be  expected t o  r e s u l t  i n  smaller i n i t i a l  d r i l l i n g  

Lower rates 

dep ths  and less f r equen t  w e l l  recomplet ion a c t i v i t i e s  and ,  t h e r e f o r e ,  lower 

d r i l l i n g  c o s t s .  

I n  c l o s i n g  t h i s  r e p o r t ,  i t  is  i n t e r e s t i n g  t o  compare t h e  r e s u l t s  from 

t h i s  s i t e - s p e c i f i c  s tudy  of HDR-produced e l e c t r i c i t y  i n  C a l i f o r n i a ' s  Imper i a l  

Valley.* 

rate of 6 % ,  and assuming t h e  ex tens ion  d r i l l i n g  technology f o r  r e d r i l l i n g ,  

a comparison of e s t ima ted  busbar  c o s t s  i s  given as fo l lows .  

Using a real rate of r e t u r n  on s t o c k s  of 9% and a real i n t e r e s t  

I 

Es t imated Busbar Cost wi th  
D r i l l i n g  Condi t ions :  

S i t e  I Best Medium Worst 

(mills/kwh) 

Fenton H i l l  Area 

Imper i a l  Valley**, 

18 

31 

2 1  

35 

27 ' 

41 

* Cummings and Morris  (1979b). 
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As is obvious from the above, the estimated busbar costs for HDR- 

produced electricity is between 52% and 72% higher for Imperial Valley than 

for the Fenton Hill area; the reasons for these differences point to the 

importance of site specific studies for "early" evaluations of the potential 

commercialization of technologies such as HDR. The primary reasons for these 

large differences in estimated busbar costs may be summerized as follows: 

(a) costs for the electric generating plant are some 35% higher 

in the Imperial Valley -- $32 million compared with $23.6 million for the 
Fenton Hill area. This difference reflects, first, higher costs due to 

the higher ambient temperatures in the Imperial Valley relative to the 

Fenton Hill area and, second, the lower design temperature used in the 

Imperial Valley -- 205.C compared with 235.C in the Fenton Hill area. 

(b) 

Valley; 15% of the HDR system's gross revenue is charged as a (conservative) 

royality rate in the Imperial Valley study and California's state income 

higher taxes and royality payments required for the Imperial 

taxes average some 1% higher than those for New Mexico. 

(c) drilling costs are higher in the Imperial Valley than in the 

Fenton Hill area due to the relatively large sedimentary overburden on 

crystalline rock (the most favored medium for HDR systems) in that area. 

Thus, the initial drilling cost for a pair of wells drilled to 3,000 meters 

under "best" drilling conditions is some $2.83 million in the Imperial Valley, 

but only about $1.98 million in the Fenton Hill area. 
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APPENDIX A 

Calcu la t ion  of Temperature Drawdown 

Temperature drawdown i n  a HDR r e s e r v o i r  i s  r e l a t e d  t o  t h e  e f f e c t -  

ive area of t h e  r e s e r v o i r ,  and i t s  well-flow rate. 

s u r f a c e  area of  t h e  r e s e r v o i r  i s  measured as S. 

S = = 734.8 meters 

The e f f e c t i v e  

1 

where F = t h e  number of f r a c t u r e s ,  f i x e d  i n  t h i s  s tudy  

a t  s ix  

R = t h e  r a d i u s  of each f r a c t u r e ,  f i x e d  i n  t h i s  

s tudy  a t  300 meters 

F igure  7 on t h e  fo l lowing  page d e p i c t s  tempera ture  drawdown as 
I 

1 

a f a l l  i n  t h e  percentage  of i n i t i a l  r e s e r v o i r  tempera ture  ove r  t i m e .  

Each curve ,  l a b e l l e d  p ,  corresponds t o  a r e s e r v o i r  w i th  e f f e c t i v e  

s u r f a c e  S and w e l l  f low rate m ,  where: 

The fo l lowing  t a b l e  relates each  drawdown curve  p wi th  a n  appropr i -  

a te  w e l l  f low rate m ,  g iven  a f i x e d  e f f e c t i v e  s u r f a c e  of 734.8 meters. 
r 

S2 p = -  
m 

w e l l  f low rate  

m 

15000 

14000 

13000 

12000 

11000 

10000 

9000 

8000 

36 

38.6 

41.5 

45 

49.1 

54 

60 

67.5 

% 

7000 77.1 

6000 90 

number of w e l l s  

N 

10 
9 

8 

8 

7 

6 

6 

5 

4 

4 

I 
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FIGURE 7 

SCHEMATIC FOR TEMPERATURE DRAWDOWN FOR ALTERNATIVE WELL FLOW RATES 
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w e l l  f low rate . number of w e l l s  

S2 u = -  
m N 

44 

5 000 

4000 

3000 

2000 

1000 

where t h e  number 

design flow rate 

r e s e r v o i r ' s  w e l l  

m 

108 

135 

180 

2 70 

540 

of w e l l s  needed, N, i s  t h e  r a t i o  of t h e  p l a n t ' s  

(346.304 kg/sec f o r  a 235O HDR f a c i l i t y )  t o  t h e  

flow r a t e .  

346.304 
m N =  

I n  t h i s  s tudy ,  we s e l e c t e d  a range of i n i t i a l  r e s e r v o i r  temperatures  

above t h e  des ign  tempera ture  of t h e  HDR f a c i l i t y ,  and chose,  f o r  ou r  

c a l c u l a t i o n s ,  t h o s e  w e l l  f low rates t h a t  maintained t h e  des ign  tempera- 

t u r e  f o r  f i v e  y e a r s  o r  longer .  The cr i t ical  pe rcen tages  of i n i t i a l  

temperatures  needed t o  ma in ta in  a design temperature  of 235OC (the ver- 

t ica l  a x i s  i n  Figure 6) are as fo l lows:  

I n i t i a l  Reservoi r  

Temperature 

260° 

2 85 

31 0 

335 

360 

385 

4 10 

435 

% of I n i t i a l  Temperature 

needed t o  ma in ta in  235OC 

90% 
83 

76 
70 
65 

61 

57 

54 

Refe r r ing  back t o  F igu re  7 then,  w e  can see t h a t  a w e l l  d r i l l e d  

t o  o b t a i n  an i n i t i a l  r e s e r v o i r  temperature  of 335' would draw down t o  
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235O (70% of 335O) in  6 years with a w e l l  flow rate of 108 kg/sec 

(u = SOOO), or in 9 years with a well flow rate of 90 kg/sec. 

I 
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