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ABSTRACT 

This paper spec i f i es  t h e  numbers o f  each type 
o f  geothermal w e l l  expected t o  be d r i l l e d  i n  the  
Uni ted States f o r  each 5-year per iod t o  2000 A.D. 
The paper presents forcasts  o f  the growth o f  geo- 
thermal ly  suppl ied e l e c t r i c  power and d i r e c t  heat 
uses. The paper then quan t i f i es  the  d i f f e r e n t  
types o f  geothermal we l l s  needed t o  support the 
forecasted capaci ty,  i nc lud ing  d i f f e r e D t i a t i o n  o f  
t he  number o f  we l l s  t o  be d r i l l e d  a t  each major 
geothermal resource f o r  e l e c t r i c  power product ion,  

The r a t e  o f  growth o f  e l e c t r i c  capaci ty  a t  
geothermal resource areas i s  expected t o  be 15 t o  
25 percent per year ( a f t e r  an i n i t i a l  c r i t i c a l  s i ze  
i s  reached) u n t i l  na tu ra l  o r  economic l i m i t s  are 
approached. F ive resource areas i n  the  Uni ted 
States should grow t o  s i g n i f i c a n t  capaci ty  by the 
end o f  the century (The Geysers; Imper ia l  Val ley;  
Va l l es  Caldera, NM; Roosevelt Hot Springs, UT; and 
nor thern Nevada). About 3800 geothermal we1 1 s are 
expected t o  be d r i l l e d  i n  support of a l l  e l e c t r i c  
power p ro jec ts  i n  the  Uni ted States between 1981 
and 2000 A.D. H a l f  of the w e l l s  are expected t o  be 
d r i l l e d  i n  the Imper ia l  Val ley.  The Geysers area 
i s  expected t o  r e t a i n  most o f  t he  d r i l l i n g  a c t i v i t y  
f o r  t h e  next 5 years. By t h e  199O's, t h e  Imper ia l  
Va l l ey  i s  expected t o  conta in  most o f  t h e  d r i l l i n g  
a c t i v i t y .  

INTRODUCTION 

It i s  o f  considerable economic importance f o r  
bo th  the  developer and serv ice companies t o  have 
some idea o f  the magnitude, t iming,  and l o c a t i o n  of 
f u t u r e  d r i l l i n g  a c t i v i t y .  The authors have devel- 
oped a method o f  expressing d r i l l i n g  a c t i v i t y  t h a t  
i s  based upon simple re la t i onsh ips  between growth 
of p r o j e c t s  and geothermal we1 1 character! s t i c s .  
Empir ica l  evidence (Geothermal Progress Monitor) 
i nd i ca tes  t h a t  e l e c t r i c a l  capaci ty  from a s p e c i f i c  
geothermal resource area does no t  grow a t  a l l  u n t i l  
some minimum se t  o f  favorable c r i t e r i a  are met. 
Then i t  grows qu ick l y  (15 t o  25 percent a year i n  
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t h e  cases o f  The Geysers and Cerro P r i e t o )  u n t i l  
i t s  s i ze  reaches some l i m i t i n g  factor (s) .  The 
growth p o t e n t i a l  o f  e l e c t r i c a l  capaci ty  a t  known 
geothermal resource areas (KGRAs) has been 
reviewed (Wi l l iams e t  a l ) ,  and The GeysersKlear  
Lake ; Imperi  a1 Val 1 ey , Val 1 es Cal dera, Roosevel t 
Hot Springs, and nor thern Nevada KGRAs have been 
i d e n t i f i e d  as the ones expected t o  meet c r i t e r i a  
f o r  s i g n i f i c a n t  growth o f  e l e c t r i c a l  capaci ty  i n  
t h i s  century. 

Factors t h a t  a f f e c t  the number o f  w e l l s  t h a t  
w i l l  be d r i l l e d  t o  support a given s i t e  e l e c t r i c  
power p l a n t  d i f f e r  among the var ious geothermal 
rese rvo i r s  (Mu f f l e r  e t  a l ) .  However, because o f  
s i m i l a r i t i e s  i n  l i t h o l o g y  and d r i l l i n g  o f  t h e  
rese rvo i r s  i n  the Imper ia l  Valley, t h i s  reg ion  has 
been considered a s i n g l e  resource i n  t h i s  study. 
The avai  1 ab1 e evidence ( W i  11 i ams e t  a1 ) i n d i  cates 
t h a t  several  rese rvo i r s  i n  northern Nevada (espe- 
c i a l l y  Steamboat Springs, Beowawe, and Desert  
Peak) could on a c o l l e c t i v e  basis achieve s i g n i -  
f i c a n t  growth before the  end o f  t h e  century.  
Moreover, on l y  very sketchy data was a v a i l a b l e  on 
t h e  probable c h a r a c t e r i s t i c s  o f  t h e  f u t u r e  w e l l s  
a t  these resources. Hence, the authors have 
t r e a t e d  nor thern Nevada as a s ing le  resource area 
i n  t h i s  paper, despi te  our recogn i t i on  o f  t h e  
d iverse nature o f  t he  i nd i  v idual  reservo i  r s .  

Other known resources t h a t  were n o t  consid- 
ered are n o t  expected t o  achieve s i g n i f i c a n t  
e l e c t r i c a l  capaci ty  compared t o  the ones mentioned 
above (Ward) because o f  h igh development c o s t  
(e.g., R a f t  River), l a c k  o f  s u i t a b l e  markets 
(e.g., Puna, Hawaii), o r  some combination o f  
unfavorable fac to rs  (e.g. , Coso). 

Energy from geopressured and h o t  d r y  rock  
(HDR) resources i s  e i t h e r  no t  compet i t ive wi th  
coal  o r  nuc lear  energy o r  not  ready f o r  widespread 
commercialization, o r  both. Even i f  these con- 
d i  ti ons change and p r o j e c t s  using geopressured o r  
HDR resources become competetive o r  reach c r i t i c a l  
s i z e  f o r  r a p i d  growth i n  the next 20 years,  i t  i s  
u n l  i k e l y  t h a t  d r i  11 i ng a c t i v i t y  i n  these resources 
w i l l  make a s i g n i f i c a n t  impact upon the  t o t a l  num- 
bers o f  geothermal w e l l s  t o  be d r i l l e d  p r i o r  t o  
2000 A.D. (Brown e t  a l l .  
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METHODOLOGY FOR ESTIMATING NUMBERS OF WELLS 

Geothermal we l ls  are d r i l l e d  to :  a) l o c a t e  
and de f ine  new reservo i rs ,  b) prov ide t h e  produc- 
t i o n  and i n j e c t i o n  we l ls  requi red by new p lan ts ,  
and c) rep lace depleted w e l l s  a t  e x i s t i n g  power 
p lan ts .  The number of new we l ls  (a and b above) 
fo r  a g iven r e s e r v o i r  w i l l  be p ropor t iona l  t o  t h e  
r a t e  o f  growth of generating capaci ty  (dM/dt) o f  
t h a t  reservo i r .  The number of replacement we l ls  (c 
above) f o r  a g iven r e s e r v o i r  w i l l  be p ropor t iona l  
t o  t h e  e l e c t r i c a l  generating capaci ty  on- l ine (M) 
a t  t h e  reservo i r .  

The number of new w e l l s  requ i red  w i l l  be t h e  
growth i n  capaci ty  (AM) d i v i d e d  by t h e  new produc- 
t i v i t y  per  w e l l  (P) a l l  m u l t i p l i e d  by the  r a t i o  o f  
t h e  t o t a l  number of new w e l l s  d r i l l e d  t o  the  number 
o f  successful product ion w e l l s  (r), i .e . ,  

New Wells = 1 AM (Eq. 1) P 

Estimates of P, the  average p r o d u c t i v i t y  per we1 1, 
can be made from actual  w e l l  t e s t s  (we l l  f l o w  r a t e ,  
temperature, and f 1 u i  d qual i ty) on i n d i v i  dual 
we l ls ;  o r  t h e  estimates can be based on h i s t o r i c a l  
in fo rmat ion  as t o  t h e  number o f  product ion w e l l s  
d r i l l e d  per  megawatt o f  capaci ty  f o r  a t y p i c a l  
p l a n t  i n  t h e  f i e l d  be ing evaluated. The r a t i o  of 
t o t a l  we l ls  d r i l l e d  t o  t h e  number o f  successful 
product ion we l ls ,  r, must be based on h i s t o r i c a l  
data on d r i  11 i ng i n the  reservo i  r being eval uated. 
On the  average, the  new w e l l s  are expected t o  be 
d r i l l e d  about 3 years before the  new e l e c t r i c a l  
capac i ty  i s  due t o  come on- l ine.  

The number of replacement we l ls  (Brown e t  a l )  
requ i red  w i l l  be the  capaci ty  on- l ine  (M) d iv ided 
by t h e  p r o d u c t i v i t y  per  w e l l  (P) t imes t h e  replace- 
ment r a t i o  (R),  t imes t h e  r a t i o  o f  t h e  t o t a l  number 
o f  new w e l l s  d r i l l e d  t o  t h e  number o f  successful 
product ion w e l l s  (r) o r  

(Eq. 2) 
r R M  Replacement w e l l s  = - P 

R, t h e  replacement value, i s  determined from h i s -  
t o r i c a l  data on the  f r a c t i o n  o f  w e l l s  t h a t  must be 
rep laced each year  t o  sus ta in  production. The 
replacement we l ls ,  on t h e  average, are expected t o  
be d r i l l e d  about one year  before they are needed. 

I n  a d d i t i o n  t o  estimates o f  t h e  c o e f f i c i e n t s  
(r, R, and P) , estimates o f  t h e  number o f  new we1 1s 
and replacement we1 1 s r e q u i r e  t h a t  generating 
capac i ty  (M) be forecasted as a f u n c t i o n  o f  t ime. 
A f t e r  successful demonstration o f  power product ion 
a t  a reservo i  r, t h e  geothermal e l e c t r i c a l  capaci ty  
o n - l i n e  should grow r a p i d l y  u n t i l  na tura l ,  
economic, o r  p o l  i t i c a l  1 i m i  t s  are approached. 
H i s t o r i c a l  growth a t  The Geysers and a t  Cerro 
P r i e t o  (15 t o  25 percent per  year) t y p i f y  t h i s  
growth process. The capac i ty  has been asssumed t o  
grow from an i n i t i a l  c r i t i c a l  value (Mo) a t  a r a t e  
i n i t i a l l y  p ropor t iona l  t o  t h e  capaci ty  on- l ine  b u t  
a t  a r a t e  t h a t  decreases as t h e  maximum resource 
capaci ty  (M,) i s  approached according t o  

Mo, t h e  i n i t i a l  c r i t i c a l  capacity, i s  est imated 
from t h e  s i z e  of t y p i c a l  geothermal power p l a n t s  
and t h e  development plans of the l o c a l  u t i l i -  
t i e s .  M , t h e  maximum resource capacity, i s  a 
func t ionmof  t h e  geology o f  a reservo i r ,  and can 
be obta ined from Muff ler e t  a1 o r  o ther  sources. 
The s o l u t i o n  t o  t h e  above d i f f e r e n t i a l  equat ion 
f o r  t h e  growth o f  capaci ty  i s  

M 
M =  ' 'm 

(Mm/Mo-l)e-kt + 1 

The constant, k, i s  evaluated from t h e  i n i -  
t i a l  growth o f  20 percent per  year and t h e  above 
d i f f e r e n t i a l  equation by 

; A t  = 1 year  0.2-@%E dM - M Mo d t  1 
t=o 

o r  rearranging and s u b s t i t u t i n g  i n t o  Eq. 3 

= 0.2Mo/year = k Mo(Mm - Mo) 

and s o l v i n g  f o r  k 

0.2 M,/year 

Mm - Mo 
k =  (Eq. 5) 

FORECAST OF WELLS FOR ELECTRICAL GENERATION 

The number o f  megawatts o f  geothermal e lec-  
t r i c a l  power product ion on- l ine each year  u n t i l  
2000 A.D., p red ic ted  by equation 4, i s  shown i n  
f i g u r e  1 f o r  each o f  t h e  f i v e  s i g n i f i c a n t  resource 
areas i d e n t i f i e d .  Data used t o  c a l c u l a t e  t h e  
curves i n  f i g u r e  1 are shown i n  t a b l e  1. F igure 1 
shows t h a t  f o r  the  next  10 years, The Geysers i s  
expected t o  continue t o  be the  dominant geothermal 
resource, producing 75 percent o r  more o f  the  
geothermal e l e c t r i c  power on- l ine.  I n  t h e  year  
2000 The Geysers and Imper ia l  Val ley are expected 
t o  have e s s e n t i a l l y  equal amounts o f  power on- 
l i n e .  For t h e  next 20 years, resources ou ts ide  
C a l i f o r n i a  are expected t o  grow enough t o  achieve 
o n l y  20 percent  o f  geothermal power p roduc t ion  
(Brown e t  a1 . 1. 

For The Geysers, Va l les  Caldera, and Roose- 
v e l t  Hot Springs, f igure  1 shows t h a t  t h e  most 
impor tant  f a c t o r  governing t o t a l  growth i n  t h e  
nex t  20 years w i l l  be the  s ize  of the  resource. 
For t h e  Imper ia l  Va l ley  and nor thern Nevada 
resources s i r e  w i l l  no t  be a l i m i t i n g  f a c t o r  i n  
the  next  20 years; instead, the growth r a t e  and 
t ime when c r i t i c a l  minimum s i z e  i s  reached are 
expected t o  be the major factors  governing t o t a l  
growth o f  these resources. 
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TABLE 1 .  WELL COUNTING PARAMETERS 

~ _ _ _ _ _  ~ 

I n i t i a l  Growth Replacement Maxi mum 
Si ze l  S t a r t s  Product! v i  ty2 Rate3 Rati 04 Size1 

GeysersKlear Lake 900 1981 7&3 .044 22.3 2500 

Imperi a1 Val 1 ey 200 1986+1 4k 1 (. 044)5 2+. 3 7000 

Resource (Mol ( t o >  (PI (R) ( r )  (Mm) 

Val 1 es Cal dera 50 1983k1 3 ,033 2 400 

Northern Nevada 100 1990+2 (5&1)5 (. 0 4 4 p  (215 1200 

Roosevelt H. S. 70 1 989k 1 5k1 (. 044)5 (215 400 

lMWe 
2MWe per production we1 1 
3The fraction o f  wells t ha t  must be replaced each year 
4Total wells divided by production wells 
5Numbers i n  parentheses are estimates t h a t  are not backed by any actual data 
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Figure 1.  Forecast of Geothermal 
Electric Power Capacity 

Figure 2 shows the number o f  production, 
rep1 acement , and other types of we1 1 s ( i  njecti  on 
we1 1 s , dry hol es , and exploration we1 1 s) expected 
t o  be d r i l l ed  i n  each resource by f ive  year peri-  
ods. (Figure 2 presents some insights i n to  fu ture  
d r i l l i ng  ac t iv i ty . )  For the next 5 years more than 
50 percent o f  the geothermal wells are expected t o  

be d r i l l ed  a t  The Geysers. For the next 20 years 
there will always beb more wells d r i l l e d  a t  The 
Geysers than a t  Valles Caldera o r  Roosevelt Hot 
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Figure 2. Numbers and Types of Wells t o  Support the  
Growth of Geothermal Elec t r ic  Generating 
Capacity as Forecasted i n  Five Resource 
Areas 
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Springs, bu t  i n  about 20 years, the  number o f  w e l l s  
d r i l l e d  i n  The Geysers and Northern Nevada are 
expected t o  be about equal. I n  about 1988 there  
are expected t o  be as many w e l l s  d r i l l e d  i n  the  
Imper ia l  Val ley as a t  The Geysers. A f t e r  t h a t  
t ime, t h e  Imper ia l  Va l ley  i s  expected t o  dominate 
the  geothermal d r i l l i n g  scene t o  the end o f  
century . 

GEOTHERMAL WELLS FOR DIRECT HEAT PROJECTS 

The forecast  f o r  geothermal d i r e c t  heat capac- 
i t y  i s  less  cer ta in .  Substant ia l  increases i n  
Government a i d  over t h e  next  10 years might  be 
s u f f i c i e n t  t o  develop the  DOE goal o f  one Quad 

Btu) per  year of geothermal d i r e c t  heat use 
by the  year 2000. Without such funding the growth 
o f  d i r e c t  heat capaci ty  i s  l i k e l y  t o  be less  spec- 
tacu la r .  More than a thousand large pro jec ts  would 
be needed t o  meet t h e  DOE goal. The t o t a l  market 
f o r  d i r e c t  heat i n  t h e  West i s  about 5 Quads, so 
t h a t  t h e  DOE goal represents a 20 percent share o f  
the  market. To meet such a goal, the government 
would have t o  prov ide the f l e d g l i n g  indus t ry  w i t h  
la rge  amounts of a id .  Without substant ia l  Govern- 
ment a id ,  b u t  w i t h  a favorable economic c l imate ,  
d i r e c t  heat might grow a t  a r a t e  as h igh  as 14 
percent per year. S t a r t i n g  from the  present use o f  
0.001 Quad, t h i s  r a t e  of growth would y i e l d  a 
capaci ty  o f  about 0.02 Quads by the t u r n  o f  the  
century. Areas t h a t  are expected t o  dominate t h e  
growth of geothermal d i r e c t  heat capacity over t h e  
shor t  term are those loca t ions  where geothermal 
d i r e c t  heat already e x i s t s  (such as Klamath F a l l s ,  
Oregon; Vale, Oregon; Reno, Nevada; and Boise, 
Idaho). 

The b e n e f i c i a l  heat der ived from d i r e c t  heat 
we l ls  can vary g rea t ly .  The b e n e f i c i a l  heat from a 
w e l l  d r i l l e d  t o  heat  a s i n g l e  home i s  about l o 8  
Etu/yr, whereas the  b e n e f i c i a l  heat from a w e l l  
d r i l l e d  t o  support an i n d u s t r i a l  process o f t e n  
would be more than 1000 times greater. Therefore, 
the number o f  we l ls  needed t o  support 0.02 Quads 
ranges from several hundred t o  several tens o f  
thousands depending upon the  mix o f  app l i ca t ions .  
Based upon t h e  average s i z e  o f  e x i s t i n g  uses (Geo- 
thermal Progress Monitor),  about 6000 we l ls  o f  a l l  
types would be needed t o  support 0.02 Quads o f  
d i r e c t  heat use p e r  year. Under t h i s  s e t  of 
assumptions, the number of w e l l s  needed t o  support 
d i r e c t  heat i s  somewhat greater  than the  number 
needed t o  support forecasted e l e c t r i c  capacity. 
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