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The s t a t u s  o f  geothermal r e s e r v o i r  eng ineer ing  i n  i n d u s t r y  i s  h i g h l y  
encouraging. The " s t a t e  of t h e  a r t "  has grown s t e a d i l y  over  t h e  years and 
has been a c c e l e r a t i n g  r a p i d l y  i n  t h e  l a s t  few years.  Geothermal engineers 
i n  i n d u s t r y  have had an advantage over  t h e i r  c o u n t e r p a r t s  i n  research and 
government i n  t h a t  they have had a c t u a l  r e s e r v o i r s  and producing w e l l s  on 
which t o  app ly  t h e i r  eng ineer ing  s k i l l s .  T h i s  involvement w i t h  f i e l d  t e s t i n g  
and development has c rea ted  an i d e a l  environment f o r  advancing t h e  
technology o f  geothermal r e s e r v o i r  eng ineer ing .  

I tend t o  v iew geothermal r e s e r v o i r  eng ineer ing  i n  a much broader 
c o n t e x t  than t h e  f i v e  genera l  t o p i c s  be ing discussed i n  t h i s  workshop. For 
r e s e r v o i r  engineers i n  p r i v a t e  i n d u s t r y .  a geothermal p r o j e c t  begins when a 
p o t e n t i a l  geothermal prospect  i s  be ing evaluated f o r  l e a s i n g .  The r e s e r v o i r  
engineer  must be i n v o l v e d  w i t h  h i s  e x p l o i t a t i o n  and land a c q u i s i t i o n  groups 
so t h a t  t h e  terms o f  t h e  eventual  lease a r e  ach ievab le  w i t h i n  the  framework 
of the  e x i s t i n g  s tage of technology, r e g u l a t o r y  c o n t r o l  and a p p r o p r i a t e  
economics. 

Once t h e  lease i s  consummated, t h e  r e s e r v o i r  engineer  must be i n v o l v e d  
i n  t h e  e x p l o r a t i o n  and i n i t i a l  d r i l l i n g  program. The e x p l o r a t i o n  da ta  
acqu i red  and eva lua ted  by t h e  e x p l o r a t i o n  g e o l o g i s t  i s  o f  v i t a l  importance 
t o  t h e  r e s e r v o i r  engineer  i n  h i s  e v a l u a t i o n  o f  t h e  r e s e r v o i r .  He must work 
c l o s e l y  w i t h  t h e  des ign  and e x e c u t i o n  o f  t h e  i n i t i a l  d r i l l i n g  program so 
t h a t  t h e  maximum r e s e r v o i r  i n f o r m a t i o n  can be ob ta ined from the  d r i l l  
c u t t i n g s ,  c o r i n g ,  logg ing ,  bot tomhole f l u i d s ,  temperatures and pressures.  
The cas ing  des ign  and w e l l  comple t ion  program w i l l  be o f  impor tan t  concern 
t o  t h e  r e s e r v o i r  engineer ,  s i n c e  they w i l l  p l a y  a l a r g e  r o l e  i n  l i m i t i n g  o r  
c o n t r i b u t i n g  t o  t h e  p r o d u c t i v i t y  o f  t h e  w e l l .  

Nowadays i n  t h e  U n i t e d  Sta tes ,  very  l i t t l e  new i n d u s t r i a l  development 
can occur  w i t h o u t  a thorough a n a l y s i s  of t h e  environmental  impacts o f  t h e  
o p e r a t i o n .  The r e s e r v o i r  engineer  i n  i n d u s t r y  must p l a y  a r o l e  i n  
c o n t r i b u t i n g  necessary i n f o r m a t i o n  i n  these analyses. He can p r o v i d e  d e t a i l s  
on t h e  a n t i c i p a t e d  w e l l  t e s t i n g  and f i e l d  e v a l u a t i o n  programs and on t h e  
es t imated  e x t e n t  o f  development and on t h e  q u a n t i t y  and c h a r a c t e r i s t i c s  
o f  t h e  f l u i d s  which w i l l  be produced. The q u a n t i t y  o f  i n f o r m a t i o n  r e q u i r e d  
b e f o r e  these p r o j e c t s  a r e  w e l l  d e f i n e d  may seem unmanageable, b u t  t h e  
r e s e r v o i r  engineer  i s  t h e  most q u a l i f i e d  t o  supply  much o f  t h i s  i n f o r m a t i o n .  

There i s  another  aspect  o f  r e g u l a t o r y  c o n t r o l  i n  which t h e  r e s e r v o i r  
engineer  should p l a y  an a c t i v e  r o l e .  The r e g u l a t i o n s  which g e n e r a l l y  f a l l  
i n t o  t h e  ca tegory  o f  env i ronmenta l  p r o t e c t i o n  have been i n  a genera l  s t a t e  
o f  f l u x  by l o c a l ,  s t a t e  and f e d e r a l  agencies.  Geothermal development i s  
v e r y  new to  these agencies,  and t h e r e  i s  an urgent  need t o  educate them on 
t h e  exact  n a t u r e  o f  t h e  o p e r a t i o n s .  Wi thout  t h i s  educat ion,  i n d u s t r y  has and 
w i l l  c o n t i n u e  t o  exper ience long delays i n  r e c e i v i n g  governmental approval  
f o r  f u t u r e  development. 
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Whi le I am on the  s u b j e c t  o f  delays,  we should examine an impor tan t  
r e s p o n s i b i l i t y  t h e  r e s e r v o i r  engineer has i n  sho r ten ing  t h e  long lead  t ime  
from i n i t i a l  d i scove ry  t o  commercial p roduc t i on .  I n  an o i l  o r  gas r e s e r v o i r ,  
f i e l d  p r o d u c t i o n  f a c i l i t i e s  can be i n s t a l l e d  s h o r t l y  a f t e r  t he  f i r s t  few 
w e l l s  a r e  d r i l l e d  and tes ted .  The r e s e r v o i r  e v a l u a t i o n  proceeds concur ren t  
w i t h  t h e  development o f  t he  f i e l d .  We a r e  n o t  p rov ided w i t h  t h i s  l u x u r y  
i n  geothermal development. Small geothermal power p l a n t s  a r e  n o t  economica l l y  
a t t r a c t i v e ,  and i t  takes ex tenua t ing  c i rcumstances t o  j u s t i f y  t h e i r  
i n s t a l l a t i o n .  We tend t o  view a 55 MW p. lant  as t h e  sma l les t  economic s i z e  
u n i t  under normal c i rcumstances. Th is  means t h a t  a r e s e r v o i r  w i l l  have t o  
c o n t a i n  c l o s e  t o  300 b i l l i o n  pounds o f  steam t o  support  t h i s  p l a n t  f o r  a 
30-year l i f e .  O f  course t h e  r e q u i r e d  minimum reserve  w i l l  va ry  depending 
upon t h e  power c y c l e  used and t h e  n a t u r e  o f  the f l u i d s  i n  the  r e s e r v o i r .  
I f  the  r e s e r v o i r  f l u i d  i s  ho t  water ,  the r e q u i r e d  f l u i d  reserves may be 
four  t o  f i v e  t imes as l a r g e .  The cha l l enge  t o  the r e s e r v o i r  engineer i n  
i n d u s t r y  i s  t o  determine how l a r g e  h i s  reserves a r e  w i t h i n  the  s h o r t e s t  
p o s s i b l e  t ime  and w i t h  the  minimum amount o f  w e l l s  and t e s t i n g .  

I t  i s  toward ach iev ing  t h i s  goal t h a t  t h e  r e s e r v o i r  engineer must 
c o n s t a n t l y  s t r i v e .  I f e e l  t h a t  t he  i n d u s t r y  i s  moving r a p i d l y  i n  t h i s  
d i r e c t i o n .  Well t e s t i n g  and e v a l u a t i o n  techniques have been v a s t l y  improved 
i n  t h e  l a s t  few years.  I n  t h i s  respec t ,  t he  bottomhole p ressure  measurement 
techniques a r e  meet ing our  needs, bu t  t he re  i s  an obvious absence o f  
e q u a l l y  s e n s i t i v e  temperature t o o l s .  
temperature changes i n  the  r e s e r v o i r  w i t h  g r e a t e r  accuracy.  

We must f i n d  a way t o  measure 

There a r e  cons ide rab le  chemical data becoming a v a i l a b l e  on e x i s t i n g  
geothermal r e s e r v o i r s .  I f e e l  t he re  i s  an urgent  need t o  analyze these da ta  
w i t h  respec t  t o  what they a r e  t e l l i n g  us on r e s e r v o i r  performance. I r e f e r  
n o t  o n l y  t o  i o n  c o n c e n t r a t i o n  changes, bu t  a l s o  t o  i so tope  chemis t r y .  The 
performance o f  a geothermal f i e l d  w i l l  be c o n t r o l l e d  by, among o t h e r  f a c t o r s ,  
t he  hydro logy  o f  t he  area. M o n i t o r i n g  the changes o f  isotopes,  such as H, 
0, C and S,  w i l l  p r o v i d e  i n s i g h t  i n t o  how t h e  hydrology o f  t he  area i s  
responding t o  geothermal ope ra t i ons .  The r e s u l t s  o f  these chemical 
i n v e s t i g a t i o n s  need t o  be i n t e g r a t e d  w i t h  f l o w  behavior and the  p h y s i c a l  
p r o p e r t i e s  o f  t h e  r e s e r v o i r  f l u i d s .  We f e e l  t h a t  t he  r e s e r v o i r  e v a l u a t i o n  
and p r e d i c t i o n  techniques w i l l  e v e n t u a l l y  have t o  account n o t  o n l y  f o r  t he  
mass and energy changes d u r i n g  e x p l o i t a t i o n ,  b u t  a l s o  f o r  t he  chemical 
changes. 

There has been cons ide rab le  i n t e r e s t  i n  t h e  l a s t  few years on the  
consequences o f  c o l d  f l u i d  i n j e c t i o n  i n t o  geothermal r e s e r v o i r s .  I n d u s t r y  
has been aware o f  t h i s  p o t e n t i a l  problem f o r  a number o f  years,  s o  i t  i s  
g r a t i f y i n g  t h a t  more research i s  being undertaken t o  determine t h e  phys i ca l  
c h a r a c t e r i s t i c s  o f  i t s  e f f e c t .  Such research w i l l  a i d  i n  des ign ing  
success fu l  r e i n j e c t i o n  programs, b u t  i n d u s t r y  w i l l  have the  r e s p o n s i b i l i t y  
o f  deve lop ing  f i e l d  t r i a l s  and making t h e  system work b e n e f i c i a l l y  f o r  
a d d i t i o n a l  heat recovery and n o t  t o  d e t r i m e n t a l l y  i n h i b i t  our  p roduc ing  
w e l l s .  An unknown i n  c a l c u l a t i n g  t h e  heat recovered from t h e  rock d u r i n g  
water i n j e c t i o n  i s  t he  f r a c t u r e  i n t e n s i t y .  I n  a l l  the mathematical 
d e r i v a t i o n s ,  we use the  assumption o f  instantaneous heat t r a n s f e r  from 
t h e  rock  t o  t h e  f l u i d  t o  achieve thermal e q u i l i b r i u m .  Th is  assumption has 
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t o  be v e r i f i e d  i n  t h e  l a b o r a t o r y  u s i n g  l a r g e r  rock than i n  pas t  experiments 
and a l s o  i n  the  f i e l d  by conduct ing  p i l o t  t e s t s .  The technology development 
f o r  f l u i d  i n j e c t i o n  i n t o  geothermal r e s e r v o i r s  should proceed much l i k e  the  
development o f  w a t e r - f l o o d i n g  i n  o i l  r e s e r v o i r s .  T h e o r e t i c a l  and l a b o r a t o r y  
analyses went hand i n  hand w i t h  f i e l d  t e s t i n g .  

I should p o i n t  o u t  t h a t  Union O i l  has been invo lved  i n  water i n j e c t i o n  
a t  The Geysers s ince  1969, i n  New Mexico s ince  1973, and f o r  over one year 
i n  Imper ia l  V a l l e y .  These i n j e c t i o n  programs were i n i t i a t e d  t o  dispose 
o f  t h e  produced l i q u i d s  i n  an env i ronmen ta l l y  acceptab le  manner. I 
a n t i c i p a t e  t h a t  r e i n j e c t i o n  o f  produced l i q u i d s  w i l l  become t h e  o n l y  
acceptab le  method o f  water d i sposa l  f o r  geothermal ope ra t i ons  i n  the  
Un i ted  S ta tes .  There fore ,  i t  i s  mandatory t h a t  we develop techniques t h a t  
m in im ize  t h e  d e t r i m e n t a l  e f f e c t s .  Our exper ience t o  da te  i n d i c a t e s  t h a t  
i f  t h e  i n j e c t i o n  program i s  designed c a r e f u l l y ,  water i n j e c t i o n  can be 
c a r r i e d  o u t  s u c c e s s f u l l y .  

Though we a r e  c o n f i d e n t  i n  c o l d  f l u i d  i n j e c t i o n ,  t h e r e  i s  s t i l l  a 
cons ide rab le  amount o f  f i e l d  da ta  and exper ience needed. We i n t e n d  t o  
concen t ra te  on r e s e r v o i r  analyses on the heat t r a n s f e r  c h a r a c t e r i s t i c s  i n  
these opera t i ons  i n  t h e  coming year .  We have experimented w i t h  t h e  use o f  
t r a c e r s  i n  our  i n j e c t i o n  water i n  t h e  pas t ,  and we p l a n  t o  expand t h i s  work 
i n  t h e  f u t u r e .  I t  i s  our hope t h a t  t he  use o f  t r a c e r s  w i l l  p r o v i d e  us w i t h  
i n f o r m a t i o n  on t h e  o r i e n t a t i o n  and i n t e n s i t y  o f  t h e  f r a c t u r e s  and how 
e f f e c t i v e l y  we a r e  m in ing  t h e  heat  f rom the  rock.  

I n  summary, I f e e l  t h a t  geothermal r e s e r v o i r  eng inee r ing  i n  i n d u s t r y  
i s  ex t remely  impor tan t  i n  advancing the  development o f  these needed resources. 
The eng ineer ing  go ing  on i n  t h e  f i e l d  i s  h i g h l y  complementary t o  the  c u r r e n t  
research  a c t i v i t y .  There i s  cons ide rab le  work ahead f o r  bo th  i n d u s t r y  and 
research, b u t  through i n f o r m a t i o n  exchanges such as t h i s  workshop, we can 
sho r ten  the  t ime- lag  i n  ou r  knowledge about geothermal r e s e r v o i r s .  
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