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In t roduc t ion  About twenty years  ago when t h e  
Geysers Geothermal Steam F i e l d  i n  C a l i f o r n i a  
f i r s t  s t a r t e d  producing steam i n  s i g n i f i c a n t  
q u a n t i t i e s  f o r  t h e  generat ion of e l e c t r i c i t y  
t h e r e  w e r e  probably no mxe than f i v e  or s i x  
people i n  t h e  U.S.A. who could q u a l i f y  as 
geothermal r e s e r v o i r  engineers. Then as now, 
t h e  Geysers f i e l d  w a s  t h e  only f i e l d  i n  t h e  
U.S.A. producing steam i n  s i g n i f i c a n t  quant i-  
t ies  on a commercial bas i s .  W e  are now 
e n t e r i n g  a new era, however, and can expect 
steam product ion i n  t h i s  country t o  rise 
markedly i n  t h e  next few years. 

I n  1960 t h e r e  were a t  least a few thousand 
persons i n  t h e  U.S.A. who w e r e  p r a c t i c i n g  
r e s e r v o i r  engineering i n  t h e  petroleum indus- 
t r y  and i n  groundwater management organiza- 
t i o n s .  Thus t h e  U.S.A. had a t  i ts d i sposa l  a 
great dea l  of t a l e n t  and e x p e r t i s e  but  very 
l i t t l e  experience i n  e i t h e r  t h e  operat ion of 
n a t u r a l  underground steam r e s e r v o i r s  o r  i n  
t h e  development of needed geothermal reser- 
v o i r  engineering technology. I n  c o n t r a s t ,  
var ious o ther  count r ies  had been producing 
n a t u r a l  underground steam r e s e r v o i r s  f o r  many 
years  and had developed from p r a c t i c a l  
experience a considerable  fund of knowledge 
about r e s e r v o i r  behavior. Hcswever, these 
count r ies  had no r e s e r v o i r  engineers  i n  t h e  
sense w e  now conceive t h i s  profession,  and 
t h e r e  was no common awareness of the need for 
new technology. 

What w e  conceive a s  r e s e r v o i r  engineering is 
of importance i n  t h e  prepara t ion  and under- 
s tanding  of i n t e r n a t i o n a l  cooperat ive agree- 
ments i n  geothermal energy. Reservoir engi-  
neer ing  is r e l a t e d  t o  o ther  branches of engi- 
neering involved i n  t h e  development and oper- 
a t i o n  of geothermal- fluid rese rvo i r s .  As 
examples, it is r e l a t e d  to  d r i l l i n g ,  produc- 
t i o n ,  and process  engineering. I t  is a l s o  
r e l a t e d  t o  management func t ions  p e r t a i n i n g  t o  
development and production. 

The conventional  concept l i m i t s  its scope 
mainly t o :  ( 1 )  Analyses of w e l l  logs,  ( 2 )  
Analyses of r e s e r v o i r  p ressure ,  temperature, 
production and wel l- ef f luen t  composition h i s-  
tories, ( 3 )  The design implementation, and 
a n a l y s i s  of f i e l d  tests, ( 4 )  t h e o r e t i c a l  
s t u d i e s  of r e s e r v o i r  behavior, r e s e r v o i r  

modeling, and s t u d i e s  of physical  models i n  
t h e  laboratory.  All t h i s  is f o r  t h e  purpose 
of developing and applying techniques to  
f o r e c a s t  w e l l  and r e s e r v o i r  d e l i v e r a b i l i t i e s  
and u l t imate  economic recoveries  under dLf- 
f e r e n t  opera t ing  condit ions.  

I n  some ins tances  the concept of r e s e r v o i r  
engineering is much broader, encompassing 
a d d i t i o n a l  func t ions  which may include land 
management, d r i l l i n g ,  engineering,  production 
geology, production engineering,  p i p e l i n e  
t r a n s p o r t a t i o n  of products  t o  local s to rage  
f a c i l i t i e s  or power p l a n t s ,  and managerial 
decision-making regarding such th ings  a s  re- 
drills, s e l e c t i o n  of sites f o r  new w e l l s ,  
processing f a c i l i t i e s ,  or power p l a n t s .  This  
broad concept places t h e  r e s e r v o i r  engineer 
i n  t h e  role of r e s e r v o i r  manager and i n  t h i s  
capac i ty  he would also i n i t i a t e  f e a s i b i l i t y  
s t u d i e s  and arrange f o r  research along l ines  
that appear best t o  him. 

I n  t h e  geothermal community the  conventional 
concept of r e s e r v o i r  engineering has been 
adopted genera l ly  although it has been rub- 
j e c t  t o  change, and o f t e n  t o  add i t ions  as 
more is learned about new f a c t o r s  a f f e c t i n g  
r e s e r v o i r  behavior. 

Bina t iona l  cooperat ive geothermal research 
programs were developed as a l o g i c a l  means t o  
b e n e f i t  both t h e  U.S.A. and t h e  count r ies  
p a r t i c i p a t i n g  with it. Some b i n a t i o n a l  pro- 
grams covered a number of areas of research 
on geothermal energy, but  from t h e  o u t s e t ,  
r e s e r v o i r  engineering became widely recog- 
nized as an important sub jec t  of general  con- 
cern. 

E f f o r t s  were made e a r l y  in b i n a t i o n a l  s t u d i e s  
t o  develop new geothermal r e s e r v o i r  engineer-  
ing  technology through appl ica t ions  and m d i -  
f i c a t i o n s  of e x i s t i n g  petroleum and ground- 
water technology. These s t u d i e s  l e d  t o  a 
b e t t e r  understanding of t h e  phys ica l  n a t u r e  
of geothermal r e s e r v o i r s ,  a deeper apprecia-  
t i o n  of t h e  phys ica l  d i f fe rences  between 
steam, petroleum, and groundwater r e s e r v o i r s ;  
and they helped researchers  avoid dupl ica t ion  
of e f f o r t  . 
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Laboratory s t u d i e s  of phys ica l  models were 
made, computer models w e r e  developed, and 
r e s e r v o i r  engineering f i e l d  s t u d i e s  w e r e  
made. Generally accepted methods of approach 
w e r e  followed i n  making f i e l d  s tud ies .  F i e l d  
performance data  w e r e  used t o  formulate hypo- 
theses  regarding t h e  nature of rese rvo i r s .  
These hypotheses were then t e s t e d  using phys- 
i c a l  o r  mathematical models, o r  both. The 
phys ica l  laws involved i n  t h e  performance of 
t h e  r e s e r v o i r s  could then be recognized so 
t h a t  p e r t i n e n t  engineering equat ions could be 
derived and solved. I f  r e s u l t s  from such 
equat ions appear v a l i d  based on comparisons 
t o  f i e l d  performance da ta ,  then it is pos- 
s i b l e  t o  study var ious  methods of f i e l d  
development and production, and t o  f o r e c a s t  
performance. 

B i l a t e r a l  programs a c t i v e  during recent  years  
have been t h e  source of a s u b s t a n t i a l  fund of 
knowledge, usefu l  new technology, and t rans-  
f e r s  of technology t o  t h e  U.S.A. 

These t e c h n i c a l  gains  f o r  p a r t i c i p a t i n g  coun- 
t r i e s  would not be poss ib le  without w e l l  
understood w r i t t e n  agreements c a r e f u l l y  pre- 
pared i n  advance of j o i n t  research a c t i v i -  
ties. Some comments on these  agreements f o l-  
low. 

Comments on The Execution of I n t e r n a t i o n a l  
Cooperative Agreements I n t e r n a t i o n a l  cooper- 
a t i v e  research has been government-sponsored, 
an outgrowth of p r i v a t e  consul t ing,  o r  a 
necess i ty  f o r  i n d u s t r i a l  development. 
Regardless of how they came about or how they 
w e r e  implemented, b i n a t i o n a l  programs i n  
which t h e  U.S.A. has been a p a r t i c i p a n t  have 
been of b e n e f i t  t o  t h i s  country.I t  i s  
important t h a t  p a r t i c i p a n t s  s ign  i n t e r-  
na t iona l  agreements with a s p i r i t  of good 
w i l l .  Both s i d e s  should be w e l l  aware of t h e  
non- technical problems which can confront  
them. There are many such problems. J o i n t  
determination of t h e  s p e c i f i c  research to  be 
undertaken is one of them. Another is t h e  
manner i n  which j o i n t  research proposals  are 
t o  be submitted t o  government sponsors. Ano- 
t h e r  is  naming i n  t h e  proposals  the research-  
ers from t h e  p a r t i c i p a t i n g  count r ies  and 
d e l i n e a t i n g  t h e  d i s t r i b u t i o n  of work among 
them. Les s  s i g n i f i c a n t  bu t  a l s o  important 
a r e  t h e  p lans  t h a t  must be made f o r  working 
toge ther  i n  each o thers  home o f f i c e s  and lab- 
o r a t o r i e s .  This  involves t h e  need for travel 
plans.  I t  has become clear t h a t  b i n a t i o n a l  
cooperat ive research,  i f  it is t o  be 
success fu l ,  demands t h a t  p a r t i c i p a n t s  work 
toge ther  a t  f a i r l y  f requent  i n t e r v a l s  and 
w r i t e  t h e i r  r e p o r t s  together .  Doing so is  
unmistakable evidence of cooperation. If 
each s i d e  works mainly alone and a mere 
exchange of r e p o r t s  t akes  p lace  a t  t h e  end of 
a cont rac t  per iod,  t h e  research cannot be 
judged as t r u l y  cooperative. 

Researchers and research managers on both 
s i d e s  should be t o l e r a n t  regarding language 

problems which might arise. They should rec- 
ognize t h a t  s o c i a l ,  c u l t u r a l ,  and economic 
d i f fe rences  a r e  ever  p resen t  but  w i l l  not  
cause d i f f i c u l t i e s  i f  both s i d e s  a c t  i n  good 
f a i t h  and d i sp lay  good w i l l .  The ways of 
doing business  i n  one country a r e  not t h e  
same as i n  another. Researchers and research 
managers should accept  t h i s  f a c t  and consider  
t h e i r  p u r s u i t  of j o i n t  ob jec t ives  as a con- 
test t o  be won through pat ience and t h e  b e s t  
use of their a b i l i t i e s  and resources. 

I n t e r n a t i o n a l  Cooperative S tud ies  In  t h e  
ensuing paragraphs w e  d i scuss  some of t h e  
i n t e r n a t i o n a l  cooperat ive work t h a t  has been 
done i n  geothermal energy i n  recent  years. 
By necess i ty  our treatment of t h i s  sub jec t  is 
sketchy because t h e r e  have been so many 
cooperat ive arrangements, formal and 
informal. Published information on many of 
t h e s e  apparent ly is  e i t h e r  scarce  o r  non- 
e x i s t e n t .  Moreover, w e  recognize t h a t  
compiling a v a i l a b l e  data  f o r  a more 
comprehensive t reatment  could become a v i r t u-  
a l l y  impossible t ask ,  but would not a l ter  our 
views i f  t h e  cooperat ive arrangements covered 
i n  our discussion are represen ta t ive  of t h e  
whole. Last ly ,  w e  admit t h a t  making our se- 
l e c t i o n  was n a t u r a l l y  inf luenced by p r o j e c t s  
w e  are most f a m i l i a r  with and those a r e  t h e  
ones which have involved Stanford e i t h e r  di- 
r e c t l y  o r  i n d i r e c t l y .  W e  do not mean to  i m-  
p l y  i n  any way t h a t  S tanford ' s  r o l e  i n  t h e  
development of geothermal r e s e r v o i r  engineer-  
i n g  has been any m r e  important than those of 
many o ther  organizat ions concerned with geo- 
thermal energy problems. 

Our purpose is  t o  d i s c l o s e  b e n e f i t s  t o  
p a r t i c i p a t i n g  count r ies ,  t o  i n d i c a t e  t h e  
p r a c t i c a l i t y  of these  b e n e f i t s ,  t e c h n i c a l l y  
and economically, and t o  show t h a t  i n t e r -  
na t iona l  cooperat ive work can a c c e l e r a t e  t h e  
development of t h e  geothermal indus t ry  and 
thereby ease energy shortage problems. 

Costa R i c a  - In  1980 Professor  H . J .  Ramey, 
Jr., of Stanford Universi ty  consul ted f o r  t h e  
government of Costa Rica on t h e  Miraval les  
geothermal f i e l d .  He made pressure t r a n s i e n t  
analyses,  designed w e l l  tests, and made engi- 
neering assessments. H e  presented a t a l k  on 
t h e  Miraval les  f i e l d  i n  t h e  f a i l  of 1980 i n  
one of t h e  weekly seminars of t h e  Stanford 
Geothermal Program. 

One of the  geothermal engineers  a t  
Miraval les ,  Eduardo Granados, an employee of 
t h e  Costa Rican government u t i l i t y ,  ICE,  was 
i n v i t e d  to  come t o  Stanford during t h e  win te r  
of 1980-81 as a v i s i t i n g  scholar .  Af te r  c o m-  
p l e t i n g  h i s  v i s i t  M r .  Granados appl ied  f o r  
admission t o  t h e  graduate geothermal s tudy 
program a t  Stanford and w a s  admitted. This  
kind of i n t e r a c t i o n  with p r a c t i c i n g  engineers  
throughout t h e  world y i e l d s  worthwhile bene- 
f i t s  not  only t o  graduate s tudents  and fac- 
u l t y  a t  Stanford,  but also t o  t h e  U.S.A. as  a 
whole. I t  provides an important i n d i r e c t  a i d  
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t o  our n a t i o n a l  geothermal development pro- 
gram. 

E l  Salvador - In  1975 Professor  W.E. Brigham 
of Stanford Universi ty  d id  some consu l t ing  
work f o r  E l  Salvador on that country 's  Ahua- 
chapan geothermal f i e l d .  This  work concerned 
t h e  p o s s i b i l i t y  of increas ing  t h e  s i z e  of the 
power p l a n t ,  t h e  longevi ty of t h e  f i e l d ,  lo- 
c a t i o n s  f o r  new w e l l s ,  and poss ib le  reinjec- 
t i o n  of produced water. The quest ions which 
a rose  charac te r ized  t h e  type of development 
planning t h a t  uses  r e s e r v o i r  evaluat ions as a 
basis f o r  decision-making. The Ahuachapan 
f i e l d  is t h e  f i r s t  h o t  water f i e l d  i n  the 
western hemisphere t h a t  produced from vol- 
canic  sediments. Since 1975 a number of 
o ther  s i m i l a r  f i e l d s  have been found, how- 
ever, i n  C e n t r a l  America and t h e  U.S.A. 

Consulting assignments of t h e  kind taken by 
Professor  Brigham i n  E l  Salvador expand t h e  
experience background of r e s e r v o i r  engineers ,  
augment t h e i r  understanding of geothermal 
r e s e r v o i r  behavior and improve t h e  s k i l l s  
they need t o  f o r e c a s t  r e s e r v o i r  
performance. The new technology gained is of 
primary value t o  the U.S.A. a s  an a i d  i n  t h e  
development of t h e  American geothermal indus- 
t r y .  

Ice land  - Several  years  ago there w a s  a for-  
m a l  agreement i n  e f f e c t  between t h e  Atomic 
Energy Commission i n  t h e  U.S.A. and t h e  Ice- 
land Energy Authority. This agreement c a l l e d  
f o r  cooperation between t h e  two count r ies  i n  
t h e  f i e l d  of geothermal energy. I t  w a s  broad 
i n  scope and d e a l t  more with conventional 
engineering mat te r s  a t  t h e  ground sur face  
than with geosciences. Apparently it w a s  i n  
f o r c e  f o r  a per iod  of about f i v e  years  but  
used i n  only a few instances.  Experience 
d i sc losed  t h a t  formal procedures were not  
necessary f o r  these.  

By means of t h e  agreement t h e  U.S.A. was 
seeking access t o  t h e  extensive background 
knowledge Ice land  had accumulated on non- 
electrical a p p l i c a t i o n s  such as d i r e c t  heat-  
i n g  with geothermal water. The U.S.A. used 
no p a r t i c u l a r  method t o  gain i ts 
ob jec t ives .  Generally t h e  a c t i v i t i e s  of t h e  
U.S.A. w e r e  l i m i t e d  t o  v i s i t s  t o  p l a n t s  and 
t o  o ther  i n s t a l l a t i o n s .  These v i s i t s  a l s o  
could have been arranged informally. 

Reservoir engineering w a s  not mentioned i n  
t h e  agreement, probably because t h i s  branch 
of engineering was r e l a t i v e l y  unknown i n  t h e  
geothermal community a t  t h e  t i m e  and it had 
been appl ied  t o  few geothermal systems.At 
about t h e  end of t h e  1970's decade t h e  
agreement w a s  due f o r  renewal, but n e i t h e r  of 
t h e  two count r ies  took t h e  i n i t i a t i v e  t o  see 
t h a t  t h i s  w a s  accomplished. Their  pass ive  
a t t i t u d e  may have been due t o  t h e  agreement's 
shortcomings. It  w a s  q u i t e  general ,  o u t l i -  
ning no s p e c i f i c  programs which should be 
undertaken or  any s p e c i f i c  problems which 

should be at tacked.  Moreover, no s p e c i a l  
funding f o r  the work w a s  provided for .  Thus, 
i n t e r e s t  waned. 

Some b e n e f i t s  t o  both count r ies  did accrue, 
however, as a result of informal cooperat ive 
arrangements. Lawrence Berkeley Laboratory 
(LBL) i n  the U.S.A. and various i n s t i t u t i o n s  
i n  Iceland worked toge ther  on t h e  Krafla  
high- temperature a rea  of nor theas t  Iceland. 
Ice land  w a s  i n t e r e s t e d  i n  having work &ne a t  
LBL on t h e  troublesome Krafla  rese rvo i r .  I t  
w a s  t h e  f i r s t  high- temperature r e s e r v o i r  i n  
t h e  country t o  produce less than what w a s  
expected o r i g i n a l l y .  

Ice land  has not ye t  developed t h e  experience 
t o  dea l  with complex r e s e r v o i r s  except f o r  
low-temperature r e s e r v o i r s  where c l a s s i c a l  
groundwater hydrology can be appl ied.  Ice-  
landers  working i n  geothermal energy have 
broad experience, but only a l i m i t e d  p a r t  is 
s p e c i f i c a l l y  i n  r e s e r v o i r  engineering. 

Although t h e  problems a t  Kraf la  have not  y e t  
been solved t h e  cooperat ive e f f o r t  with LBL 
has provided some i n s i g h t  i n t o  t h e  processes  
underlying these  problems. The U.S.A. g a i n s  
t echnolog ica l ly  from its involvement with 
t h e s e  problems. 

I t a l y  - In  t h e  e a r l y  part of the 1970's, Pro- 
f e s s o r  H.J .  Ramey, Jr. of Stanford Universi ty  
discussed poss ib le  cooperat ive research be- 
tween t h e  U.S.A. and Ente Nazionale per  
1'Energia Elettrica (ENEL) i n  I t a l y .  H e  de- 
l i v e r e d  lectures i n  I t a l y  on r e s e r v o i r  engi-  
neer ing  and geothermal r e s e r v o i r  behavior. 
I n  t h e  s p r i n g  of 1975 D r .  Graziano Manetti  
and Engineer Antonio Barelli, both with ENEL 
came t o  t h e  Petroleum Engineering Department 
of Stanford Universi ty  as v i s i t i n g  schola rs ,  
f o r  a per iod  of about two months. Coopera- 
t i v e  work between the U.S.A., through Stan- 
ford ,  and ENEL was discussed a t  length. Ten- 
t a t i v e  plans w e r e  made a f t e r  many d i scuss ions  
and seminars. 

La te r  t h e  proposed program was reviewed and 
discussed on a more formal b a s i s  with D r .  
Raf fae l  Ca ta ld i  of ENEL and some of h i s  
assoc ia tes .  D r .  Ca ta ld i  had a l ready  
discussed with Professor  Famey i n  I t a l y  the 
prospect ive Stanford-ENEL cooperat ive e f f o r t ,  
before t h e  v i s i t  of D r .  Manetti  and Engineer 
Bare l l i .  During t h e  per iod  of D r .  C a t a l d i ' s  
v i s i t  j o i n t  meetings were held. Those pre- 
s e n t  included Professors  F.G. M i l l e r  and H.J. 
Ramey, Jr. from Stanford,  Professor  P.A. 
Witherspoon and D r s .  R. Schroeder and J - H  
Howard from LBL, D r .  L.J.P. Muffler from t h e  
USGS, and D r .  Ca ta ld i  and h i s  a s s o c i a t e s  from 
ENEL. 

These a c t i v i t i e s  l ed  to  a five- year agreement 
on cooperat ive research i n  geothermal energy 
which w a s  s igned i n  1975 by both count r ies  
and extended i n  1980 f o r  a second f i v e  
years. The agreement was between Ente Nazio- 
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na le  p e r  l 'Energ ia  Ele t t r ica  (ENEL), I t a l y ,  
and t h e  Energy Research and Development 
Administration (ERDA), now the U.S. Dept. of 
Energy (DOE),  U.S.A. Six major areas f o r  
j o i n t  research were involved. One of these, 
Pro jec t  3 ,  w a s  on " reservo i r  physics  and 
engineering and resource assessment" , and is 
t h e  one of i n t e r e s t  here. 

Through t h i s  agreement and r e s u l t a n t  DOE con- 
tracts,  Stanford and LBL with ENEL, have used 
t h e  Lardere l lo  region of geothermal s t e a m  
f i e l d s  i n  I t a l y  as an experimental l abora tory  
t o  develop new r e s e r v o i r  engineering technol-  
ogy. F i e l d  da ta  are a v a i l a b l e  back t o  
1945. Under t h e  cooperat ive research program 
f i e l d  tests have been designed and implemen- 
t e d  and t h e  r e s u l t s  analyzed. Important re- 
s u l t s  have been published, a t t e n t i o n  being 
i n v i t e d  p a r t i c u l a r l y  t o  P r o j e c t  3 papers pre- 
sented a t  two ENEL-DOE Workshops f o r  Coopera- 
t i v e  Research i n  Geothermal Energy. The 
f i r s t  w a s  held a t  ENEL f a c i l i t i e s  i n  Larder- 
e l l o ,  I t a l y ,  Sept. 12-16, 1977. The papers 
presented were publ ished i n  t h e  Workshop Pro- 
ceedings and ia ter  i n  a s p e c i a l  i s s u e  of = 
thermics. 

The second Workshop w a s  held a t  Lawrence Ber- 
keley Laboratory, Berkeley, Ca l i fo rn ia ,  Octo- 
ber 20-23, 1980. Presented papers are 
published i n  t h e  Workshop Proceedings. 

An example of an important t r a n s f e r  of tech- 
nology t o  t h e  U.S.A. is a success fu l  new me- 
thod developed t o  f o r e c a s t  steam 
production. I t  was developed from s t u d i e s  
made i n  t h e  Gabbro f i e l d  i n  I t a l y ,  and can be 
appl ied  t o  similar  f i e l d s  i n  t h e  U.S.A. The 
r e s u l t s  a r e  published i n  t h e  1980 Work- 
shop Proceedings. 

Another example of a t r a n s f e r  of technology 
t o  t h e  U.S.A. i s  a method of engineering 
a n a l y s i s  developed t o  estimate flow p a t t e r n s  
and f r a c t u r e  t r e n d s  i n  c e r t a i n  geothermal 
steam r e s e r v o i r s  i n  which a p r i n c i p a l  produc- 
ing  w e l l  pene t ra tes  a v e r t i c a l  f r a c t u r e  ex- 
tending p a r t  way t o  t h e  bottom of a reser- 
v o i r ,  hypothesized a s  a b o i l i n g  water i n t e r-  
face.  The method w a s  developed from w e l l  
i n t e r f e r e n c e  s t u d i e s  made on t h e  Travale  
steam f i e l d  i n  I t a l y .  Resul ts  a r e  published 
i n  t h e  foregoing s p e c i a l  i s s u e  of 
Geothermics. 

Japan - Contacts between Stanford Universi ty  
and t h e  Japanese geothermal indus t ry  were 
i n i t i a t e d  a s  a r e s u l t  of p a r t i c i p a t i o n  i n  
t h a t  indus t ry  by postgraduates .  An informal  
cooperat ion has been i n  e f f e c t  f o r  t h e  l as t  
two years. Professor  Roland N. Horne of 
Stanford has spent  t w o  months i n  Japan during 
t h a t  t i m e .  H i s  a c t i v i t i e s  included consul t-  
ing  arrangements f o r  r e s e r v o i r  eva lua t ions  
and t h e  teaching of a geothermal r e s e r v o i r  
engineering s h o r t  course with 63 a t tendees ,  
done i n  cooperation with t h e  Japan Geothermal 
Energy Center which is  now a p a r t  of the New 

Energy Development Organization (NEDO). This 
organizat ion i n  Japan is approximately 
equ iva len t  t o  t h e  Department of Energy in t h e  
U.S.A. Professor  Horne a l s o  de l ivered  var i-  
ous l e c t u r e s  and made a number of s i te  vis-  
its. This i n t e r a c t i o n  proved invaluable from 
t h e  U.S.A. geothermal s tandpoint  because a 
wide range of Japanese geothermal experience 
h i t h e r t o  buried i n  Japanese language publica- 
t i o n s  came t o  l i g h t .  The subsequent 
p resen ta t ion  of t h e  impact of r e i n j e c t i o n  
experience i n  Japan has evoked controversy i n  
U.S.A. geothermal r e s e r v o i r  engineering cir- 
cles and has s t imulated new research a s  t h e  
apparent implicat ions a r e  confirmed o r  dis- 
proved. 

Contact between Stanford Universi ty  and Japa- 
nese geothermal agencies is now extensive.  
These agencies include NEDO, New Energy Foun- 
da t ion ,  Universi ty  of Tokyo, Kyushu Univer- 
s i t y  Geological Survey of Japan, Elec t r ic  
Power Development Company, Kyushu Elect r ic  
Power Company, Japan Metals and Chemical Com- 
pany, Mitsubishi  Metals Corporation, Mitsu- 
b i s h i  Heavy I n d u s t r i e s ,  Toshiba 
I n t e r n a t i o n a l ,  Nippon S t e e l  Corporation, Ja- 
pan O i l  Engineering Company and West Geother- 
mal Energy Company. I n  January 1982 Stanford 
Universi ty  w i l l  welcome its f i r s t  Japanese 
geothermal exchange v i s i t o r .  H e  is  from t h e  
Electric Power Development Company and w i l l  
j o i n  t w o  Japanese s tudents  cur ren t ly  i n  resi- 
dence. 

Cooperation between t h e  geothermal communi- 
t ies  of t h e  U.S.A. and Japan is  formalized 
a l s o  through Japanese f i n a n c i a l  and technica l  
p a r t i c i p a t i o n  i n  t h e  Los Alamos Hot Dry Rock 
Program. The enthusiasm and technica l  exper- 
t i se  which Japan is applying t o  geothermal 
u t i l i z a t i o n  is c e r t a i n  t o  be of b e n e f i t  t o  
t h e  U.S.A. i f  j o i n t  r e l a t i o n s  cont inue a t  
t h e i r  p resen t  or an increased leve l .  

Mexico - Two cooperat ive agreements have been 
i n  e f f e c t  i n  recent  years. One of these ,  
signed i n  1977, was between t h e  U.S. Energy 
Research and Development Administration (now 
DOE), represented by Lawrence Berkeley Labor- 
a t o r y ,  and t h e  Comision Federal de Electrici-  
dad (CFE) , Mexico. The o t h e r  agreement, signed 
i n  1980, and supported by t h e  IX)E, is  between 
t h e  Petroleum Engineering Department of Stan- 
f o r d  Universi ty  and t h e  I n s t i t u t o  de Invest iga-  
ciones E l e c t r i c a s ,  Mexico. Together these  
agreements involve f i e l d  tests ,  r e s e r v o i r  
modeling and labora tory  research .  

- 

The cooperat ive research  of LBL and CFE i s  
based on a formal b i- na t iona l  agreement. Stan- 
ford- IIE cooperat ive research i s  based on a 
memorandum of understanding, akin t o  a l e t t e r  
of i n t e n t  o r  gentlemen's agreement. For t h e  
j o i n t  purposes of Stanford and I I E  t h i s  more 
informal arrangement, which w a s  recommended by 
WE, seems more p r a c t i c a l .  
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Object ives of t h e  Stanford-IIE proposed pro- 
gram were discussed with t h e  U.S. Division of 
Geothermal Energy i n  e a r l y  1980 by Professors  
Miller and Ramey, of Stanford Universi ty ,  and 
D r .  Pablo Mulas del Pozo of I I E .  I n  the ear- 
l y  p a r t  of 1980 t h r e e  engineers  from I I E ,  D r .  
Francisco Cordoba, Ing. V i c o r  Arellano, and 
Albert0 Yanez, spent  about t h r e e  months a t  
Stanford a s  v i s i t i n g  schola rs  p a r t i c i p a t i n g  
i n  many seminars r e l a t i n g  t o  t h e  prospect ive 
cooperat ive research e f f o r t .  This l ed  to  the 
DOE-Stanford Contract  f o r  j o i n t  research with 
I I E .  P r i o r  t o  t h i s ,  however, Stanford 
professors  F.G. Miller and Heber Cinco-Ley, 
i n  1979, performed consu l t ing  s e r v i c e s  f o r  
t h e  United Nations, a s s i s t i n g  I I E  with i t s  
p lans  f o r  research f a c i l i t i e s  and a research 
program. 

Long t e r m  r e s e r v o i r  performance d a t a  needed 
by t h e  U.S.A. t o  develop new technology are 
being made a v a i l a b l e  from the C e r r o  P r i e t o  
Geothermal Steam F i e l d  and from o ther  Mexican 
f i e l d s .  

During f i s c a l  year  1981, Stanford- IIE work 
included i n v e s t i g a t i o n s  o f :  ( a )  t h e  use of 
p ressure  g rad ien ts  and p r o f i l e s  i n  w e l l  
ana lys i s ,  (b) Tracer a n a l y s i s  f o r  f r a c t u r e d  
systems, ( c )  In te r fe rence  tests i n  f l a s h i n g  
r e s e r v o i r s ,  and, ( d )  Lumped parameter model- 
i n g  of t h e  Cerro P r i e t o  rese rvo i r .  

New Zealand - Most of t h e  s c i e n t i f i c  i n t e r-  
change between t h e  U.S.A. and New Zealand is 
probably a t  t h e  personal  l eve l .  New Zealand 
government l a b o r a t o r i e s  f requent ly  provide 
o f f i c e  space f o r  s h o r t  term appointments of 
t h e  fe l lowship  type t o  s c i e n t i s t s  of t h e  
U.S.A. wishing t o  work c l o s e l y  with New Zea- 
iand colleagues. S imi la r ly ,  the U.S. Geolog- 
i c a l  Survey (USGS) and U.S. u n i v e r s i t i e s  f r e-  
quently provide oppor tun i t i es  f o r  New Zealand 
s c i e n t i s t s  t o  spend t i m e  i n  t h e  U.S.A. pursu- 
i n g  t h e i r  research and exchanging ideas  with 
American col leagues.  

A major con t r ibu t ion  of New Zealand t o  t h e  
U.S.A. geothermal program is an open supply 
of data  from developed geothermal f i e l d s  i n  
New Zealand. Data from Wairakei, f o r  exam- 
p l e ,  a r e  a v a i l a b l e  i n  t h e  U.S.A. through an 
exchange arrangement i n  which t h e  USGS is t h e  
U . S .  coordinator .  

Professor  Michael 0' Su l l ivan  of the Theoret- 
i c a l  and Applied Mechanics Department of t h e  
Univers i ty  of Auckland spent  a year recen t ly  
a t  t h e  Lawrence Berkeley Laboratory doing 
research on r e s e r v o i r  s imulat ions.  Earlier 
he d id  s i m i l a r  work on New Zealand's Wairakei 
and Broadlands f i e l d s .  Conversely, D r .  
Michael Sorey who is an American s c i e n t i s t  
with t h e  USGS recen t ly  spent  t w o  years  with 
t h e  Department of S c i e n t i f i c  and I n d u s t r i a l  
Research (DSIR) i n  New Zealand. D r .  Sorey 
had e a r l i e r  gained experience with r e s e r v o i r  
s imulat ion work on t h e  Long Valley geothermal 
a rea  of Ca l i fo rn ia .  While he w a s  i n  New Zea- 

land he d id  s i m i l a r  work on t h e  Wairakei 
f i e l d .  

What is bel ieved t o  be the f i r s t  r e s e r v o i r  
engineering study of a N e w  Zealand geothermal 
reservoir was made by Professors  R.E. Whiting 
and H. J .  Ramey, Jr., i n  t h e  e a r l y  1960'$. 
Both men were f a c u l t y  members of Texas A&M a t  
t h e  t i m e .  A repor t  on t h e i r  work, publ ished 
by t h e  Society of Petroleum Engineers of 
AIME,  d e a l t  with t h e  development of mater ial-  
and-energy balance equat ions f o r  the Wairakei 
f i e l d .  

Two recen t  managers of t h e  Stanford Geother- 
m a l  Program came from New Zealand, Professor  
Roland N. Horne who is now a f a c u l t y  member 
of t h e  Stanford Petroleum Engineering Depart- 
ment, and D r .  Ian G. Donaldson, who is a 
scient is t  w i t h  t h e  DSIR i n  New Zealand. Both 
men have made important con t r ibu t ions  t o  the 
development of geothermal r e s e r v o i r  engineer-  
i n g  technology appl icab le  i n  t h e  U.S.A. 

Nicaragua - I n  1977 H. Dykstra and R.H. 
A d a m s ,  both formerly with t h e  Standard O i l  
Company of C a l i f o r n i a  w e r e  engaged by t h e  
Nicaraguan government t o  make a r e s e r v o i r  
engineering study and conduct f i e l d  tests i n  
t h e  Momotombo geothermal rese rvo i r .  Both of 
these  men are experienced and highly qua l i-  
f i e d .  

Dykstra reported t h e  p r i n c i p a l  r e s u l t s  of 
t h e i r  s t u d i e s  a t  Stanford 's  Third Workshop on 
Geothermal Reservoir Engineering he ld  i n  De- 
cember 1977. Flow tests and pressure  
measurements w e r e  made on a group of f i v e  
w e l l s  i n  t h e  Momotombo reservo i r .  The pur- 
pose w a s  t o  eva lua te  t h i s  hot water reser- 
v o i r ,  t o  determine w e l l  i n t e r f e r e n c e  e f f e c t s ,  
t o  determine r e s e r v o i r  boundary condit ions 
and t o  ob ta in  mass flow rates and enthalpy. 

Bottom hole p ressures  were measured i n  four  
w e l l s ,  s t a t i c  pressures  i n  t h r e e  of t h e s e  and 
both flowing and shut- in buildup pressure i n  
t h e  four th .  Flow tests were made on a l l  f i v e  
w e l l s .  

Although Dykstra and Adams could not accomp- 
l i s h  a l l  t h e i r  ob jec t ives  throuqh a n a l y s i s  of 
t h e i r  c a r e f u l l y  planned and executed tests, 
they were a b l e  t o  shed l i g h t  on t h e  perfor-  
mance behavior of the  Momotombo r e s e r v o i r  and 
t o  explain i n  l o g i c a l  fashion why t h e  reser- 
v o i r  behaves as it Qes. 

Most important they brought back t o  t h e  
U.S.A. some valuable experience on a ho t  
water r e s e r v o i r  i n  a vo lcan ic  environment 
which adds t o  our meager fund of knowledge on 
t h e  sub jec t .  

Taiwan - Professor  H.J .  k e y ,  Jr. of Stan- 
ford  Universi ty  v i s i t e d  Taiwan on a consul t-  
i n g  assignment i n  1979. H e  made s t u d i e s  on 
t h e  Chingshui geothermal steam f i e l d ,  near 
t h e  northeastern coast of Taiwan. This f i e l d  
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produces hot  w a t e r  with some carbon dioxide 
from s i x  w e l l s .  

Car l  Chang of t h e  Chinese Petroleum Corpora- 
t i o n  and Professor  Ramey performed pressure  
t r a n s i e n t  tests j o i n t l y  and analyzed t h e  re- 
s u l t s .  The i r  work l e d  t o  four  publ ica t ions  
a t  t h e  F i f t h  Workshop on Geothermal Reservoir 
Engineering a t  Stanford i n  December 1979. 
These publ ica t ions  a l l  r e l a t e d  t o  t h e  Ching- 
shu i  f i e l d .  They d e a l t  with a prel iminary 
s tudy of t h e  Chingshui geothermal a rea ,  a 
w e l l  i n t e r f e r e n c e  tes t ,  p ressure  buildup 
tests, and an appl ica t ion  of t h e  Horner me- 
thod t o  t h e  est imation of s t a t i c  r e s e r v o i r  
temperature during d r i l l i n g  operat ions.  
These publ ica t ions  p resen t  pressure and t e m-  
pera ture  t r a n s i e n t  data from f i e l d  t e s t i n g ,  
and da ta  i n t e r p r e t a t i o n .  F i e l d  information 
of t h i s  kind i s  valuable t o  engineers  and 
s c i e n t i s t s  i n  t h i s  a rea  of research.  

Following t h e  1979 Workshop, Carl  Chang spent  
a q u a r t e r  i n  residence a t  Stanford as a 
v i s i t i n g  scholar .  

Concluding Remarks It is c l e a r l y  evident  
from t h i s  b r i e f  review of i n t e r n a t i o n a l  co- 
operat ion i n  geothermal energy development 
t h a t  t h e  count r ies  involved have made impor- 
t a n t  add i t ions  t o  t h e i r  fund of knowledge on 
geothermal energy. E f f o r t s  made a r e  eas ing  
energy shortages,  revea l ing  t h i s  source a s  a 
v i a b l e  a l t e r n a t i v e  t o  o i l  and gas throughout 
many p a r t s  of t h e  world. 

Technical ly,  much has been gained from new 
engineering methods and s c i e n t i f i c  techniques 
which shed l i g h t  on t h e  phys ica l  and chemical 
nature of geothermal-f l u i d  rese rvo i r s .  These 
methods and techniques h e l p  exp la in  why 
r e s e r v o i r s  behave as they do and they thereby 
f a c i l i t a t e  f o r e c a s t s  of performance- Geother- 
mal energy development appears t o  be on t h e  
threshhold of a new expansion. Much has been 
learned and t h e r e  i s  s t i l l  much t o  be 
learned. 

Looking ahead, we must consider  problems now 
surfacing.  A few quest ions which a r i s e  are 
how can w e  make b e t t e r  use of geochemical 
da ta  t o  explain p a s t  r e s e r v o i r  behavior and 
expla in  f u t u r e  behavior? To what ex ten t  can 
these  da ta  be b e s t  app l ied  t o  determine 
underground flow p a t t e r n s ?  How can w e  bes t  
advance r e s e r v o i r  a n a l y s i s  by applying t o  
steam zones t h e  knowledge we now have on va- 
por p ressure  lowering and l i q u i d  
adsorpt ion? How can we bes t  design tracer 
s t u d i e s  so t h a t  they w i l l  y i e l d  needed in for-  
mation on r e s e r v o i r  s i z e  and configurat ion 
and on f r a c t u r e  s i z e ,  o r i e n t a t i o n ,  and 
d i s t r i b u t i o n ?  What compaction and f r a c t u r e  
e f f e c t s  can be expected from t h e  r e i n j e c t i o n  
of cool water? Can land subsidence become a 
major problem i n  r e s i d e n t i a l ,  i n d u s t r i a l  or 
farm areas?  What a r e  t h e  economic implica- 
t i o n s ?  What should be done t o  f u r t h e r  devel- 
op w e l l  t e s t i n g  theory so t h a t  t h e  r e s u l t s  of 

f i e l d  tests can be i n t e r p r e t e d  mre e a s i l y  
and with more confidence? How can w e  e x t r a c t  
h e a t  economically from r e s e r v o i r  rocks a f t e r  
rates of f l u i d  production have become uneco- 
nomic? W e  have, of course, developed partial 
answers but more complete answers are needed. 

I n t e r n a t i o n a l  cooperation general ly  o f f e r s  
economic incen t ives  which should not be mini- 
mized. A t  l e a s t  as an approximation, t h e  
work force  on a b i n a t i o n a l  research i n v e s t i-  
gat ion is twice what it would be for e i t h e r  
of t h e  t w o  p a r t i c i p a t i n g  count r ies  considered 
alone. Easy access t o  each o t h e r ' s  experi-  
ence background promotes rap id  growth of new 
ideas.The growth t h a t  we can a n t i c i p a t e  can 
be s i m i l a r  t o  t h e  explosion i n  technology 
which occurred i n  t h e  1930 's  and 1940 's  i n  
t h e  petroleum industry.  W e  can foresee  t h a t  
t h e  prospects  f o r  cont inuing an expanded geo- 
thermal energy development should remain very 
good i f  enough encouragement and support a r e  
forthcoming from t h e  governments and p r i v a t e  
companies involved. I n t e r n a t i o n a l  coopera- 
t i o n  can be an important f a c t o r  i n  t h i s  
growth. 
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