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ABSTRACT 

The Idaho National Engineering Laboratory 
(INEL) has been conducting geothermal r e s e r v o i r  
research and t e s t i n g  sponsored by t h e  U.S. 
Department o f  Energy (DOE) s ince  1983. The 
INEL research program i s  p r i m a r i l y  aimed a t  the  
devel opment o f  reservo i  r engineering techniques 
f o r  f rac tu red  geothermal r e s e r v o i r s .  Numerical 
methods have been developed which a l low the  
s imulat ion o f  f l u i d  f l o w  and heat t r a n s f e r  i n  
complex f rac tu red  r e s e r v o i r s .  S e n s i t i v i t y  
s tud ies have i l l u s t r a t e d  t h e  importance o f  
incorpora t ing  the  in f luence of f rac tu res  i n  
r e s e r v o i r  simulat ions. Related e f f o r t s  inc lude 
f r a c t u r e  charac ter iza t ion ,  geochemical r e a c t i o n  
k i n e t i c s  and f i e l d  t e s t i n g .  

INTRODUCTION 

The o b j e c t i v e  o f  r e s e r v o i r  technology 
research programs a t  t h e  Idaho Nat ional  
Engineering Laboratory (INEL) i s  t o  develop 
a n a l y t i c a l  and i n t e r p r e t i v e  methods t o  more 
e f f e c t i v e l y  develop and u t i 1  i z e  hydrothermal 
resources. The goals o f  t h i s .  research, which 
i s  funded p r i m a r i l y  by t h e  U.S. Department o f  
Energy Geothermal Technology. D iv is ion ,  are t o  
reduce the  adverse thermal and chemical e f f e c t s  
o f  i n j e c t i o n  on geothermal reservo i rs ,  t o  
improve pred ic t ions  o f  r e s e r v o i r  performance 
dur ing  e x p l o i t a t i o n ,  t o  p rov ide  f o r  more 
e f f e c t i v e  production and i n j e c t i o n  we l l  
loca t ion ,  and t o  v e r i f y  new techniques f o r  
eval u a t i  ng geothermal reservo i  r s  i n  young 
vo lcanic  t e r r a i n s  

The major por t ion  o f  t h e  research c u r r e n t l y  
being conducted by INEL focuses on 
understanding f l u i d  f l o w  and f l u i d  migra t ion  i n  
f rac tu red  reservo i rs .  Methods have been 
developed t o  p r e d i c t  t h e  f a t e  o f  i n j e c t e d  
f l u i d s  and t o  improve f i e l d  t e s t i n g  and data 
i n t e r p r e t a t i o n  procedures f o r  a p p l i c a t i o n  t o  
geothermal reservo i rs  i n  which f rac tu res  are 
s ign  f i can t  features. These a n a l y t i c a l  methods 
are not  r e s t r i c t e d  t o  f r a c t u r e  f low,  but  can be 
appl ed t o  dual permeabil i t y  reservo i rs  which 
have both mat r ix  and f r a c t u r e  permeabi l i ty .  

Related a c t i v i t i e s  i n c l  ude t h e  
c h a r a c t e r i z a t i o n  o f  f r a c t u r e  systems, t h e  
development o f  methods t o  s imulate rock-water 

. chemical i n t e r a c t i o n s  i n  geothermal systems, 
and indust ry-cooperat ive f i e l d  t e s t i n g  and 
r e s e r v o i r  analys is .  During. f i s c a l  year  1987, 
INEL ass is ted  DOE i n  t h e  establ ishment o f  t h e  
Geothermal Technology Organization, whose 
mission i s  complementary t o  t h a t  o f  the  
Geothermal D r i  11 i n g  Organization. Th is  paper 
summarizes t h e  s ta tus  o f  these research 
a c t i v i t i e s .  

F L U I D  MIGRATION I N  GEOTHERMAL RESERVOIRS 

I n j e c t i o n  o f  geothermal f l u i d s  i s  
considered one o f  t h e  primary r e s e r v o i r  
concerns fac ing  geothermal devel opers. 
I n j e c t i o n  i s  requ i red  i n  almost a l l  geothermal 
f i e l d s  f o r  f l u i d  disposal, and may a lso  be used 
t o  o f f s e t  r e s e r v o i r  deplet ion,  t o  improve heat 
e x t r a c t i o n  and t o  reduce the  r i s k  of 
subsidence. However, i n j e c t i o n  can cau'se e a r l y  
thermal breakthrough w i t h  a consequent 
reduct ion i n  enthalpy and may r e s u l t  i n  l o s s  o f  

. i n j e c t i v i t y  , due t o  chemical i n t e r a c t i o n s  i n  t h e  
r e s e r v o i r .  Sel e c t  i on o f  product i on and 
i n j e c t i o n  w e l l  loca t ions  depends on . e f f e c t i v e l y  
balancing t h e  p o s i t i v e  and negat ive e f f e c t s  o f  
i n j e c t i o n .  

Fractures are s i g n i f i c a n t  features i n  most 
geothermal r e s e r v o i r s  (even those r e s e r v o i r s  
w i t h  p r i m a r i l y  mat r ix  permeab i l i t y ) .  They can' 
represent high-mobil  i t y  channels f o r  the  
migra t ion  o f  i n j e c t e d  f l u i d s  through geothermal 
reservo i rs .  Horne (1982) has documented l o s s  
of p roduc t ion  due t o  thermal i n t e r f e r e n c e  i n  
several geothermal f i e l d s  and has demonstrated 
t h a t  i n j e c t e d  f l u i d s  can move r a p i d l y  through 
f rac tu res .  

Heat t rans fer  i n  a geothermal r e s e r v o i r  i s  
a func t ion ,  i n  p a r t ,  o f  t h e  thermal 
c o n d u c t i v i t y  of t h e  rock, t h e  sur face area 
contacted by t h e  f l u i d s ,  t h e  temperature 
grad ien t  and t h e  f l u i d  mass f l u x  (Horne, e t  a l ,  
1987). A few l a r g e  f r a c t u r e s  may be the  
primary c o n t r o l l i n g  f a c t o r s  i n  f l u i d  f l o w  i n  a 
r e s e r v o i r .  However, secondary f r a c t u r e s  and a 
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permeable m a t r i x  can represent a much greater  
surface area f o r  heat t r a n s f e r  and rock-water 

,chemical i n t e r a c t i o n s .  A r e a l i s t i c  
i n t e r p r e t a t i o n  o f  f l u i d  migra t ion  and thermal 
breakthrough must account f o r  reservo i r  
compl ex i  t y  . 

COMPLEX RESERVOIR SIMULATION 

Standard r e s e r v o i r  engineering techniques 
which are based on homogeneous media are 
inadequate t o  assess the  migra t ion  o f  i n j e c t e d  
f l u i d s  i n  f r a c t u r e d  geothermal reservo i rs .  
Recent work a t  INEL on t h e  nature o f  f low and 
t racers  through f rac tu red  media have made 
s imulat ion o f  complex ly- f ractured reservo i r  
feas ib le .  The INEL s imu la t ion  techniques 
incorporate two s i g n i f i c a n t  features, 
dual -permeabil i t y  and f l u i d  f r o n t  t rack ing.  
The dual permeabi 1 i t y  model , FRACSL, a1 1 ows 
s imulat ion o f  pressure, f l o w  and heat t r a n s f e r  
i n  f rac tu re  systems and/or.permeable reservo i r  
mat r i x .  ' A p a r t i c l e  t r a c k i n g  a lgor i thm al lows 
t h e  f l u i d  o r  chemical f r o n t  t o  be tracked i n  a 
reservo i r ,  as w e l l  as the  pressure f r o n t .  

Model i n g  o f  f r a c t u r e d  media .has been based 
on two pr imary approaches, continuum and 
d isc re te .  The continuum approach i s  based on a 
lumped parameter model o f  t h e  f r a c t u r e  system. 
The scale o f  t h e  model emust be l a r g e  enough so 
t h a t  t h e  f r a c t u r e d  rock can be t r e a t e d  as i f  i t  
were homogeneous. The d i s c r e t e  approach 
represents t h e  opposite end o f  t h e  spectrum. 
A l l  f r a c t u r e s  which are considered re levant  are 
modeled as i n d i v i d u a l  e n t i t i e s .  Presently, 
d i s c r e t e  f r a c t u r e  s imulat ions are l i m i t e d  t o  
reservo i rs  w i t h  few re levant  f rac tu res  o r  t o  
small p o r t i o n s  o f  a f r a c t u r e  system. 

INEL's r e s e r v o i r  s imu la t ion  takes a 
s l i g h t l y  d i f f e r e n t  approach. The FRACSL 
s imulat ion code can be used t o  simulate 
t r a n s i e n t  and s teady-state f l o w  i n  a f ractured,  
permeable media. The smal ler  f r a c t u r e s  and t h e  
permeable m a t r i x  are simulated as permeable 
mat r ix  c e l l s ,  w h i l e  l a r g e r  f rac tu res  are 
represented as d i s c r e t e  elements (Clemo and 
Hu l l ,  1986). FRACSL computes f r a c t u r e  and 
mat r ix  f lows us ing  a common head d i s t r i b u t i o n  
and a l lows advect ive interchange o f  . f l u i d  
between f r a c t u r e s  and t h e  mat r ix .  The code 
employs a p a r t i c l e  t r a c k i n g  r o u t i n e  i n  which 

' i n d i v i d u a l  f l u i d  p a r t i c l e s  are t racked through 
t h e  reservo i  r. Thi s enabl es expl i c i  t 
s imulat ion o f  heat t r a n s f e r  and chemical 
i n t e r a c t i o n s  a t  t h e  f l u i d / r o c k  in te r face .  

The FRACSL code has been v e r i f i e d  against 
a n a l y t i c a l  s o l u t i o n s  f o r  f l o w  and t ranspor t  i n  
porous media and i n  s i n g l e  f r a c t u r e s  (Clemo and 
H u l l ,  1986). Laboratory models have been used 
t o  v a l i d a t e  f l o w  and t r a n s p o r t  algori thms i n  
f rac tu re  systems and f r a c t u r e d  permeable 
media. While t h e  phys ica l  models used i n  t h e  
labora tory  s tud ies  cannot r e a l i s t i c a l l y  
represent a f u l l  -sca le geothermal reservo i r ,  
they have been usefu l  f o r  conf i rming t h a t  the  

code accura te ly  simulates those phys ica l  
processes which cont ro l  f l u i d  movement i n  a 
geothermal reservo i r .  Because a l l  phys ica l  
parameters of the  models can be defined o r  
measured, no fudge fac to rs  can be used t o  make 
t h e  s imulated data match t h e  measured data. As 
a consequence, e r ro rs  i n  the  code are 
immediately apparent. 

The most complex labora tory  model used t o  
V a l  i d a t e  t h e  code was a dual -permeabil i t y  model 
i n c o r p o r a t i n g  a ser ies o f  in terconnected 
f r a c t u r e s  i n  a permeable mat r ix .  F igure  1 
presents a comparison o f  t h e  actual  f l u i d  
m i g r a t i o n  through t h i s  " r e s e r v o i r "  t o  t h a t  
p red ic ted  by the code. The s tud ies  
demonstrated tha t ,  wh i le  t h e  pressure response 
t o  i n j e c t i o n  may be wel l -def ined,  pressure data 
were n o t  s u f f i c i e n t  t o  analyze actual  f l u i d  
movement i n  t h e  reservo i r .  More d e t a i l e d  
d iscuss ions of these labora tory  s tud ies are 
presented i n  H u l l  and Koslow (1986), H u l l  and 
Clemo (1987) and Hu l l ,  e t  a1 ( i n  press). 

Work i s  cont inu ing a t  INEL on an innovat ive  
approach t o  deal i n g  w i t h  complex f r a c t u r e d  
r e s e r v o i r s .  A method employing representa t ive  
elements has been developed which w i l l -  a l low 
s imu la t ion  o f  reservo i rs  t h a t  are t o o  l a r g e  f o r  
d i s c r e t e  simulat ion, y e t  are dominated by a few 
major f rac tu res ,  making t h e  continuum 
representa t ion  impossible. 

An impor tant  milestone i n  t h e  FY-88 INEL 
program i s .  t h e  pub l ica t ion  o f  t h e  FRACSL code - 
f o r  use by indust ry .  Current e f f o r t s  are aimed 
a t  s t reaml in ing  t h e  code so t h a t  e f f e c t i v e  
r e s e r v o i r - s c a l e  simulat ions can be made.' The 
code i s  r u n  on a Cyber 176 a t  INEL, bu t  
m o d i f i c a t i o n s  i n  progress w i l l  enable t h e  code 
t o  be r u n  on a work-s tat ion type computer ( 4  
megabyte capaci ty) .  The modi f ied code w i l l  use 
sparse m a t r i x  numerics ins tead o f  t h e  
p r o p r i e t a r y  ACSL dr iver ;  Heat t r a n s f e r  
s imu la t ion  using a par t i c le -based r o u t i n e  
s i m i l a r  t o  the  f l u i d  p a r t i c l e  t r a c k i n g  r o u t i n e  
w i l l  s i m p l i f y  thermal simulat ions. 

An a lgor i thm which g r e a t l y  s i m p l i f i e s  t h e  
s imu la t ion  o f  f l u i d  t ranspor t  along f r a c t u r e s  
and t h e  advective and d i f f u s i v e  movement o f  
f l u i d  between f rac tu res  and t h e  m a t r i x  i s  
schedul ed t o  be completed t h i  s f i scal  year. 
The bas is  fo r  the approach t o  s imu la t ion  o f  
f l u i d  t r a n s p o r t  i n  f r a c t u r e s  i s  t h e  
superpos i t ion  o f  random d ispers ion  and 
d i f f u s i o n  upon de termin is t i c  advection. Under 
some circumstances, t h i s  approach i s  inaccurate 
and i n e f f i c i e n t .  A more accurate and e f f i c i e n t  
rou t ine ,  based on p r o b a b i l i t y  dens i ty  func t ions  
sampled i n  Monte Carlo fashion, has been 
developed t o  simulate the i n t e r a c t i o n  o f  f l u i d  
and , t r a c e r  w i t h  the  mat r ix  when d i f f u s i o n  i s  
dominant . 
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S I G N I F I C A N C E  O F  FRACTURES TO FLUID MIGRATION 
AN0 HEAT TRANSFER 

The dua l -permeab i l i t y  code has been used t o  
assess t h e  s e n s i t i v i t y  o f  f l u i d  migra t ion  and 
thermal ' breakthrough forecasts  t o  simp1 i f y i n g  
assumptions commonly used i n  s imulat ions o f  
geothermal reservo i rs .  The s tud ies were based 
on a product ion and i n j e c t i o n  w e l l  i n  a 
f ractured,  1 iquid-dominated r e s e r v o i r .  The 
we l ls  were spaced 1200 m apart,  w i t h  a 90-m 
i n j e c t i o n  i n t e r v a l .  The r e s e r v o i r  cons is ts  o f  
a permeable mat r ix  w i t h  22 f rac tu res ,  some o f  
which are encountered by both we l ls .  

F l u i d  migra t ion  and thermal breakthrough 
for  t h i s  r e s e r v o i r  were dompared t o  s imulat ions 
o f  hydraul i c a l l y - e q u i v a l e n t  r e s e r v o i r s  i n  which 
only  .a s i n g l e  f r a c t u r e  i s  simulated o r  i n  whjch 
the  f r a c t u r e s  are replaced by an equiva lent  
porous media representat ion.  The s tud ies 
demonstrated t h a t  s imulat ing a few o f  the  
dominant f r a c t u r e s  i s  a l l  t h a t  i s  requ i red  t o  
analyze t h e  pressure response t o  product ion and 
i n j e c t i o n  i n  the  r e s e r v o i r  (Hu l l  and Clemo, 
1987, H u l l  and Clemo, i n  press). 

s i m p l i f y i n g  the r e s e r v o i r  i n  order 
t o  run  r e s e r v o i r - s c a l e  s imulat ions can y i e l d  
s i g n i f i c a n t  e r r o r  when assessing heat t r a n s f e r  
and t h e  p o t e n t i a l  f o r  thermal breakthrough. 
Figure 2 . shows the  extent  of t h e  c o o l i n g  f r o n t  
i n  the  r e s e r v o i r  a f t e r  2000 days o f  i n j e c t i o n .  
An equ iva len t  porous media s imu la t ion  , o f  t h i s  
r e s e r v o i r  would have predic ted t h a t  the  coo l ing  
f r o n t  would have moved only  about 100 meters 
away from. t h e  i n j e c t i o n  we l l .  On t h e  other  
hand, a s imu la t ion  based on a s i n g l e  f r a c t u r e  
connection between the  we1 1 s would have 
pred ic ted  t h a t  t h e  cool ing f r o n t  would have 
reached t h e  product ion wel l  i n  l e s s  than 2000 
days (F igure  3). 

However, 

Porous media approximations can g r e a t l y  
overestimate t h e  t ime t o  thermal breakthrough 
i n  f r a c t u r e d  geothermal reservo i rs .  Decisions 
t o  l o c a t e  i n j e c t i o n  we l ls  based on these 
r e s u l t s  cou ld  l i m i t  power generat ion due t o  a 
premature dec l  i n e  i n  production we1 1 enthal py . 
(Studies by Lawrence Berkeley Laboratory have 
shown t h a t  t h i s  reduct ion i n  enthalpy i s  
p a r t i a l l y  counteracted by improved mass f low 
from t h e  product ion we l ls  i n  some reservo i rs  
(Calore, e t  a l ,  1986)). 

On t h e  o ther  extreme, assuming a s ing le  
f r a c t u r e  connection between the  i n j e c t i o n  and 
product ion w e l l s  may not be a subs tan t ia l  
improvement. We1 1 placement dec is ions based on 
these assumptions would be conservative, 
perhaps unreasonably so. INEL's s tud ies have 
shown t h a t  a more rea l  i s t i c  representat ion 
combining m a t r i x  and f r a c t u r e  flow i n  a 

prov ide a 
ng t hermal 
c i e n t  heat 

more reasonab 
breakthrough, 
e x t r a c t i o n  and 

f ractured geothermal reservo i r  can 
e bas is  f o r  fo recas t  
r e s u l t i n g  i n  more e f f  
reservo i  r development . 

FRACTURE CHARACTERIZATION STUDIES. 

A determinat ion o f  f racture c h a r a c t e r i s t i c s  
i s  impor tant  f o r  proper model l ing o f  f l o w  
through f r a c t u r e s .  The most d i r e c t  measurement 
of f rac tu re  c h a r a c t e r i s t i c s  i n  geothermal 
systems can be made i n  ex is t ing ,  wel l -explored '  
geothermal systems. A t  the present t ime, 
researchers have published very l i t t l e  o f  t h i s  
i nformat i on. INEL researchers are eval uat  i ng 
o ther  geo log ic  systems, i n c l u d i n g  f o s s i l  
geothermal systems and hydrothermal o re  
deposits, which are l i k e l y  t o  be analogous t o  
a c t i v e  geothermal systems. 

INEL's present  work focuses on the  Cascade 
vo lcanic  r e g i o n  and w i l l  be performed i n  
conjunct ion w i t h  geologic charac ter iza t ions  
being done a t  t h e  Un ivers i ty  o f  Utah Research 
I n s t i t u t e .  While t h i s  reg ion  has been 
r e l a t i v e l y  unexplored i n  the past, recent deep 
corehol e d r i  11 i ng has provided an extensive 
geologic da ta  base which can be cor re la ted  w i t h  
data from s i m i l a r  geologic environments. The 
c h a r a c t e r i z a t i o n  s tud ies c u r r e n t l y  i n  progress 
are eva lua t ing  no t  only t h e  phys ica l  
c h a r a c t e r i s t i c s  o f  f ractures,  bu t  a lso the  
e f f e c t  o f  resource depth on the  nature o f  the  
f r a c t u r e  systems. Regional s t r u c t u r a l  data 
w i l l  be reviewed t o  determine i f  f r a c t u r e  
systems can be general ized. i n  geolog ic  reg ions 
such as t h e  Cascades. The study w i l l  be 
cor re la ted  w i t h  f r a c t u r e  f l u i d  f l o w  stud ies t o  
provide a bas is  f o r  determining t h e  
s i g n i f i c a n c e  o f  f r a c t u r e  inhomogeneities t o  
expl o r a t  i on and resource development . 

PLANS FOR FUTURE RESEARCH AND FIELD TESTS 

Future research a t  INEL i s  aimed a t  
. add i t iona l  s e n s i t i v i t y  s tud ies o f  f l u i d  

migra t ion  and heat t r a n s f e r  based on f r a c t u r e  
l o c a t i o n  and r e s e r v o i r  parameters. The 
assumptions which form the bas is  f o r  cur ren t  
heat sweep models w i l l  be evaluated. 
K i n e t i c s  - based geochemical re1 a t  i onsh i ps w i  1 1 
be incorporated i n  f l u i d  t ranspor t  codes t o  
evaluate rock-water  i n t e r a c t i o n s  i n  t h e  
r e s e r v o j r .  The development o f  more stream1 ined 
and c o s t - e f f e c t i v e  reservo i r  s imu la t ion  
techniques w i l l  continue. Expansion o f  t h e  
FRACSL code's c a p a b i l i t y  f o r  three-dimensional 
r e s e r v o i r  s imu la t ion  ( M i l l e r  and Allman, 1986, 
1987) w i l l  cont inue.  

As r c s e r v o i  r analys is  techniques are 
developed, f i e l d  t e s t i n g  t o  v e r i f y  app l i ca t ion  
o f  these a n a l y t i c a l  techniques i s  planned. 
INEL i s  c u r r e n t l y  cooperating w i t h  o ther  
DOE-funded l a b o r a t o r i e s  and u n i v e r s i t i e s  and 
GEO Operator Corporation i n  a comprehensive 
f i e l d  study of product ion and i n j e c t i o n  a t  East 
Mesa. A s e r i e s  of f i e l d  t e s t s  i n  conjunct ion 
w i t h  a long- term flow t e s t  o f  the  Salton Sea 
Deep Hole has been planned and approved by 
DOE. Negot ia t ions  are c u r r e n t l y  i n  progress 
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with o t h e r  developers t o  enable f i e l d  
v e r i f i c a t i o n  of new r e s e r v o i r  techniques i n  
f rac tured ,  high- temperature hydrothermal 
reservoi rs .  

GEOTHERMAL TECHNOLOGY O R G A N I Z A T I O N  

' In addi t ion  t o  cooperat ive f i e l d  t e s t s  of 
technology devel oped i n  the DOE research 
program, DOE seeks a more formalized procedure 
f o r  conducting cost-shared research w i t h  t h e  
geothermal industry.  INEL a s s i s t e d  the 
industry and DOE i n  t h e  formation of the 
Geot hermal Technol ogy Organ i z a t  i on (GTO) and i n 
preparat ion of an agreement t o  fund cost-shared 
research.  The GTO was formed t o  complement t h e  
Geothermal D r i l l i n g  Organization and has a 
s p e c i f i c  c h a r t e r  t o  sponsor research p r o j e c t s  

,.which have a . high probabi l i ty  of y ie ld ing  
short- term b e n e f i t s  , i n  the areas  of  r e s e r v o i r  
performance and 'energy conversion techno1 ogy . 
The c h a r t e r  f o r  the organizat ion was adopted on 

.Apri l  15, 1987. DOE has a l loca ted  funds t o  
a s s i s t  i n  sponsoring research p r o j e c t s  which 
are se lec ted  by the GTO. The f i r s t  research 
pro jec t  should be s e l e c t e d  during the f i n a l  
quar te r  of 1987. 
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I I 

Time = 76.00 

Figure 1. 
ComDarison o f  f l u i d  migra t ion  i n  
dual -permeabi 1 i t y  1 aboratory model 
(upper l e f t )  t o  simuTations us ing 
FRACSL. 
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Figure 2. 
Extent o f  cool ina between i n j e c t i o n  
we l l  ( l e f t )  a n i  production w e l l  
( r i g h t )  i n  a f rac tu red  r e s e r v o i r  
a f t e r  2000 days of i n j e c t i o n .  
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Figure 3 .  
Predic ted ex ten t  o f  coo l ing  between 
i n j e c t i o n  w e l l  ( l e f t )  and 
product ion w e l l  ( r i g h t )  a f t e r  2000 
days o f  i n j e c t i o n ,  based on 
assuming a s i n g l e  f r a c t u r e  
connection between the  i n j e c t i o n  
and product ion we1 1 s. 
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