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ABSTRACT 

A d e t a i l e d  three-dimensional well-by-well 
model o f  the  East O lka r ia  geothermal f i e l d  i n  
Kenya has been developed. 
reasonably w e l l  t h e  f low r a t e  and enthalpy data 
from a l l  wells, as w a l l  as the  o v e r a l l  pressure 
dec l ine  i n  the  reservo i r .  The model i s  used t o  
p red ic t  t he  generating capaci ty o f  t he  f i e l d ,  w e l l  
decl ine,  enthalpy behavior, t he  number o f  make-up 
wells needed and the  e f f e c t s  o f  i n j e c t i o n  on well 
performance and o v e r a l l  r ese rvo i r  deplet ion. 

INTRODUCTION 

The model matches 

Geothermal exp lo ra t i on  o f  the  O lka r ia  geothermal 
f i e l d  i n  Kenya s t a r t e d  i n  the  1950s; by 1958 two 
exp lo ra t i on  wells ( X - 1  and X-2) had been d r i l l e d  
i n  the area (Noble and Ojianbo, 1975). The lack  o f  
p roduc t iv , i t y  o f  t he  wells and in tens ive  development 
o f  hydropower delayed f u r t h e r  development o f . t h e  
area u n t i l  the e a r l y  1970s. A t  t ha t  t ime the  
Kenyan government received f i n a n c i a l  support from 
the  United Nations (UN) t o  undertake an extensive 
exp lo ra t i on  pro jec t ;  a f e a s i b i l i t y  study was 
c a r r i e d  out i n  1976 a f t e r  s i x  add i t i ona l  we l l s  had 
been d r i l l e d  and tested. The study concluded tha t  
developnent a t  O lkar ia  f o r  power product ion was 
feas ib le  (Uni ted Nations, 1976). 

Dur ing the l a s t  decade, product ion d r i l l i n g  
has been c a r r i e d  out i n  the  eastern p a r t  o f  the  
f i e l d  (East O lkar ia )  and a power p lan t  w i t h  th ree  
15 MWe units has been constructed. .The f i r s t  . .$.;. 

unit  came on l i n e  i n  Ju ly  1981, the second,one i n  ' 

December 1982, and the  th i rd  unit s t a r t e d  power : 
product ion e a r l i e r  t h i s  year (1985). 

Nunerical modeling s tud ies  have been used t o  
. .  

a i d  in  the development o f  the  f i e l d .  Bodversson 
( 1980), Bodvarsson and Pruess ( 1981 1, and Bodvarsson 
e t  a l .  (1982) have used numerical..modeling.,techniques 
t o  inves t iga te  the  e f f e c t s  o f  v e r t i c a l  and ho r i zon ta l  
permeab i l i t ies  on the generating capaci ty o f  the 
O lka r ia  f i e l d ,  and a l so  have inves t iga ted  the e f fec ts  
o f  e x p l o i t i n g  aqu i fe rs  a t  d i f f e r e n t  depths. The 
r e s u l t s  o f  these s imu la t ion  s tud ies  i nd i ca te  t h a t  
the present w e l l f i e l d  area (East O lkar ia )  i s  well 
capable o f  p rov id ing  steam f o r  45 HW, power 
production. 

The primary ob jec t i ve  o f  the  present work i s  
t o  develop a nuner ica l  model o f  the  Olkar ia  f i e l d  
t h a t  can be used t o  p r e d i c t  with confidence the  
future behavior o f  producing wells, the  e f f e c t s  
o f  re in jec t i on ,  and the  o v e r a l l  dep le t ion  o f  the  
reservo i r .  The model i s  f u l l y  three-dimensional, 
w i t h  a l l  e x i s t i n g  wells represented i n d i v i d u a l l y  
(well-by-well  model). 
matching o f  f low r a t e  and enthalpy data from all 
wells, as well as the average rese rvo i r  pressure 
decl ine. Using th is model we p red ic t  f u tu re  f l o w  
r a t e  dec l ine  o f  the e x i s t i n g  wells, the appropr iate 
well spacing, the  generating capaci ty o f  the East 
O lka r ia  f i e l d ,  e f f e c t s  o f  i n j e c t i o n  on f i e l d  per- 
formance, and the number o f  development we l ls  
needed. A more d e t a i l e d  desc r ip t i on  o f  t h i s  work 
i s  given by Bodvarsson e t  a l .  (1985a.b). 

OLKARIA GEOTHERMAL FIELD 

This a l lows f o r  h i s t o r y  

The Olkar ia  geothermal f i e l d  i n  Kenya i s  
loca ted  i n  the Great R i f t  Val ley, about 100 km 
northwest o f  Na i rob i  (Fig.1). 
t h  geothermal f i e l d  has been estimated a t  &out 50 

the  occurrence o f  fumaroles (Noble and Ojianbo, 
1975). R e s i s t i v i t y  surveys have ind ica ted  a l a rge r  
anomaly, some 80 km2 i n  a rea l  extent (Uni ted 
Nations, 1976). Natura l  heat losses fran the  f i e l d  
amount t o  some 100 MWt (Glover, 1972). 

present product ion area i n  the eastern pa r t  o f  the 
O lka r ia  f i e l d ;  22 are supplying steam t o  the power 
p l a n t  (Fig. 2). Figure 2 a lso  shows the loca t ions  
o f  exp lo ra t ion  holes i n  other areas o f  the f i e l d .  
Data from the wells have i d e n t i f i e d  the presence o f  
a thin steam layer  (50-150 m t h i c k )  ove r l y ing  a 
t h i c k  l iquid-dominated two-phase rese rvo i r  (Fig.  
3 ) .  The rocks encountered are volcanic, w i t h  
b a s a l t i c  rocks dominating a t  500-700 m depth and 
ac t i ng  as a caprock t o  the system. The rese rvo i r  
rocks cons is t  p r i m a r i l y  o f  f ine-grained laves and 
t u f f s  (KPC, 1981a, 1982a, 1983a, 1984a; Browne, 
1981 1. F l u i d  f low i s  concentrated along cont rac t ion  
j o i n t s  i n  the  laves, sco r ia  zones, and lava  contacts 
(KPC, 1984h1. Host o f  the wells have m u l t i p l e  feed 
po in ts ,  o f t e n  w i t h  i n t e r n a l  f low between feed 
po in ts  i n  the steam zone and under ly ing l i q u i d -  
dominated zone (e.g., KPC, 1984b). 

The area l  extent o f  

km s based on shal low temperature gradients and 

To date, 25 we l l s  have been d r i l l e d  i n  the  
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Figure  1. Locat ion o f  the  Olkar ia  geothermal 
f i e l d  i n  t h e  R i f t  Val ley ( f rom 
Svanbjornsson e t  el., 1983). 

Figure 2. Well l oca t ions  a t  O lkar ia  ( f rom KPC, 
1 9 8 4 ~ ) .  

The rese rvo i r  f l u i d s  are o f  the sodium-chloride 
type w i t h  only about 200-700 ppm o f  chlor ide.  
Non-condensible gas content i s  smal l  (approximately 
50 m i l l imo les  per kg steam). 
t r a t i o n  increases both with depth and from south t o  
north.  This, along w i t h  a pronounced pressure 
decrease (11 bar/km) from nor th  t o  south s t rong ly  
suggests the presence o f  an upflow zone no r th  o f  
the  present well f i e l d  (Fig. 3 ) .  A d e t a i l e d  
desc r ip t i on  o f  the conceptual model shown i n  
F igure  3 i s  g iven elsewhere (KPC, 1982b, 1984b). 

The la rge  a rea l  extent o f  the  geothermal 
system a t  O lkar ia  (-80 km2) and the  l a rge  thickness 
o f  the  rese rvo i r  ('2000 m) suggest a l a rge  power 
p o t e n t i a l  o f  the  resource. The generating capaci ty 
o f  t he  resource has been estimated t o  be 500-1000 
MWe f o r  a product ion per iod  o f  30 years (KPC, 
1981b). However, the ra ther  low average rese rvo i r  
permeab i l i t y  (1-10 md) may make i t  imprac t i ca l  t o  
recover more than a f r a c t i o n  o f  the energy in-place. 
For r e l i a b l e  estimates o f  the  energy t h a t  can be 
economically extracted, numerical s imu la t ion  
s tud ies  are required. 

The ch lo r i de  concen- 

The work presented i n  t h i s  repor t  i s  based 
upon data co l l ec ted  by var ious  experts from Kenya 
Power Co. (KPC), and t h e i r  consultants. Key 
references inc lude numerous repo r t s  by KPC experts, 
s ta tus  repo r t s  prepared by V i r k i r ,  and Merz and 
McLellan, and overview repor t s  by Waruingi (19821, 
Svanbjornsson e t  e l .  (1983) and KPC ( 1 9 8 4 ~ ) .  

HISTORY MATCH OF WELL PERFORMANCE 

The primary data used f o r  the  h i s t o r y  match o f  
t he  O lka r ia  wells are the  f low r a t e  and enthalpy 
data. 
s t a r t e d  i n  1975 on a ra the r  smal l  scale; more 
s i g n i f i c a n t  f l u i d  e x t r a c t i o n  began i n  mid-1977. 
We neglect  t he  smal l  f l u i d  mass ex t rac ted  before 
Ju l y  1977. From Ju ly  1977 u n t i l  the  end o f  1983 
( t h e  s imu la t ion  per iod)  wells 2-23 were tes ted  
p e r i o d i c a l l y ;  we l l s  2 ,  5-7, 10-12 were continuously 
produced a f t e r  the  f i r s t  15 MW, u n i t  came on l i n e  
i n  1981, and wells 13-19 a f t e r  the  second u n i t  came 
on l i n e  (August 1982). I n  the  simulat ions we model 
t h e  ac tua l  f low h i s t o r y  o f  each well. The simula- 
t i o n s  are c a r r i e d  out using the  two-phase, three- 
dimensional s imulator MULKOM (Pruess, 1982). 

Flow t e s t i n g  o f  some o f  the  e a r l y  we l ls  

One major approximation i n  our s imulat ions i s  
t h e  use o f  a porous medium model f o r  the  f rac tu red  
rocks a t  Olkar ia.  A porous medium model i s  used 
because o f  t h e  l i m i t e d  f rac tu re  data avai lable,  and 
the  lower computational cost  involved. As we will 
i l l u s t r a t e  i n  a l a t e r  sect ion,  t he  porous medium 
model matches well t he  observed data. 

Computational Approach 

F igure  I shows an area l  view o f  the i n t e g r a l  
f i n i t e  d i f f e rence  g r i d  used i n  the h i s t o r y  match 
simulat ions;  the g r i d  was l a t e r  extended i n  a l l  
d i r e c t i o n s  f o r  the p red ic t i on  studies. I n  de- 
veloping the g r i d  shown i n  Figure 4, the surface 
l oca t i ons  o f  wells 2 through 26 were used as nodal 
po in ts  (represented by the  dots).  I n  order t o  

2 
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Figure 4. Mesh used f o r  h i s t o r y  match. 

F igure  3. Schematic N-S sec t ion  through the  
Olkar ia  geothermal reaervo i r  ( from KPC, 
1984b). 

represent the wells more r e a l i s t i c a l l y  a r a d i a l  mesh 
was embedded i n t o  a l l  o f  the  w e l l  elements. The 
outer elements provide recharge t o  the w e l l f i e l d .  

I n  order t o  determine the appropr iate v e r t i c a l  
dimension o f  our model, we considered the loca t ions  
and r e l a t i v e  strengths o f  feed zones for a l l  o f  the  
we l ls  (Fig.  5). 
we l l s  are cased t o  a depth of about 500-600 m; w e l l  
19 i s  cased through the s t e m  zone ( a t  a depth o f  
600-750 m). Most o f  the  we l l s  have 2 or  3 feed 
zones; o f t e n  one o f  the feed zones i s  located i n  
the steam zone. The presence o f  the s t e m  zone 

The f i g u r e  shows tha t  most o f  the 

makes a three-dimensional model necessary, and i t  
was decided t o  use a three- layer model. The top 
l a y e r  (100 m t h i c k )  represents the  s t e m  zone; two 
laye rs  o f  250 and 500 m thickness, respec t ive ly ,  
represent the under ly ing  l i q u i d  zone. 
o f  the  rese rvo i r  was assumed t o  be a t  a depth o f  
1500 m, which i s  the  depth t o  the deepest major  
feed zone ( w e l l  19). 
recharge from greater  depth the  r e s u l t s  should be 
somewhat conservative. 

The bottom 

Note tha t  by neg lec t ing  

f l o w  i n t o  a w e l l  i s  al lowed through a l l  layers  
i n  which the w e l l  has one or more feed points.  
do no t  p rescr ibe  the  f low from each layer ,  bu t  
ca l cu la te  i t  based upon the fo l l ow ing  d e l i v e r a b i l i t y  
model (Pruess e t  al., 1984): 

We 

f Distance From Well 25 ( m )  N - 
0 100 200 300 400 500 600 700 800 900 IO00 100 1200 
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Figure  5. Major feed po in ts  i n  wells. 
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1-2 kg/s f o r  t h e  flow r a t e  (Bodvarsson et e l . ,  
1985a). 
produced f l u i d s  from a l l  wells and t h e  cumulat ive 
mass e x t r a c t e d  a l s o  show good agreement with t h e  

The average c a l c u l a t e d  en tha lpy  o f  t h e  
q =  . p6 . P I  . (p6  - p&) 

6 = l i q u i d ,  '6 
vapor measured values. 

where k r  , u , P are relative permeabi l i ty ,  
v i s c o s i t & ,  dg n s i  f y and and ressure o f  t h e  &phase, 
r e s p e c t i v e l y .  P I  is  t h e  p r o d u c t i v i t y  index and 
p h  i s  t h e  flowing well p r e s s u r e  o p p o s i t e  t h e  
feed zone. 
p r e s s u r e  p r o f i l e s  o f  flowing wells; average va lues  
used for t h e  steam zone and t h e  upper and lower 
l i q u i d  zones are 8, 12,  and 22 b a r s ,  r e s p e c t i v e l y .  
The t o t a l  flow r a t e  from a well is simply t h e  sum 
o f  t h e  flow rates from a l l  connected l a y e r s .  

Values of  Pwb are obtained from 

In order  t o  o b t a i n  a reasonable  match with 
observed flow rates and e n t h a l p i e s  of  t h e  wells, 
numerous i t e r a t i o n s  were necessary.  
ad jus ted  dur ing  t h e  i t e r a t i o n  process  were t h e  
p r o d u c t i v i t y  i n d i c e s ,  permeabi l i ty ,  and p o r o s i t y .  
Although t h e  e f f e c t s  of  t h e s e  p a r m e t e r s  are 
coupled,  each of  them a f f e c t s  t h e  flow r a t e s  and 
e n t h a l p i e s  i n  a v e r y  d i f f e r e n t  way. 
d u c t i v i t y  index mostly a f f e c t s  t h e  flow rate a t  
relatively early time; consequent ly ,  we use 
t h i s  parameter t o  f i x  t h e  i n i t i a l  rate from a 
l a y e r .  For t h e  time s c a l e  of  i n t e r e s t  h e r e  (months 
o r  years), t h e  permeabi l i ty  pr imar i ly  c o n t r o l s  t h e  
f l o w  r a t e  d e c l i n e  with time, and t h e  p o r o s i t y  
c o n t r o l s  t h e  en tha lpy  t r a n s i e n t s .  

The parameters  

The pro- 

Simulat ion R e s u l t s  

A f t e r  numerous i t e r a t i o n s  we obtained reasonable  
matches with flow rate and en tha lpy  t r a n s i e n t s  f o r  
a l l  o f  t h e  wells. A s  an example, F igure  6 shows 
t h e  match obta ined  f o r  well 11. The en tha lpy  d a t a  
is i n  t h e  upper h a l f  of  t h e  f i g u r e ,  with t h e  flow 
r a t e  d a t a  occupying t h e  lower p a r t ;  t h e  s o l i d  

between t h e  observed and c a l c u l a t e d  v a l u e s  is 
reasonable ,  e s p e c i a l l y  i f  one c o n s i d e r s  t h e  
approximate n a t u r e  o f  flow rate and en tha lpy  
measurements. In  g e n e r a l ,  o u r  matches for a l l  
wells a r e  wi th in  100-200 kJ/kg fo r  t h e  en tha lpy  and 

l i n e s  represent  t h e  measured values .  The match ! 

- 4 1  
e! 04- LL : 

Figure  6. History match f o r  well 11 a t  t h e  
Olkar ia  f i e l d .  

In  g e n e r a l ,  t h e  flow rate d e c l i n e  o f  t h e  wells 
is mostly due t o  phase mobi l i ty  e f f e c t s ;  i.e., 
changes i n  vapor s a t u r a t i o n  i n  t h e  producing 
elements. Because t h e  d e n s i t y  o f  vapor is smal le r  
than  t h a t  of  l i q u i d ,  an i n c r e a s e  i n  vapor s a t u r a t i o n  
w i l l  cause a flow rate d e c l i n e ,  even though t h e  
element p r e s s u r e  may change very l i t t l e .  Therefore ,  
when a well i n  
its v i c i n i t y ,  caus ing  i n c r e a s e s  i n  vapor s a t u r a t i o n s ,  
t h e  en tha lpy  g e n e r a l l y  rises and t h e  flow rate de- 
c l i n e s .  
o f  1983) ,  most o f  t h e  wells have reached quasi-s teady 
c o n d i t i o n s ,  with a r a t h e r  gradual  en tha lpy  r ise  and 
f low rate d e c l i n e .  In  comparison t o  o t h e r  geothermal 
f i e l d s ,  t h e  en tha lpy  rise for  t h e  Olkar ia  wells is 
l a r g e ,  p r imar i ly  because of low r e s e r v o i r  p o r o s i t i e s  
and p e r m e a b i l i t i e s .  

is put  on l i n e  and b o i l i n g  s t a r t s  bJ 

A t  t h e  end o f  t h e  s i m u l a t i o n  per iod  (end 

By c a l i b r a t i n g  t h e  model t o  f i e l d  d a t a  we 
determine t h e  e f f e c t i v e  p o r o s i t y  and permeabi l i ty  
d i s t r i b u t i o n  i n  t h e  r e s e r v o i r s .  In both t h e  upper 
and lower l i q u i d  zones an average p o r o s i t y  o f  2% is 
obta ined ,  with v a r i a t i o n s  ranging from 0.25 t o  6%. 
Note t h a t  due t o  l a c k  o f  en tha lpy  v a r i a t i o n s  i n  
f l u i d s  coming from t h e  steam zone, we a r e  not  able 
t o  estimate t h e  e f f e c t i v e  p o r o s i t y  i n  t h a t  zone. 
I t  should a l s o  be noted t h a t  t he  p o r o s i t i e s  d e t e r -  
mined r e p r e s e n t  t h e  f r a c t u r e  p o r o s i t y  of  Olkar ia  
rocks  r a t h e r  than t h e  mat r ix  p o r o s i t y .  Average 
mat r ix  p o r o s i t i e s  o f  O l k a r i a  rocks vary from 8 t o  
16% depending on t h e  rock type  and depth (Mwangi 
and Muchemi, 1984). Our modeling r e s u l t s  i n d i c a t e  
t h a t  average p e r m e a b i l i t i e s  of  t h e  steam, upper 
l i q u i d  and lower l i q u i d  zones, a r e  7.5, 4.0, and 
3.5 md, r e s p e c t i v e l y .  V a r i a t i o n s  i n  t h e  permea- 
b i l i t y  range from 0.25 t o  25 md, with no apparent  
s p a t i a l  t r e n d s ,  except  f o r  a d i s t i n c t  high permee- 
b i l i t y  anomaly i n  t h e  lower l i q u i d  zone, extending 
N-S through wells 12, 15 and 16. These permeabi l i ty  
v a l u e s  are somewhat h igher  than t h o s e  i n f e r r e d  from 
well tests o f  i n d i v i d u a l  wells. However, t h e  well 
test d a t a  are somewhat ques t ionable  a s  they do not 
correlate well with w e l l  ou tputs .  

The percentage o f  flow from d i f f e r e n t  l a y e r s  
is compared t o  estimates made by KPC (1984b), and 
for many w e l l s  t h e  agreement is q u i t e  good. Our 
s imula t ion  r e s u l t s  i n d i c a t e  t h a t  about 60% o f  t h e  
produced f l u i d s  come from t h e  l i q u i d  zone, and only 
about 40?4 from t h e  steam zone. The b a s i s  of  t h i s  
estimate is t h e  en tha lpy  v a r i a t i o n s  i n  t h e  wells, 
which clearly suggest  s i g n i f i c a n t  inf low o f  low 
entha lpy  f l u i d s  from t h e  l i q u i d  zone a t  early times. 
L a t e r  on, t h e  en tha lpy  o f  most wells i n c r e a s e s  
r a p i d l y  due t o  b o i l i n g  i n  feeds  i n  t h e  l i q u i d  zone. 
The relatively high inf low r a t e  from t h e  l i q u i d  
zone s u p p o r t s  deep d r i l l i n g ,  a s  opposed t o  shallow 
d r i l l i n g ;  i.e., completing t h e  wells only i n  t h e  
steam zone. 

J 
-7 

From t h e  well-by-well model, we o b t a i n  e s t i m a t e s  
f o r  t h e  downhole p r e s s u r e  and vapor s a t u r a t i o n  
t r a n s i e n t s  i n  each flowing w e l l .  F igure  7 shows 
t h e s e  d a t a  f o r  t h e  upper l i q u i d  feed of  well 12. 
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Figure  7. Pressure  and vapor s a t u r a t i o n  changes 
with time f o r  h i s t o r y  match - w e l l  12, 
upper l i q u i d  zone. 

The lower curve  r e p r e s e n t s  t h e  vapor s a t u r a t i o n  and 
t h e  upper curve t h e  p r e s s u r e  t r a n s i e n t s .  
had a s h o r t  flow test i n  1980, b u t  was connected t o  
Unit 1 i n  1981. The f i g u r e  clearly shows t h e  
p r e s s u r e  drop and vapor s a t u r a t i o n  rise due t o  
e x p l o i t a t i o n .  Note t h e  over-recovery i n  t h e  vapor 
s a t u r a t i o n  a f t e r  t h e  i n i t i a l  flow test due t o  hea t  
mining, which is c o n s i s t a n t  with t h e o r e t i c a l  
resul ts  (Sorey et el . ,  1980). 

The wel l  

The actual p r e s s u r e  drawdon i n  t h e  r e s e r v o i r  
must be compared t o  c a l c u l a t e d  p r e s s u r e  d a t a  from 
non-producing ("observat ion")  wells. The s imula t ion  
results p r e d i c t  v e r y  small p r e s s u r e  drawdowns i n  
t h e  f i e l d  t o  d a t e  (19841, or on t h e  average,  4,  
2 and 1 b a r s  i n  t h e  steam, upper l i q u i d ,  and lower 
l i q u i d  zones, r e s p e c t i v e l y .  This  small  c a l c u l a t e d  
p r e s s u r e  d e c l i n e  has  been v e r i f i e d  by f i e l d  measure- 
ments (Haukwa, 1981). 

F igure  8 shows t h e  vapor s a t u r a t i o n  d i s t r i b u t i o n  
i n  t h e  upper l i q u i d  zone a t  t h e  end o f  1983. The 
f i g u r e  shows t h a t  t h e  vapor s a t u r a t i o n  changes do 
not  extend f a r  o u t s i d e  t h e  we l l f i e ld  a r e a  because 
of t h e  high c o m p r e s s i b i l i t y  of  two-phase mixtures .  
Over most of t h e  w e l l f i e l d  t h e  vapor s a t u r a t i o n  has  
increased  from 10 t o  50%, with l o c a l  maxima around 
t h e  producing wells. 

PERFORMANCE PREDICITONS 

From t h e  h i s t o r y  match we o b t a i n  a model 
t h a t  can be used t o  p r e d i c t  t h e  response o f  t h e '  
r e s e r v o i r  and i n d i v i d u a l  wells to  var ious  explo i ta -  
t i o n  schemes. 
Olkar ia  is t o  i n v e s t i g a t e  t h e  reservoir response t o  
power product ions  of 45 and 105 HWe, t o  s tudy t h e  
effects  of i n j e c t i o n ,  and t o  determine proper well 
spac ing  f o r  f u t u r e  d r i l l i n g .  The fol lowing s c e n a r i o s  
a r e  s tud ied :  

A t  p resent  t h e  main i n t e r e s t  at  

( 1  45 M W  power product ion  with f u t u r e  ("develop- 
ment"7 wel l s  a t  a d e n s i t y  o f  11 wells/kn?. 

( 2 )  45 MWe power product ion with development 
w e l l s  a t  a d e n s i t y  of  20 wells/bn2. 

Bodvarsson, et e l .  

( 3 )  105 MWe power product ion with development 
wells a t  a d e n s i t y  o f  11 wells/km2. 

45 MW, power product ion with 40% r e i n j e c t i o n  
and developnent well d e n s i t y  o f  11 wells/km2. 

45 MWe power product ion with 100% r e i n j e c t i o n  
and d e v e l o p e n t  well d e n s i t y  o f  11 wells/bn2. 

For t h e  h i s t o r y  match, t h e  model was c a l i b r a t e d  

(4) 

( 5 )  

a g a i n s t  6.5 years o f  d a t a  ( J u l y  1977 - December 
1983). 
be able t o  p r e d i c t  t h e  behavior  i n t o  t h e  f u t u r e  
with conf idence  f o r  more t h a t  t h e  c a l i b r a t i o n  time, 
i.e., approximately t o  t h e  year 1990. However, it 
is u s e f u l  t o  compare p r e d i c t i o n s  f o r  d i f f e r e n t  
s c e n a r i o s  f o r  a longer  timespan, and t h e r e f o r e  w e  
have c a l c u l a t e d  t h e  v a r i o u s  c a s e s  f o r  a per iod o f  
30 years, t o  t h e  year 2015. 

A s  a g e n e r a l  r u l e  one should not expect t o  

Because of  t h e  long performance p r e d i c t i o n  
per iod  and t h e  high product ion rates, t h e  mesh 
used f o r  t h e  h i s t o r y  match (Fig.  4 )  had t o  be 
extended t o  accommodate an expanding w e l l f i e l d .  
The extended mesh i n c l u d e s  t h e  o ld  one as t h e  
c e n t r a l  p a r t ,  and covers  an area of  8 x 12 Ianz. 
The g r i d  is extended f u r t h e r  t o  t h e  nor th  than i n  
t h e  o t h e r  d i r e c t i o n s ,  because of  a v a i l a b l e  d r i l l i n g  
a r e a  t h e r e ;  w e  a l s o  assune t h a t  some of  t h e  f u t u r e  
w e l l s  w i l l  be d r i l l e d  t o  t h e  west. Reservoir  
c o n d i t i o n s  and parameters  a r e  be l ieved  t o  show 
l i t t l e  la teral  v a r i a t i o n  over  t h e  a r e a  covered by 
t h e  extended mesh. Therefore ,  o u t s i d e  t h e  w e l l f i e l d  
we u s e  t he  average permeabi l i ty  and p o r o s i t y  va lues  
obtained f o r  t h e  w e l l f i e l d  from t h e  b i s t o r y  match. 

is d e s i r e d ,  a p p r o p r i a t e  c o n s t r a i n t s  m u s t  be placed 
on t h e  stem rate a t  t h e  s e p a r a t o r s .  
Bodvarsson et al. (1982) and Bodvarsson and Pruess 
(19811, t h e  s t e m  r a t e  from a well a t  t h e  s e p a r a t o r s  
is c a l c u l a t e d  assuming i so-entha lp ic  flow up t h e  
W e l l .  When t h e  t o t a l  steam rate of  t h e  e x i s t i n g  
wells f a l l s  below t h a t  requi red  (e.g., 125 kg/s f o r  
45 MWe), a d d i t i o n a l  development w e l l s  o u t s i d e  t h e  
p r e s e n t  w e l l f i e l d  a r e  au tomat ica l ly  added dur ing  
t h e  course  o f  t h e  s imula t ion .  

When a cons tan t  e l e c t r i c a l  power product ion 

Following 
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Vapor s a t u r a t i o n  d i s t r i b u t i o n  i n  t h e  
upper l i q u i d  zone a t  end of  1983. 

F igure  8. 
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Two cases are considered, 11 and 20 we l l s  per 
km2. The r e s u l t s  o f  bo th  cases show t h a t  the 
r e a d i l y  ava i lab le  d r i l l i n g  area i n  East O lka r ia  i s  
s u f f i c i e n t  f o r  power product ion o f  45 MW, for  30 
years. The t o t a l  new development area needed i s  
approximate15 2 km2, br ing ing  the t o t a l  w e l l f i e l d  
area t o  4 Ian Within the  next 
decade all o f  the e x i s t i n g  product ion we l ls  w i l l  
become pure s t e m  producers, thus cont inu ing  the 
present t rend (average en tha lp ies  have increased 
from 1900 t o  2400 kJ/kg dur ing  the  l a s t  s i x  years). 
The rap id  enthalpy r i s e  i s  p r i m a r i l y  due t o  the low 
e f f e c t i v e  p o r o s i t i e s  and permeab i l i t ies  a t  Olkaria. 
F igure  9 shows the vapor sa tu ra t i on  d i s t r i b u t i o n  i n  
the upper l i q u i d  zone a t  the end o f  2015. The pure 
vapor zone extends fa r thes t  t o  the  no r th  because 
most o f  the  development we l l s  are s i t e d  no r th  of 
the  present w e l l f i e l d s ;  note a lso  the ra the r  smal l  
areal extent o f  the  disturbance (2-3 km rad ius)  
a f t e r  30 years o f  45 MW, power production. 

The r e s u l t s  f o r  the  two cases with well 
spacings o f  11 and 20 we l l s  per Ian2 are very 
s im i la r .  
w e l l f i e l d  i s  requ i red  and the enthalpy behavior of 
the  we l ls  i s  s im i l a r .  The s i m i l a r  r e s u l t s  can be 
explained when one considers tha t  the  w e l l f i e l d  
b o i l s  d ry  ra the r  qu i ck l y  and the  f low from the  
we l l s  i s  l i m i t e d  by the  recharge from the outside. 
Since the  permeab i l i t y  o f  the ou ts ide  rocks i s  low, 
the  f l u i d  flow t o  the w e l l f i e l d  i s  the l i m i t i n g  
fac to r .  However, a l a rge  d i f f e rence  emerges when 
one considers the number o f  development we l l s  
needed t o  maintain 45 MW, power production. 
F igure  10 shows tha t  24 and 40 add i t i ona l  we l ls  
are needed f o r  w e l l  dens i t i es  o f  11 and 20 we l l s  
per km2, respec t ive ly .  
suggest t ha t  the present w e l l  dens i ty  a t  O lka r ia  
o f  20 wel ls  per km2 i s  f a r  too  high. 
d r i l l i n g  we l l s  with r e l a t i v e l y  small w e l l  spacing 
appears t o  be advantageous i n  the  short  term, i n  

by the  year 2015. 

Bas ica l l y  the  same areal extent of the 

These r e s u l t s  s t rong ly  

Although 
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Figure 9. Vapor sa tu ra t i on  d i s t r i b u t i o n  i n  the  
upper l i q u i d  zone a t  end o f  2015. 

Other Cases Studied 

Due t o  space l i m i t a t i o n s ,  i t  i s  no t  possible 
t o  descr ibe the  r e s u l t s  obtained f o r  cases i nvo l v ing  
105 MW, power product ion or cases w i t h  r e i n j e c t i o n .  
For those r e s u l t s  and mre de ta i l ed  in fo rmat ion  on 
a l l  the  s imu la t ion  s tud ies  the  reader i s  re fe r red  
t o  Bodvarsson e t  e l .  (1985a,b). 

CONCLUSIONS 

A d e t a i l e d  3-dimensional model o f  the East 
O lka r ia  f i e l d  t h a t  includes descr ip t ions  o f  in- 
d i v i d u a l  wells has been developed. 
matches reasonably well the  f low r a t e  and enthalpy 
h i s t o r y  o f  all Olkar ia  wells. 
s imu la t ion  s tud ies  i n d i c a t e  tha t :  

(1 )  

The model 

The r e s u l t s  o f  the 

E f f e c t i v e  p o r o s i t i e s  o f  the  l i q u i d  zone are 
low, on the  average 2%. These po ros i t i es  
represent the  average f rac tu re  p o r o s i t i e s  o f  
O lkar ia  rocks. Average permeabi l t ies are 
estimated t o  be 7.5, 4.0 and 3.5 md f o r  the 
s t e m ,  upper l i q u i d  and lower l i q u i d  zones, 
respec t ive ly .  

Our r e s u l t s  i n d i c a t e  tha t  60% o f  the produced 
f l u i d  come from the l i q u i d  zone and 40% from 
the steam zone. This suppports deep d r i l l i n g  
w i t h  subs tan t i a l  open i n t e r v a l s  f o r  f low from 
the  l i q u i d  dominated zone. 

Well dens i t i es  a t  O lkar ia  ( 2 0  wellslkmz) are 
too high; f o r  future we l ls  a w e l l  dens i ty  o f  
11 wells/kmz i s  recommended. 

The present w e l l f i e l d  area (East O lkar ia )  can 
eas i l y  handle power product ion o f  45 MWe f o r  
30 years; the w e l l f i e l d  must be extended by 
sane 2 kmz. 

( 2 )  

( 3 )  

(4 )  

J 

6 



ACKNOWLEDGEMENTS 

Bodvarsson, e t  a l .  

Kenya Power Company Ltd., 1982a, I n t e r n a l  repor t  
GL/OW/O13. 

Kenya Power Company Ltd., 1982b, Status repor t  on 
steam production, repo r t  prepared by Merz and 
McLellan and Virkir Ltd., May 1982. 

Kenya Power Company Ltd., 1983a, I n t e r n a l  repor t  
GL/OW/23,24,25/015. 

Kenya Power Company Ltd., 1983b, Status repor t  on 
steam production, repor t  prepared by Merz and 
McLellan end V i r k i r  Ltd., January 1983. 

Kenya Power Company Ltd., 1984a, I n t e r n a l  repor t  
GL/OW/101,201/012. 

Kenya Power Company Ltd., 1984b, Status repor t  on 
steam production, repo r t  prepared by Merz and 
McLellan and V i rk i r  Ltd., January 1984. 

Kenya Power Company Ltd., 1984c, Background repor t  
f o r  S c i e n t i f i c  and Technical Review Meeting 
prepared by KRTA Ltd., New Zealand, November 
1984. 

Mwangi, M.N., and Muchemi, G.G., 1984, Poros i ty  and 
densi ty measurements o f  rock samples from 
Olkar ia,  Report No. GP/OW/OO9, Kenya Power 
company 

Noble, J.W., and Ojianbo, S.B., 1975, Geothermal 
Exp lo ra t ion  i n  Kenya, i n  Proceedings o f  the 
Second United Nations Symposiun on the 
Development and Use OF Geothermal Resources, 
San Francisco, CA., May 20-29, 1975, 1, 
189-204. 

Pruess, K., 1982, Development o f  the general 
purpose simulator MULKOM, 1982 Annual Report, 
Ear th  Sciences D iv is ion ,  Lawrence Berkeley 
Laboratory, Berkeley, CA. 

Pruess, K., Bodvarsson, G.S., Stefansson, V., and 
Eliasson, E.T., 1984, The K r a f l a  geothermal 
f i e l d ,  Iceland: 4. H is to ry  match and p red ic t i on  
o f  ind iv idual  w e l l  performance, Water Resour. 
Res., 20 (l’l),~. 1561-1584. 

Sorey, H.L., Grant, H.A., and Bradford, M., 1980, 
Nonlinear e f f e c t s  i n  two-phase f low t o  we l ls  

The authors thank the  Kenya Power Company f o r  
a l low ing  p u b l i c a t i o n  o f  the Olkar ia  data, and M. J. 
Lippmann f o r  c r i t i c a l  review o f  th is manuscript. 
This work was supported by the Kenya Power Company 
and the Assistant Secretary f o r  Conservation and 
Renewable Energy, O f f i c e  o f  Renewable Technology, 
D i v i s i o n  o f  Geothermal and Hydropower Technologies, 
through the U. S. Department o f  Energy under 
Contract No. DE-AC03-76SF00098. 

REFERENCES 

Bodvarsson, G.S., 1980, O lkar ia  geothermal f i e l d  - 
Prel iminary s tud ies  o f  the reservo i r  behavior 
under exp lo i t a t i on ,  repo r t  presented t o  KPC by 
V i r k i r ,  November 1980. 

Bodvarsson, G.S., and Pruess, K., 1981, O lkar ia  
geothermal f i e l d  -- numerical s tud ies  of the  
generating capaci ty o f  the  reservo i r ,  repor t  
prepared f o r  the  V i r k i r  Consul t ing Company, 
Ice land and Kenya Power Company, Kenya, 80 p. 

Bodvarsson, G.S., Pruess, K., Lippmann, M.J., and 
Bjzrnsson, S., 1982, Improved energy 
recovery from geothermal reservoirs,  Journ. 
Petr. Techn., Vol. 34, No. 9, p. 1920-1928. 

Eodvarsson, G.S., Pruess, K., Stefansson V., 
Bj6rnsson, S., and Oj imbo,  S.B., 1985a, 
The East O lkar ia  geothermal f i e ld ,  Kenys, 1. 
H is to ry  match o f  w e l l  performance, submitted 
t o  Jour. Geophys. Res. 

Bodvarsson, G.S., Pruess, K., Stefansson V., 
Bjornsson, S., and Ojiambo, S.B., 1985b, 
The East O lkar ia  geothermal f i e l d ,  Kenya, 2. 
Performance pred ic t ions ,  submitted t o  Jour. 
Geophys. Res. 

Bodvarsson, G.S., Vonder Haar, S., W i l t ,  H.J., and 
Tsang, C.F., 1982, Prel iminary es t imat ion  o f  
the rese rvo i r  capaci ty and the generating 
p o t e n t i a l  o f  the Baca geothermal f i e ld ,  New 
Mexico, Water Resour. Res., 18(6), 1713-1724. 

Browne, P.R.L., 1981, Petrographic study o f  cu t t i ngs  
from ten  we l l s  d r i l l e d  a t  the O lka r ia  geothermal 
f i e ld ,  Kenya, Geothermal Inat., Univ. o f  
Auckland, NZ, repor t  f o r  KPC, November 1981. 

Glover, R.I . ,  1972, Chemical cha rac te r i s t i cs  o f  
water and steam discharges i n  the R i f t  Valley, 
U.N. Geothermal Resources Exp lora t ion  Pro jec t  
Report. 

Haukwa, C. E.,  1984, Temperature and pressure 
measurements i n  long t ime shut-in we l l s  within 
the Olkar ia  East f i e l d ,  KPC repor t  ME/OW/065. 

Kenya Power Company Ltd., 1981a, I n t e r n a l  repor t  

Kenya Power Company Ltd., 1981b, Recommendations 

GL/OW/001. 

for fu r ther  geothermal exp lo ra t ion  a t  Olkar ia,  
repor t  prepared by Merz and McLellan and 
V i r k i r  Ltd., May 1981. 

i n  geothermal reservoirs,  Water Resour. Res., 
. 16(4), 767-777. 

SvanbjBrnsson, A., Matthiasson, M., Frhannsson, 
H., Arnersson, S., Bjiirnsson, S., Stef5nsson, 
V., and Saemundsson, K., 1983, Overview o f  
geothermal development a t  O lkar ia  i n  Kenya, 
Proc. 9 t h  Workshop on Geotherm. Res. Eng., 
Stanford Univ., Stanford, CA, 65-72. 

Uni ted Nations-East A f r i can  Power and L igh t i ng  
Company, 1976, F e a s i b i l i t y  repor t  f o r  the  
Olkar ia  geothermal p ro jec t ,  repor t  prepared by 
SWECO and V i r k i r  Ltd., December 1976. 

Waruingi, S., 1982, A study o f  the Olkar ia  geothermal 
rese rvo i r  when generating t h i r t y  megawatts o f  
e l e c t r i c i t y ,  Report No. 82.22, Geothermal 
Inst . ,  Univ. o f  Auckland, NZ. 

7 



. 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 

i ,  
, 


