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Steam production data f m  13 w e l l s  including 
and surrounding Unit 13 in j ec t ion  w e l l  1-3 and 
15 production w e l l s  including and suzTounding 
Unit 16 in j ec t ion  w e l l  1-5 are analyzed to  
esthte steam decl ine  rates w i t h  and w i t h o u t  
water in j ec t ion  (Figure 2 ) .  Such information 
is then u t i l i z e d  t o  es t imate  t h e  f i r s t  year 
recovery f a c t o r  due t o  water in j ec t ion  i n  the 
southwest area of Unit  13 and the Unit  16 
wel l f ie lds .  

A t  The Geysers geothermal f i e l d ,  about 20% t o  
30% of t h e  steam condensate is avai lab le  f o r  
disposal  a f t e r  evaporation in the cooling 
tawers. I n i t i a l l y  in 1960, the l i q u i d  e f f luen t  
in The Geysers was allowed t o  run i n t o  Big 
Sulphur Creek a s  this w a s  sinple and inex- 
pensive (Glenn HO&On-persOnal Camrrmnication, 
1991). However, s ince  1969 the steam conden- 
sate has been i n j ec t ed  back i n t o  the reservoi r .  

Several steam f i e l d  operators have found that 
water i n j ec t ion  i n t o  the Geysers' reservoi r  can 
be very useful i f  performed properly (&lams et 
a l ,  1991; En&y et a l ,  1991: mill, 1990). 
A t  present ,  addi t iona l  f r e sh  water f m  Big 
sulphur creek arid sur face  co l l ec t ion  f a c i l i t i e s  
is also be- used to  augment i n j ec t ion  at The 
Geysers. There is even discussion of bringing 
t r ea t ed  waste water  t o  The E a s t  Geysers frcnn 
the c i t y  of c l ea r l ake  (Geothermal Report, 
August 1991; W d a r d  and Goddard 1991). O t h e r  
means of collecting w a t e r  such as bui lding an 
impounchnent f a c i l i t y  on the Big Sulphur Creek 
are a l s o  being discussed by saw operators i n  
The Geysers. 

water i n j ec t ion  into the Geysers's reservoir 
can be benef ic ia l  i n  same areas and detr imental  
in t h e  o ther  areas depending upon t h e  f r ac tu re  
d i s t r ibu t ion ,  reservoir pressure,  tenperatme, 
l iqu id  sa tu ra t ion  and t h e  rock type. The 
pos i t i ve  cont r ibu t ions  of water  i n j ec t ion  
include providing r e se rvo i r  pressure support, 
maintaining steam production rate, reducing 
makeup w e l l  requirements, increasing reserves 
and the l i f e  of the f i e l d  by recavering a 
port ion of t h e  approximate 90% hea t  s tored  in 
the rocks (Dykstra, 1981). On the other  hard, 
i n j ec t ion  can reduce w e l l  p r d u c t i v i t y  o r  even 

drclwn a prcduction w e l l  cxmpletely by break- 
through of the injected ccild water to a pro- 
duction w e l l  throuqh same hiqh permeabili ty 
f rac tures .  It '=an also create obs t ruc t ions  i n  
t h e  wellbore and reduce steam flaw rate by 
d e  buildup associated with mineral precipi-  
t a t i on .  Workovers, sametimes cos t ly ,  m y  be 
needed t o  clear1 such w e l l s  t o  br ing  them back 
t o  their o r ig ina l  prociuctivity. 

In this paper, we present  the results of in- 
j ec t ion  in two wel l f ie lds :  U n i t  13 and Unit 16 
a d  try t o  quant i fy  steam recmery due to in- 
j ec t ion  in each we l l f i e ld  by calculating- re- 
covery fac to r s  from t h e  p&ct ion  data. A 
Vecovery factor t '  is defined as t h e  r a t i o  of 
addi t ional  s t e a m  provided by i n j ec t ion  and the 
amount of water in jec ted  i n  a given t i m e  
period. Additional steam is the steam p?xduc€d 
a t  t h e  new dec l ine  rate o r  improvement rate 
establ ished due t o  in j ec t ion  minus the steam 
prcduction ca lcu la ted  a t  the previous decline 
rate without in jec t ion .  Vie improvement rate 
is defined a s  the annual exponential  hcrease 
i n  the steam flaw rate. This d e f i n i t i o n  is 
similar t o  the annual exponential  dec l ine  rate 
but it represents  an increase i n  flaw rate 
rather than a decrease. 

The recovery t i c t o r  defined on the basis of 
produdion da ta  may be d i f f e r e n t  than that 
defined on the basis of geochemical data. 
Beall et a l . ,  (1989) and C d i l l  (1990) have 
used stable isotope data to estimate the 
recovery of injected water  in the various parts 
of t h e  Geysers geothermal f i e l d .  U n i t s  13 and 
16 are located in The Saltheast Geysers as 
shown in Figme  1. These units  are rat& a t  
140 GMW (gross MW) and 120 GMW respect ively.  
Presently 32 production anci 3 in j ec t ion  w e l l s  
are located the Unit 13 area and 17 
production w e l l s  and 2 i n j e t i o n  w e l l s  in the 
Unit 16 area. The ou t l ine  of U n i t  13 and 16 
we l l f i e lds  ancl the loca t ion  of var ious 
production and i n j ec t ion  wells used i n  this 
study are shown in Figure 2. 

RM)3vERY FACIDF: DCTE 'ID ~ ' I ' E R  INID 
UNIT 13 WELTTIEm2 

?he Unit 13 we l l f i e ld  has three i n j ec t ion  w e l l s  
designate3 a s  1-1, 1-2 and 1-3 (Figure 2 ) .  
w e l l  1-1 has k e n  i n  operat ion since t h e  p l an t  
star t  up in May 1980 and had accepted the total 
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FIGURE 1: The Location Map. 

FIGURE 2: Study Area i n  Uni t s  
1.3 and 16. 
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plant steam condensate flaw which annually 
average3 to about 1100 gpm until November 1984 
when the second injection we11 1-2 became 
operational. Well 1-2 was necessary to miti- 
gate severe water b- in the pro- 
duction wells offsetting 1-1 during 1983-84. 
&tween November 1984 and October 1989, the 
condensate was divided between these two in- 
jection wells. originally a steam produoer, 
well 1-3 was mnv- to an injection well on 
octaber 30, 1989. Since then the water is 
prkily being split between wells 1-3 and an 
NBA/Calpine joint injection well (Ehedy et al, 
1991) with a smdll amount continuing to be 
injected into 1-2. The third well 1-1 is being 
kept as a standby Unit 13 injection well. The 
majority of the injected water is believe3 to 
exit these wells in fractures w h i c h  originally 
produced steam. Ferforatd liners were used in 
1-1 and 1-2 to allm deep injection belaw 6100' 
and 6800' respectively. The injected w a t e r  in 
1-3 exits below 4000' depth and no perforated 
liner is installed in this well. 

Thirteen wells smmxmhq ' and including the 
injection well 1-3 and shmn by solid circles 
in Figure 2 are monitored for their flaw rate 
and decline rate changes. Mcst wells displayed 
a reduction in decline rate but the wells, 
located within the dashed outline, even 
exhibited an increase in their flaw xate. For 
example, well P 1  was declining at an annual 
exponential rate of 18% before the injection. 
However, after the start  of injection into 1-3, 
its flow rate started irx,Teasing at an annual 
exporntidl rate of 55% !Figure 3). The .stem 
flaw rate of this well increased by abaut 20 

after 4 months of injection. 
Presently, P 1  exhibits a decline rate of 13% 
which is 5% lmer than the pre-injection value 
of 18%. On the other hand, the flow rate of 
the nearby well P 2  continues to decline at an 
annul exponential decline rate of 13% even 
after the start of injection in 1-3 (Figure 4). 
The productivity changes observed in wells in 
this area suggests that most of the injected 
water into 1-3 took a southwestern mute and 
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Unit 13 Wellfield, P-1 
Normalized at 120 psig WHP {FFi; 
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appeared as steam in w e l l s  located within the 
dashed outline (Figure 2 ) .  

In this study, a total of 13 wells are evalu- 
ated: 8 w e l l s  located w i t h i n  the dashed cutline 
showing maximum injection benefit and the 5 
nearby w e l l s  located outside the dashed cutline 
shming sum injection benefit (Figure 2) . The 
ccanbined normalized f low rate of a l l  the 13 
wells at 120 p i g  wellhead pressure (WHP) is 
presented i n  Figure 5 frow January 1988 to 
September 1991. m e  to the comersim of one 
prcduction w e l l  into injection w e l l  1-3, the 
f l m  rate of only 12 wells is plotted af ter  
octaber 1989. Various operational activit ies 

also indicated in this figure. 
such as plant outages and reservoir testing are 

FIGURE 3: Changes in decline 
rates of P-1 due to 
injection into 1-3. 

FIGURE 4: Decline rate trends 
of the production 
well P-2. 

Decline rates, shown in Figure 5, are estimated 
by excluding the data points affected by plant 
outages and testing. The 13 pmduction wells, 
including 1-3, exhibit an annual y t i a l  
decline of 20% before injection mto 1-3. 
m r i q  the next five m o n t h s ,  the flow rate in- 
creased a t  an annual exponential rate of 25.5%. 
In 1990, the flw rate declined but a t  a slower 
rate of 13% as ~hown in Figure 5. Injection 
into 1-3 has prwided help irn two fonus: one in 
reclucing decline rates and the other in pnnrid- 
ing a step increm in  the f l m  rate. lhese 
effects are clearly sham in Figure 6 whi& is 
drawn on the l i n e r  &e. 'Ike injection rate 
(p) averaged over a month since start up in 
octaber 1989 is also shm in this figure which 
ranges f m  300 gpn to 800 qm. ?tro straight 
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n UNIT 13 WELLS SURROUNDING 1-3 FIGURE 5 :  Reduction of de- 
U cline rate due to 
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lines indicating annual exponential decline 
rates of 20% and 13% are also represented in 
this figure. 

Figure 6 Suggests a 7% reduction in decline 
rate and a step flaw rate increase of about 190 
kusn/hr. "his increase was experienced by the 
12 w e l l s  (13 w e l l s  minus 1-3) over and above 
the flm rate of the original 13 wells. Annual 
steam production of 6.59 ami 6.82 billion l h n  
can be estimated on the basis of 20% and 13% 
expnential decline rates since October 1989. 
This suggests a f i r s t  year steam recovery of 
about 0.23 bill ion Usm from the injeded w a t e r .  
M s  is shown by a hatched triangular area i n  
Figure 6. Water injection into 1-3 during the 
first 12 months was about 2.12 billion lh. 
The ratio of steam reca~ery and annual water 
injection suggest a recovery factor of about 
11%. 

"he step increase of about 190 kllan/hr in steam 
flaw rate and the associated imsrease in steam 
recovery is shown by a parallelogram in Figwe 
6. Assurmng ' an actual recovery equalling 2/3rd  
the area of the pxallelogram, additiondl steam 
production of 1.11 billion lh can be estimated 
in the f i r s t  year (Figure 6) .  This Step 
increase enhanos the recovery factor to 63%. 
%us the f i r s t  year reccrvery factor in the unit 
13 area varies from about 11% to 63%. The 
former recovery factor is solely based on the 
change in the decline rate while the la t te r  
also includes the step im=rease in the flow 
rate. 

A tracer test, conducted in the joint NCPW 
calpine w e l l ,  indicated a recovery of an order 
of mqnitude lower in Unit 13 w e l l s  coqxmd to 
NCPA w e l l s  (Adams et al. , 1991). This suggests 
a minor contribution in the Unit 13 area due to 
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water  injection into the joint  injection w e l l .  
Therefore the calculated recovery factors in 
the U n i t  13 area may be slightly on the high 
side as they include the effect of water  
injection into the joint injection w e l l .  

In summary, w a t e r  injection into the scuthwest 
area of U n i t  13 suggests a recuvery factor of 
11% due to the reduction i n  the decline rates 
only. However, it enhances to 63% i f  the 
effect of the step increase in the flow rate is 
also considered. These recovery factors are 
believed to be slightly on the high side due to 
the pressure Support provided by the water 
injection into the joint NcPA,/calpine w e l l .  To 
date, no adverse injection effects such as 
cooling or water breakthrough have been noted 
i n  w e l l s  in this area. 

The U n i t  16 wellfield has two injection wells 
1-4 and 1-5 as shm in Figure 2. W e l l  1-4 has 
been in operation since the plant start up in  
October 1985 and had accepted the total steam 
condensate of about 1000 gpm u n t i l  October 1, 
1990, when the second injection w e l l  1-5, 
became operational. This change was necessary 
due to water  breaMhrough i n  the production 
w e l l s  offsetting 1-4. Since then 70% to 90% of 
the condensate has been injected into 1-5 and 
the rest into 1-4. A perforated liner used in 
1-4 allaws water to exit a t  5600'. The 
injected water i n  1-5 exits below 4200' and no 
perforated l iner  is i r s t i i~ led  in this well.  

Fifteen prduction w e l l s  including and sur- 
LDunding injection w e l l  1-5 and shm by solid 
circles in Figure 2 are monitored for their  
flow rate and decline rate m e s  due to in- 
jection into 1-5. Most w e l l s  displayed a re- 
duction in decline rate and some wells, located 
w i t h i n  the dashed Outline, even displayed a 
mcdest increase i n  the i r  flow rate. For 
example, w e l l  P 3  w a s  declining at  an annual 
exponential rate of 11.5% before the injection 
into 1-5 (Figure 7) .  subsequent to injedion 
its flaw rate started increasing a t  an annual 
exponential rate of 13.5%. W i t h i n  4 mntts ,  
its flow rate increased by 15 klbnyhr. A few 
other w e l l s  located w i t h i n  the dashed outline 
exhibited mller gains than displayed by P 3 .  
The canbind normalized flaw rate a t  120 p i g  
wellhead pressure of all the 15 w e l l s  Shawn in 
Figure 2 is presented in Figure 8 fmpn Man3 
1989 to  September 1991. Ixle to the conversion 
of one production wel l  into 1-5, the flow rate 
of only 14 w e l l s  is plotted after septanber 
1990. V a r i o u s  operational activities are also 
indicated i n  t h i s  figure. 

A l l  15 w e l l s  display a ccnnbined annual 
exponential decline rate of 13.5% before the 
start of injection into 1-5. The shift of m o s t  
of U n i t  16 injection to 1-5 since October 1, 
1990 has r e d u d  the decline rate t o  5.2% as 
shm in Figure 8. However, a step hmcase in 
flow rate, Similar to that seen in the Unit 13 

area (Figures 5 and 6) , is not present in  the 
U n i t  16 area as shm i n  Figure 8. 

injection related effects and decline 
trends for U n i t  16 wc?lls are clearly 
represented in Figure 9 w h i c h  is drawn on a 
linear scale. The tatdl injection rate (p) 
into 1-4 and 1-5 averaged over a month s h e  
Man31 1989 to September 1991 is also sham in 
this figure. The injection rate into these two 
wells ranges f r m  about 600 gpm to about 1200 
gpm (Figure 9 ) .  The f i r s t  year steam pro- 
duction of 11.47 and 11.95 bil l ion lhn can be 
estimated for annual exponential decline rates 
of 13.5% and 5.2% respedively. This suggests 
an injection related *tse of 0.48 billion 
lbm i n  the f i r s t  year as shm by the tri- 
angular area i n  Figure 9. W a t e r  injection into 
1-4 and 1-5 during the f i r s t  12  mnths (October 
1990 to Septembx 1991) w a s  3.60 bil l ion Usn. 
These steam rectwery and in:jection data can be 
used to calculate a f i r s t  year recovery factor 
of 13% for the Unit 16 wellfield. 

The actual recclvery factor may be higher i f  
either the injection into 1-4 is not considered 
or Steam recove~y due to  in:iection into 1-4 is 
also consideretl. Such analysis was not 
possible since injection into 1-4 CCBmnenaed 
with the plant start up i n  1985. 

In summary, water  injection into the scuthwest 
portion of Unit 16 Suggests a m e r y  factor 
of 13% which is believed to be on the low side 
as the steam recc~~ery due to injection into 1-4 
is not considerd. Water prcduction in certain 
producing w e l l s  offsetting 1-5 has recently 
been noticed when the injection rate i n  1-5 
exceeds 900 gpm. In an attempt to reduce this 
water breaklkwgh prablem, the injection rate 
into 1-5 has k W  r e d u d  b3 about 600 p. 

coNcIusIoNs : 

F i r s t  year recovery factors of 11% and 13% are 
estimated for the southwest west  areas of unit 
13 and U n i t  16 xespectively. These e s t i m a t e s  
are based on the redudion in the decline rates 
due to the effect  of water  injection into unit 

13 wells n r l d i n g  1-3, E- the f i r s t  
year m e r y  factor to 63% in the - 
portion of U n i t  13. A step h c r s x ~  in flow 
rate, similar to Unit 13 wells, is not &served 
in the Unit 16 w e l l s .  

Unit 13 recovery factors are believed to be on 
the high side due to the pressure vrt 
provided by the water injection into the jomt 
NCPA,'Calpine w e l l .  On the other hand the 
recavery factor jn the U n i t  16 area is believed 
to be on the low side since the steam recovery 
due to injection into 1-4 is not considered. 

To date no adverse effects t o  injection such as 
cooling or water bre&Umnxb have been noted 
in the scuthwest. area of U n i t  13. Hawever ,  
water production in certain producing wells in 

13 w e l l  1-3 and U n i t  16 w e l l  1-5. A step flaw 
rate inrrease of 190 klbm/hr, ObSerJed in unit 
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P-3, UNIT 16 WELLFIELD FIGURE 7: 
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the sou&& area of Unit 16 has been noticed 
when the injection rate into 1-5 exceeds a 
certain value. 

The annual re cove^^ factors are expect& t o  
continue o r  perhaps increase as reduced decline 
rates are maintained. !me u l t ima te  recovery 
factors in these areas are not laxlwn and depend 
upon reservoir he-qeneity, fracturing, heat 
transfer efficiency f m  rocks to water, and 
reservoir temperature, pressure and liquid 
saturation conditions. 
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