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PREDICTION OF REINJECTION EFFECTS IN THE CERRO PRIETO GEOTHERMAL SYSTEM

" Ce F. T‘mgg DQ Ce’ Hangold. C. Doughty, ‘nd Mo Jo um
Lawrence Berkeley Laboratory, University of California
Berkeley, California 94720

ABSTRACT

The response of the Cerrc Prieto geuothermal
field to different reinjection schemes is predicted
using & two-dimensinal vertical reservoir model
with single- or two-phase flow. The advance of cold
fronts and ‘pressure changes in the systen associated
with the injecticn cperations are computed, taking
into consideration the geologic characteristics of
the field. The effects of well lccation, depth,
and rates of injection are analyzed.. Results indi-
cate that significant pressure maintenance effects
may be realized 1n a caretully designed reinjeceicn
opetation.

INTRODUCTION :

Reinjecticn of separated geothetmax b:ines ‘and
condensate was initially considered as a possible
means of disposing large quantities of these
waste fluids. It was soon realized that the more
important advantages of reinjection are its'po:en-
tial capability of maintaining reservoir pressures’

and ennancing the extraction of heat from the res-7 '

ervoir rocks, thus prolonging the commercial life

of geothermal fields. Hcowever, one factor of great o

concern that has prevented large-scale reinjection
at many sites is the fear of premature arrival at

the proguction wells of the cold temperature froq:"v

‘associated with the injected water.. A properly

cesigned reinjection operation is required to aveoig E

this. In particular, well locatiocns, depths, and
rates of ‘injection must be planned with specific =
consxdezat;on ot :he characteristics of the geolog-
ical formations in-the field., This paper presents
calculations predicting cold temperntuze front

movements and pressure cnanges in the Cerro Ptietorfr

reservoir system tor a numbe: of di!terent 1n;ec~
tion cases.‘

PREVIOUS STUDIES

Interest in’ reinjectzon at the Cerrc’ P:ietc

geothermal system was reported in the First CetrorAj'

Prieto Symposium. Two papers presented at that'
méating addressed the problems of reinjectien,. the'
tirst on chemical studies of reinjection effects

(Rivera et al., 1978) and the second a hypothetical

study of the influence on- the producing field of:
cold temperature fronts resulting from injection
operations (Tsang et al., 1978). This latter study
assumed the reservoir to be one—layeted, with injec-
tion carried out in different areas of the tield.
Based on ‘the average reservoir parameters known at
that time, it was shown that the cold temperature
front would not reach the nearest production well
for a considerable amount of time (>60 years).

It was soon realized that the Cerro Prieto
reservoir was far from being a one-layer reservoir
system. - At the Second Cerro Prieto Symposium a
generic study of two-layered reservoirs was presen-
ted (Tsang et al.,, 1979). Effects of injection in

the upper reservoir on the lower cne and vice versa
were calculated. . The influence of an cpening in
the shale layer separating the two reservoirs was
also calculated. All these calculations still.
assumed a very sinplitied model eof the Cerrc Prieto
reservoir.

- Since Rugust 1979, the Comi sidn Federal de
Electricidad has been reinjecting 165°C unt:eatzd
brines into well M-9, The maximum injection rate
was reported te have been npptoxiuately 80 t/hr, or
20 kg/s, and the depth of injection was in an inter-
val petween 721 m and 864 m. Neighboring preduction -
wells, such as M-29, opened at about 1100 m depth,
were monitored in crder to detect changes in temper-
ature, pressure, and enthalpy of the produced fluids.
There has been no report that injection has caused
any changes in the characteristics of these wells.
This injection test was ciscussed in a pumerical
modeling paper presented at the Third Cerro Prieto
Symposium [Tsang et al., 1981). A rather realistic .
geoclogical model of the area near M-9, based on
stratigraphic analysis of Lycns and van de Kamp
{1980), was used in the 1981 .study. This model
showed an upper aquifer of about 400 m thickness at
the injecticn level of M-9 and a lower aquifer of
180 m average thickness, representing what is com-

1 monly known as the A or G reservoir, at the produc-
. tion level of M-29. The two aquifers were assumed
separated by a.20 m thick less-permeable layer.

Based on this geological model, detailed numerical
calculations indicate that over the injection-test
periocd (about 1.5 years by 1981), no significant
effects due to injection should pe expected at the
production wells. This conclusion is consistent

' with the field experience.

rnzszstfswdov AND APPROACH

Based on experiences gained from prevzcus
studies, the present paper attempts to predict long-

v:'term reinjection e!tects at Cerro Prie:o, using a

recently developed geologic model of the field,

. Such p:edictions, with proper short-term valida-

.- tions, will give an estimate of hoth the beneficial
_ and adverse effects of long-term reinjection at
 this site and will also help in designing reinjec-

tion strategies, anludinq well location, depth,

- and flow rate,

“In our calcula:ions‘the stratigraphy of .Cerro

_ Prieto developed by Halfman et al. (1982) is used.

Due to the lack of full three-dimensional geclogi-

" cal information, we will model only a vertical

cross . section of the system. Figure 1 presents a
two-dimensional nultilaye;ed model that fits
Halfman's stratigraphy of the western part of the

‘- field along a line through wells M~9, HM-29, and

M-10. This layered mocdel, on which our reservoir
calculations are based, includes several major

' features of the geology of the area such as the
~variations in thickness and depth of the various

layers. The model has a closed boundary 1225 m




socuthwest of well M~9, which is assumed to be
associated with the strike-slip Cerroc Prieto fault.
The intent of cur study is to calculate the pres-
sure and temperature distribution in the cross sec~

tion being modeled when reinjection is carried cut '

at different locations and depths,

Figure 2 shows a discretized versicn of part
of our two-dimensional (2-D) vertical secticn.
Thigs grid will be used for mass and heat flow ~ i
calculations based on an Integrated Finite Ditter-
ence Method discussed below under 'He:hodolcgy .
Figure 1 shows a nultilayeted reservoir model,

which consists of an upper aquifer, the o uservoit.r

and the p reservoir, separated by less-permeable
layers. The production regicn at Cerrc Prieto
corresponds - approximately to 2 1.5 kn x 1,5 kn area.
In the vertical 2-D section, the zone being produced
is represented by tne 1.S )m-long diagonally hatched
azn in the a usetvoir.

"~ We will calculate the temperature and pressure
' changes ‘in the production region resulting from-
cocoler water {165°C) injected into well M=9 (220 m
southwest of well M=29) or into 300 m~-wide hypothet-
ical reinjection regions centered 595 m gcuthwest
of well M-29.,  Two different depths of reinjection
will be considered: one in the upper aquifer and
the other in the « reservoir. The four reinjection
regions are indicated as cross-hatched zones in
Figure 2.

It is apparent from Pigure 2 that the megh

is finer in the regicn around well M-9 and coarser
elsewhere, This will tend to introduce some numer-
ical dispersion which will artificially spread the
thermal front as the injected water moves from well
M=-9 into -the coarser parts of the mesh. However,
considering the general nature of this study, such
a dispersive effect is not expected to alter our
overall conclusions.

EQUIVALENT INJECTION RATE IN A VERTICAL SECTION

A major problem in studying a three-dimensional
system using a vertical two-dimensional model is how
to represent the equivalent injection rate. This
ig still an open problem and requires further study.
For our present paper, the following approach is
proposed. Figure 3 shows schematically an areal
view of the ‘production field represented by a
1.5 km x 1.5 km area. The vertical 2-D section
which we are to study is represented by the zone
between the two broken lines, chosen arbitrarily to
be 150 m wide, with a fluid extraction rate in the
production region of Q,(150/1500) = Qp/!o, if we
neglect edge effects. The two-dimensional flow
rate for an. injection well having a flow rate Q.
located at distance, S, southwest of the production
area, is estimated as follows. First, assume that
Q;/2 of the injected flow rate goes towards the
production area in response to the lower pressure
there, i.e., half the injected fluid flows towards
and half away from the production zone. Thus Q;/2
is contained in the angle Y between lines stretch-
ing from the injection well to points A and B in
Figure 3. Then, the injected fluid entering the
vertical section of interest will be proportional
to the angle, ¢, between lines stretching from the -
injection well to points V and W. This flow rate
is (Qj/2)(8/Y). Therefore, for the entire model’

which extends cn both gides of the injection well,
the flow rate tc be used should be Qie/v. This
expression has the proper limits for an injection
well very close or very. far from the production
area. Table 1 ghows the weighting factor 8/y for

Vd:l.ffAeé‘ent distances between producticn and injec-

tion zones., This technique is used in cur calcula-
tions and will be further investigated in a future
study to determine its validity as well as its
limitations.

METHODOLOGY

. .. Two computer codes developed at Lawrence
Berkeley Laboratory were employed to predict the
effects of reinjection at Cerro'P:ieto. Frogram PT
(for Pressure-Temperature): {Bodvarssocn, 1982) is an
expanded and revised version of code CCC used in - )
earlier Cerro Prieto ninjection studies. It models
single-phase (liquid) heat and mass transport in
permeable media, employing the Integrated Finite
Difference Method {IFDM) which permits the analysis .

- of three~dimensicnal systems with complex gecmetry.

The code has been validated against analytic and
semi-analytic solutions and has also been carefully
verified against a series of field experiments.

It has been applied extensively to many themhydm-_ .
logical problems,

The other code, SHAFT?79 (Pruess and Schroeder,
1980), also developed at Lawrence Berkeley Labora-
tory, is a two-phase (liquid-vapor), IFDM code
that models heat and steam-water flow in three-
dimensional porcus media. ‘Recent develcpments
enable it to model fractured porous media as well,
It has been validated against a number of analytic
results and experimental data, and has been
applied to the study of several geothermal devel-
opment probless,

These programs have been applied to calculate
several hypothetical cases of long-term reinjection
at Cerro Prietoc. These are summarized in Table 2.
All cases are calculated for Q; = 0.3 Qp. For the
single-phase (liquid) calculations, we shall assume
that the principle of superposition holds and the
injection effects are calculated over an injection
period of 30 years. Any temperatures and pressures
obtained will be predicted changes due to long-term
injection. On the other hand, for two-phase (sSteam-
water) calculations, we cannot assume that the
principle of superposition holds.. Thus, both a
9-year production period and a subsequent S-year
injection period with onqoinq productian are
similated.

TWO-DIMENSIONAL FLOW-RATE DETERMINATION

TABLE 1,
Qa = 9/Y(Q;), Q; = 200 kg/s = 30% N
S(m) 9/Y Qza(kg/s)
1 .99 o 198
25 .81 S 162
S0 «65 130
100 «45 90
220 * . .26 ] 52
595 ¢ .14 . 28
2000 .10 , - 20

® cases simulated in this paper.
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TABLE ‘2., CASES CALCULATED

Injection distance from '
edge of production zone

Injected layer

Other Conditions

Single-phase Calculations

upper aguifer

A break is assumed:in the intervening layer
separating upper aquifer and ¢ reserveir.

Case 1 220 m (into M-9)

Case 2 220'm {intoc M-9) v . @ reservoir
Casge 3 595 m (300-m injection zone) - upper aquifer
Case & 595 m (300 m injecticn zone) . a reservoir
Case 5 220 & (into M-9) ) ’ upper aquifer
Case & 220 » (into M~-9) a reservoir

Case 7 - 220 m {into M=9)

Two-phase Calculations

e reservoir

A break is assumed in the intervening layer

- geparating a and B reservoirs.
A break is assumed in the intervening hyer .
separating upper aquifer and a reservoir,

t‘itst. production x.s simltted for -9 years, then injection inﬁo M=-9 as praduceion'oonunues.

A break is assumed in the intervening layer
tepa;adng upper aqui:er and G reservoir.

_Case 1 220 = {into M-9) upper aquifer
Case 2 220 m (into M=9) ‘a reservoir
Case 3 220 m (into M-9) " upper aguifer

INITIAL CONDITIONS AND PARAMETERS USED

The material parameters of the different lay-
ers used in the calculations are shown in Table 3.
These are reasonable values for Cerrc Prieto based
on information obtained to date. The initial tem-

- perature and pressure conditions over the vertical

multilayered system are obtained by equilibrating a

" vertical column in the mesh shown in Figure 2 assum-
ing constant-temperature, closed-flow boundaries on

top and at the pottom. By assuming the upper boun-
dary to be at 225°C and the lower boundary at 325¢c,
pressure and temperatuze profiles are obtained as
shown in Figure 4, These match ‘reasonably well
with field measurements from the production region.
These column-equilibrated pressure and temperature
values were assigned to the entire mesh, and equi-
libration was carried out for up’ o 60 years. ’
Changes after 30 years were ‘minimal. Thus the tem-
perature and pressu:e distributions after 30 years
of equilipration were used as the initial conditions

- for all our calculations. The exrror 1nr.roduced due

to a further 3J0-year equilibration penod is esti~
mated to be about 1 psx md 0.5°C.

RESULTS - SINGLE-PHASE CALCULATIONS

The calculated temperature and pressure
changes for each single-phase reinjection case
listed in Table 2 are presented as contour plots in
Figures 5-12. The pressure increases in tesponse to
reinjection are quicxly established and then change
little with time, so only one pressure distribution
(after 10 years of injection) .is shown for each
cage. . On the other hand, the temperature varies
with time, so the calculated temperature changes

.after 10, 20, and 30 years of injection are shown.

In the plots the less. permeable layers between the
aquifers are shaded, and the M-9 injection interval
and the - location of M-29 (the production well

closest to the injection location) are indicated by

vertical bars. The 300 m-wide injection region is
indicated by a rectangle.

Pressure Changes (after 10 years of injection)

Cage 1., The pressure increase due to injection in-

to the upper aquifer through well M-9 (Fig. 5A) is

" not confined to the upper aquifer, but penetrates

through the less permeable layers into the & and B
reservoirs. The less permeable layers retard the
pressure response somewhat, so at a given lateral
distance from M-9 the pressure change decreases as
one goes from the upper (injected) aquifer to the
lower ¥ reservoir., The effect of the closed south-
west boundary of the field (Fig. 1), is shown by
the ‘shape of the contour lines to the left of M-9.
The asymmetry of the pressure change contours with
respect toc the injection well (M=9) is due to the
reflection of the pressure pulse o!t that closed
boundary.

TABLE 3,  MATERIAL PROPERTIES AND ‘TOTAL

PRODUCTION/INJECTION RATES

Permeabili Ty Compressibi lity

(ma) {pa~? Porosity

Upper Aquifer . 50 . 2.x 10-10 0.18
Inte‘tverninq' ' ‘ - . ’

Layer 0.5 5 x.10-10 0.40
o Reservoir 50 2x10°10 0,22
Intervening

Layer 5 5 x 10=10 0.40
» Reservoir S0 2 x 10-10 0.22

Production Rate Q. = 670 kg/s-
Injection Rate Q; = .30 % = 200 kg/s.




Case 2. - The pressure changes resulting from the
injection into the & reservoir through M-9 (Fig. SB)
show the same general characteristics as those of
Case 1.
sure response hut do not completely confine it to
the layer into which injection is carried cut, The

pressure reflection off the closed boundary is also

evident. These features are common tc all the
single-phase calculations we have done.

Cases 3 and 4. Figures 5C and D show the pressure

changes due to injection into.the upper aquifer and .

the G .yeservoir, respectively, through a 300 m-wide
injection zone whose center is 595 m southwest of
well M=29. DNote from Table 2 that the injection
rate into thig-zone is smaller than it was for
Cases 1 and ‘2 (injection into M-9). This reflects
the fact that, when the injection region is farther
away from the production zone, less of the injected
fluid flows into the two-dimensional section of the
production zone considered by ocur model. However,
even in these cases a significant pressure increase
is seen in the production zeone.

Cases 5, 6, 7. Tnhe effect of a'break in either
intervening layer is shown in Figures SE-G. Dif-
ferent pressure changes are observed in each of the

- cases, but in all of them the pressure is readily
transmitted through the breaks.

A comparison of Cases 1 through 7 shows that,
in all cases, reinjection causes a pressure increase
throughout the multilayered reservoir systems con-
sidered in our model. The closed boundary to the
southwest further enhances these pressure increases.
It is to be noted that these calculations are based
on liquid-phase systems. In the case of steam-water
systems, the high compressibility of the two-phase
fluid wili result in much lower values for the
calculated pressure increases (see next section).
However, the qualitative conclusions above still
hold.

Temperature Changes

Case 1. The thermal response to reinjection into
the upper aguifer through well M=-9 (Figs. 6A=C) is
the formation of a cool region that steadily grows
with tiame and sinks due to the higher density of
the cooler injected water. The less permeable lay-
ers slow the downward movement of the cool water
but do not stop ‘it entirely. After 10 years of re-
injection the cool water has just reached the top
‘of* the y reservoir; after 30 years it has spread
through 1t and just penetrated the top of the
reservoir.

Case 2. The temperature response to injection into
tne _ reservoir through M-9 (Figs. 7A-C) shows that
after only 10 years of reinjection, temperature
changes have reached the upper aquifer and the 3
reservoir, and have extended into the production
zone of the 4 reservoir. After 30 years, much
larger temperature changes have reached the g and ¢
reservoirs than in Case 1 (with injection into the
upper aquifer).

Case 3. After 10 years of injection into a 300 m~
wide injection zone in the upper aquifer centered
595 m from well M-29, the temperature changes

(Fig. BA) are contined to tne upper aquifer. After

The - less permeable layers retard the pres- -

. Figs. 9a-C).

20 years (Pig. 8B) a small temperature change has
reached the ¢ reservoir, but it is far from the
production zone, After 30 years (Fig. 8C), the cool

. water still has not reached the g reservoir produc-

tion zone or the g reservoir.

Case 4. Even after 30 years of injection into the
a ‘reservoir through the 300 m-wide injection zone,
the temperature changes have just barely extended
into the production zone of -the a reservoir (see
There is a temperature decrease in
the ;; reservoir after 30 years, but it is largely
licmited to the region under the injection zone.

Case 5. This case considers the effect of a gap in
the intervening layer separating the upper agquifer
and the o reservoir as injection is carried out in-
to the upper aquifer through well M-9 (Figs. 10A-C).
After only 10 years of injection the discontinuity
in the lower permeability layer has a strong effect
(compare Figs. 6A and 10A). With a continucus in-
tervening layer (Case 1) the temperature change has
barely penetrated the top of the & reservoir; with
a break in tne layer the cool water extends well
into the a reservoir. After 30 years, the largest
temperature decrease is found in the a reservoir,
rather than in the upper aquifer, and in general
the cool region has moved farther down towazds _the
P reservoir,.

Case 6. In this case, the effect of a break in the
intervening layer between the o and 8 reservoirs is
studied, as colder water is injected into the &
reservoir through well M~9 (Figs. 11A-C), After 10
years of injection, the gap in the layer has very
little influence on the tempaerature changes (compare
Figs. 7A and 11A). After 20 and 30 years, more cool
water has flowed into the p reservoir than in Case 2
with its continuous intervening layer. However,
even after 30 years, the break has only a minor
effect on the overall shape and extent of the cooler
regicn.

Case 7. The gap between the upper aquifer and the
« reservoir ‘considered in Case 5 is again assumed,
with injection into the a reservoir through M-9
(Figures 12A-C). Although the temperature changes
do propagate into the upper aquifer through the
break in the layer, the overall effect of the gap on
the shape of the cool region is much less dramatic
when injection is carried out below the gap (this
case) than when injection is done above it (Case 5).
This is because the cooler injected water, denser
than the native hot water, tends to sink due to
gravity.

The extent of the cold temperature-front after
30 years of reinjection varies from case to case.-
Moving the reinjection zone farther away from the
‘production zone both laterally (Cases 3 and 4) and
vertically (Cases 1 and 3) results in smaller tem-
perature changes in the production zone of the &
reservoir and in the ¥ reservoir.”’

The break in the intervening layer between the
upper aquifer ‘and the G reservoir (Cases 5 and 7)
strongly affects the downward propagation of the
cold temperature front from the upper aguifer into
the ¢ and » reservoirs, but has less influence when
fluid is injected into the & reservoir, below the
break. The gap in the intervening layer between



¥

the ¢ and & reservoirs (Case €) located farther avay
from the reinjection area has only a small influence

‘on the overall advancevof the cold tempetagute)tront.

iy 2
Py

RESULTS =~ TWO-PHASE CALCULATIONS

In the two-phase calculations, we cannot .
assume the principle of superposition because of
the nonlinear characteristics of the phenomena in-
volved, Thus instead of calculating pressure and
temperature changes as in the single-phase cases
described above, we have to calculate actual tem- .
perature, pressure, and gteam saturation values.

Production is first simulated for nine years,
then the three cases of reinjection listed in
Table 2 are performed as producticn continues, The
results are presented as contour plets cof pressure-
and temperature changes from the initial conditicns
shown: in Figure 4.  Vapor saturation distribution °
in the system is also plotted; initially, the vapor
saturation was assumed to be zero throughout the
model. Below, the results of the initial nine
years of production and the subsequent five years

‘of reinjection are presented for each of the two-

phase cases-studied.

onduétion Sirnulation

The calculated temperature, pressure, and
saturation changes are given in Figures 13 and 14
after 3 and 9 years of production, respectively.
The pressure change after 3 years (Fig. 13A) is
concentrated in the production region as expected,
but also:penetrates to the other layers. - The )

~effect of the southwestern boundary of -the field is

also reflected by the shape .of the contours left of
well M=29. The initial pressure and the temperature
distribution with depth (Fig. 4) represents water
near its saturation point in the 8 reserveir; the
drop in pressure from production causes flashing to
occur there as the pressure falls below the gteam
saturation pressure (Fig. 13C). . This. leads to
wide-spread boiling.and eventually to the lowering
of the temperature seen in the lower B8 reserwvoir
(Figqure 13B) as pressure continues to drop.

The higher temperature regicns directly below -
the proauction .zone are due to the upward flow of
hotter fluids toward the production zone. = In par=-
ticular, the steam from the two-phase # reservoir
is migrating upward and condensing in the ccoler
liquid of the lower region of the « reservoir,:
Tﬁis condensaticn releases latent heat raising the
temperature of this region. Temperature increases
as e consequence of production, caused by upward
migration and condensation of steam, have been ob-
served in several geothermal fields as well as in
numerical studies of field behaviot (Bodvarsson et
al,,.1982). s :

The results after 9 years of production show a
further development of these phencmena. °The pres-
sure changes (Fig. 14A) have extended farther into
the b reservoir and show a more pronounced effect
of the closed boundary to_ the west. To the north-
east, a constant pressure boundary (Fig. 1) allows
fluid and heat recharge, but to the scuthwest the
closed boundary does not allew it, thus enhancing
the growth of the two-phase zone there (Fig. 14C).

:Thélteqion of increased temperature above the ¥
' ‘reservoir (Fig., 14B) moves to the west along with

the two-phase zone, because of steam condensation
ettects. L

Reinjection Simulation

Case 3, The results of five years of 1njecting

308 of tne mass produced into the upper reservoir
through well M-9 are gshown in Figure 15, The pres-
sure contours (Figure 15A) show significant effects
in both the upper aquifer and the a reservoir
despite the low permeability ‘layer separating them.
For example, the pressure ‘drop at well ¥-29 has
decreased approximately 50 psi since injection began.
However, in the 3§ reservoir, more than 500 m below
the injecticn zone, the pressure decline due to
production continues. The high compressibility of
the two-phase zone makes the pressure increases due
to injection very slow., =~ -

The temperature contours (Fig. 1SB) show the
region of injected cooler water very clearly. It
is apparent that the denser colder water is drawn
to the producing zone located in the a reservoir.
The vapor saturation (Fig. 15C) decreases in the
production zone, but is :elatively unchanged in the
laye:: below i:.'

Case 2, The pressure te:ponseléo injection in the

u reservoir through well M-9 (Fig. 16A) shows the
strong influence of the injected water in the’
liquid regions of the & reservoir and of the upper
agquifer, but the high compressibility of the two-
phase zone around the production region and in the
p reservoir tends to dininish the pressure increase
theze.

Siqniticant tempera:uze changes (Fig. 16B)
have occurred in the production zone., The vapoer
saturation (Fig. 16C) decreases in the a reservoir
and in the intervening layer just below M-9 and
M=-29. The lower part of the § reservoir returns to
a one-phase liquid condition.

Case 3. The effect of a gap in the intervening
layer separating -the upper aquifer and the ¢ res-

ervoir (after -the production pericd was simulated
assuming a continuous layer) is shown for injec-
ticn into the upper aquifer through well M-9 (Figs.
17A=C).- The pressure effects are clearly seen to
be greater in the @ :esezvci: than for the case of
a continuous intervening layer (cempare Figs. 1$A
and 17A), For example, the pressure at M-29 has
dropped approximately 20 psi less than it did in
Case ‘1. In the upper reservoir, however, the pres-
sure decline is greater than it was in Case 1,

The temperature contours show cocler waters
entering the ‘production zone through the gap in the
intervening layer (Fig. 17B)., This development
occurs:  earlier here than for the case of a contin-
uous intervening layer (compare to Fig. 15B), due
to the higher permeability channel now available.
There is alsc a slightly greater contraction of the
0.1 saturation curve in the production region. The
influence of the gap on the saturation in the inter-
vening layer between the 4 and £ reservoirs and in
the p reservoir just begins to be apparent after
five years (Fig. 17C). Thus even a relatively small




break in the intervening layer can have a measurable
etffect on the pressure and temperature distributions
a!eez only tive yeats of injection.

A comparison of these three two-phase cases
shows that reinjection causes pressure increases .
in the production region when fluids are injected
either in the upper aquifer or in the ¢ reservoir.
However these increases are much smaller than in—
the single-phase liquid cases discussed in earlier
secticns. This is due to the high compressibility
of the two-phase zones which diminishes the pres-
sure changes. Nevertheless a definite pressure-.
increase effect is seen even in these cases, There
are also declines in the saturation levels in the
prcducticn region near the injection intervals. .
Teape:ature reductions in the producing () reser-
voir are important only if the reinjection is
carried cut in the same reservoir or when signifi-

. cant breaks exist in the lower permeability layers
between the produced dnd injected reservoirs,

" The tesul:s discussed in this section depend
s:zongly on initial reservoir conditions which are
only very roughly known., Thus further calculations
much beyond the five-year injection into the two- -
phase reservoir may not be so meaningful. Our pro-
posal is to check calculated results against actual
field reinjection aata for a period of one to five
years in order to validate the numerical models and
initial conditions employed. The validated model -
ana conditions may then be used to make longer-term
preaictions.

SUMMARY AND CONCLUSION

The most recent geologic model of the Cerro
Prieto geothermal system, developed from well-log
analysis, was used to calculate the expected
effects of reinjection at different locations rela-
tive to the field's production zone. This is part
of a series of reinjection studies made on this
geothermal field.

The Cerro Prieto reservoir system is considered
to pe multilayered, with an upper colder aquifer, an
intermediate (4) geothermal reservoir, and a lower
(p) reservoir. Reinjection into the upper agquifer
and G resexvoir are the two alternatives studied in
this paper. Injection locations are assumed ¢to be
220 m or 395 m southwest of the edge of the produc-
tion area, the former corresponding to the position
of, well M=-9. Both single-phase (liquid) and two-
phase (steam-water) calculations are carried out
using numerical models PT and SHAFT79, developed at
the Lawrence Berkeley Laboratory.

- The results of ocur study show that significant
pressure-sustaining effects can be cbtained in the
production zone by reinjecting 30% of the fluid
mass extracted.

The breakthrough of the injected cold water in-
to the production zone is strongly dependent cn the
location of the injection wells. PBreakthrough is
very significant if large-scale injection is carried
out near well M-9. On the other hand, it seems to
be safe to inject 30% of the fluid produced if rein-
Jection is carried out 595 m (or farther) from the

. preduction area.

Gaps in . the low-permeability lay-
ers between the injected and produced reservoirs
have a significant effect on the advance of thermal
fronts into the exploited zones.

In conclusion, we would recommend that, because
of the significant benefit in pressure maintenance
in the reservoir, reinjection be carried out in a
carefully planned and carefully monitored fashion.
Early results over cne to five years may be used to
validate our assumptions and models. Once vali-

‘dated, the method can be used to predict reservoir

behavior with considerably more confidence.
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Figure 1. Vertical two-dimensional model used for the calculations. The shaded areas represent less
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Figure S. Pressure changes after 10 years of injection-in single-phase calcu-
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