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Beneficial Effects of Groundwater Entry into 
Liquid-Dominated Geothermal Systems 

Marceb J. Llppmcrnnt and Aped H. 'Ihresdell$ 

tLawrrnce Berkeley Laboratory 
B d e y ,  California. 94720, USA 

ABSTRACT 

In all acdve liquiddominated geothermal systems there is con- 
tinuous circulation of mass and transfer of heat, otherwise they 
would slowly cool and fade away. In the natural state rhesc systems 
are in dynamic equilibrium with the surrounding colder groundwater 
aquifers. The ascending gtothemal fluids cool conductivdy, boil, or 
mix with groundwaters, and ul&natdy may discharge at the surface 
as fumamlcs or hot springs. 

With the start of iuid production and the lowexing of reservoir 
pressure, the natural cquilibdum is disupted and cooler pundwater . 
tends to enter the reservoir. Improperly amsmaed or damaged- 
wells, and wells located nearthe margins of the geothermal system, 
exhibit temperaam reductions (and possibly scaling from mixing of 
chemically distinct fluids) as the cooler-water m o w  into the reser- 
voir. Thtse negative e e t s .  especially in peripheral wells sre. how- 
ever, comptnsated by the maintenance of reservoir pressure and a 
reduction in reservoir boiling that might result in mineral pncipita- 
Lion in the formation porn and fraaures. 

The positive ef6ect of cold groundwater entry on the behavior 
of liquiddominated systems is illusnated by using simple resewok 
models. The simulation results show ?hat even though grwndwater 
influx into the reservoir causes cooling of fluids produced from wells 
located near the cold-water recharge area, it plso reduces pressure 
drawdown and boiling in the exploited zone, and m p s  the heat 
stored In the reservoir rocks towad pduction wells, thus increasing 
the productive life of the wells and field. 

geothermal systems'the rrservoir is 
in good hydraulic communication with adjacent groundwater 
aquifers. ather laterally along rhc margins of the system, or veni- 
cally by way of permeable faults or fractun zones. In contrast, 
vapordominated systems have little or no interaction between 
geothermal fluids and groundwaters bec the Cab 
of the confining rock fomations. 

Under natural state conditions that is a dynamic equilibrium 
between the "bubble" of hot fluids that constitutes the liquid- 
dominatcd gcothennal anomaly and the sunourding colder gmund- 
waters. At or near the surface, the upflowing geothemal fluids tend 
to mix with groundwaters, W i  cool conductivdy, and/or discharge 
into &ace waters or to the amosphcxe. In response to exploitation, 
this nanual eCruilibrim is disturbed and surrounding groundwaters 

#U. s. Geological survey 
Menlo Park, California, 94025, USA 

In some high-temp- fields (those developed for electrical 
power pduction) this natural recharge of cooltr fluid is not 
sufficient to compensate for the general pressure decrrase observed 
over the endn: reservoir, and an extensive boiling zone develops 0.e. 
Wairak& Grant a al.. 1984). In others, gmndwater recharge is 
large enough to avoid the formation of a generalized boiling tone. 
and only near-well W i g  occurs (i.e., the shallower a reservoir at 
Cem, Rieto; Grant et al., 1984; lhesdell and Upann, 1990). 
During exploitadon of lower tempaatwc fields boiling seldom 
occurs, but colder grwndwater QlcroBchment into the reservoir is 
plsoobserved. 

ture, the negative cooling aspect of the recharge is usually 
emphasized (e.g.. B a y ,  1990). This is understandable if we con- 
si4er the severe impact on produced fluid enthalpy and wellbore 
scaling whcn. because of impropedy cemented or completed wells. 
cooler waters desccnd into the reservoir through the casing or 
wcllbore annulus. 

Natural recharge is beneficial, however. when as the result of 
fluid producdon cooler groundwaters move into the reservoir at 
some distance from the welis. not directly through or around the 
wellbore. Resuvoir pressures rn supported, heat is swept toward 

boiling and mineral pncipitation in the rock 
reduced. resulting in an incnase in well and 

field productivity and commercial lifetime. The experience at Germ 
Rieto, Mexico, has demonstrattd the benefits of groundwater entry 
into an intensively exploited liquiddominated system Wsdcll and 
Lippmann, 1990). 

In this theoretical study simplified models are used to simulate 
t !  e&as of cold-water recharge on the response of high- 
!empe~aturc. porous medium. liquiddominated systems and illus- 
trate thc benefidal efkm on heat andmass flow rates and total heat 
extracted from the reservoir. The end results tend to k similar to 
those of a welldesigned reinjection operation, a reservoir manage- 
mentpracfice that has been studied theoredcally since at least the 
mid 1970's (e.g.. Gringarten and Sauty,' 1975; Kasameyer and 
Schnxder. 1976. Ummann a ai., 1977. O'Sullivan and Ruess, 

when p d w a t u  a ~ r y  is di-d in the pthumal  litem- 

I 

I 

1980) and i m p l e m d  in many liquiddominated geothermal fields 
throUghOUtthew0 

NUMERXCAL SIMuwnONS 

' lko simple models wen developed to simulate the entry and 
efkm of cold water on the productivity of porous geothermal sys- _ _  

tend to enter the geothermal rrservoir. tuns. The modeling of fraaurrd reservoirs would have been much 
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more cumbersome and computer intensive. re-g very detailed 
compltational meshes to accurately mode.1 the mass and heat 
transfer betwem rock matrix blocks and an arbitrary (and simplified) 
netwok of fraaurrs. The main purpose here is to illustrate the 
rrsewoir pnssure maintenance and heat-sweeping efkcts of natud 
colder-watcr recharge and its impact on productivity. The thermal 
aegradation of wells related to groundwater cnrry into fracnued 
rrsewoirs could be mole severe than shown by our models since 
fracwff tend to channel flow between euid sourcts and the produc- 
ing wells (e.g.. p;ruesS and Bodvarsson, 1984). 

The numerical code MULKOM developed at LBL Prucss. 
1988) was used to ampute heat and mass transfer under natural and 
exploitation conditions. In the madel well production eates were 

sure and fluid mobilities. Constant well productivity indices and 

In both models & marerials had linear ltlative permeability 
curves with residual Janvations of 0.4 and 0.05 for liquid and steam. 

pun watv. they only di&r in temperaaut. 

Radial Model 

&owed to vary with time in nsponse to changes in Rselvoir pres- 

&wnholeprwsuRswereassumed. 

respectively. The geothermal and recharge fluids wert assumed to bc 
. 

The geothermal system and surrounding aquifers of lower tun- 
perarure ae lepresented by a radial, 100 m-thi& hoorizontal peme- 
able layer artending to a distance of 250 km. A wcll with a one- 
metcrefbective radius is located at the center. The system behaves 
likeaninfiniteone.sincefortheassumedconditio~andtimeof 
dmutation, the radius of inllutnce is smaller than 250 km. The pro- 
ductivity index forthe well was assumed to be 5 x 16" m', and the 
bommhok pnssule. 55 bars; neither parameter changed with time. 

In tts model thermal conduction was neglected. The layer was 
assumed to have a pameability of SO md and a porosity of IS per- 
ccn~ Initially the system showed unifonn pressure (100 bars) and 
gndual deerrase of ttmperaaut away from its center &e.. W C  for 
Oere 100 m; 290°C for 100<r<200 m; ... ; 2OOOC for r> lo00 m). 
The 1 0 0  m-ndius, honer inner volume w-a considered as the 
"core" of the gcothcnnal rrsewoir. 

Twocases werr studied. The first one presented a uniform per- 
meability, and the enay of cooler water into the core of the Rservoir 
was "open'. In the second case. the outer system @e.. r> lo00 m) 
showed bwer permeability (5 md) than the centra! pan and the 
re&argc was "rrstrictcd" due to the lower permeability of thc outer 
zone. 

Open-Radial System 

At time zero thc well is dowed to flow. Aftera sharp decrease 
at vuy early time (an artifact because of the assumed constant 
downhole p~ssun conditions) the mass flow ratc and boaomholc 
tanperam 1~ stable for about thne years (Figs. I and 2). During 
this initial puiod. the fluid m e  toward the well is not suflicicnt 
and W i g  occw (Fig. 3). Progressively an adequate pressure gn- 
diem (and Euid lecharge) builds up in the reservoir and the ncar-wcll 
b o i g  dccnases. stopping at about 3 years. When the two-phase 
zone disappears there is an inaease in ltsewoir fluid mobility, and 
tbe mass flow rate jumps upwad Fig. I). From there on, the flow 
ratc slowly decrrases as cooler. more viscous water from adjacent 
reservoir tones begins to If6ect the area around the well Fig. 2). 
During thc first three years. W i g  occumd and the bottomhole 
temperanut did not change because the rrservoir pnssurr was 
almost oollstimt (after the vuy early drop). 

In Fig. 4 the heat flow rate 0.e.. the product of enthalpy of the 
produced &ids multiplied by the mass flow rate) is shown. The 

OO 5 10 1s 20 
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Figwe 1. Radial Model - Mass production rate versus time for the 
opentndRestriCtCdcaseS. 

-(years1 
mDu# 

Figuxc 2. Radial Model - Bouomhole temperature vusus time for 
the open and Restricted cases. 

shape is similar tothat ofthe mass flow rate since the auhalpy of the 
produced fluid d d  not change significantly @.e., steam SatlMtion 
was always low, never excteding 15 pacau; Fig. 3). Integrating the 
plta under the heat flow rate m e .  we obtained that during the 
assumed 2Gyear production period. 5.0 x 10l6 Joules (about 1590 
MW-years)ofthermal energyhad beenwacted fromthe system. 

.i 

Rcstrichd-Radial System V 

In this case because of a ten-fold reduction in the permeability 
of the outer regions of thc system (r> lo00 m). the enay of ground- 
water in nspoase to production is less than in the open system @.e.. 
the cooler-water &urge to the inner core of the nsmoirhas been 
1cstricoed). However, the rate of cold water may is still appreciable. 
Rr example. at time equals 10 years it was 25.2 kgk; for the open 
case, 68.2 kgb. 
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Figure 3. Radial Model - Bottomhole steam sawation VCMS time 
for the Open and Restricted Cases. 
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Figure 4. Radial Model - Heat production rate VCMS time for the 
Open and Resnicted Cases. 

Figures 1 4  show the mass flow rate. temperature. steam 
satumion and heat flow rate changes over 20 years of exploitation. 
respectively. (The CUNU have been smoothed by deleting some of 
the numerical oscillations that m r  cooler liquid water enters 

Because the amount of fluid recharge is less in the restticted 
case than in the open case, there k continuous boiling around the 
well during the entire period (ng. 3). The steam satu!alion stays 
below 30 percent and decreases with time. as (after an initial transi- 
tian period) the =charge is similar to the well production rate. 

Since there is a relative balance between fluid producdon md 
recharge. the pressure in the system decreases only slightly after an 

produced fluids Fig. 2). Because there is near-wen b o i g  
throughout the 20 years of simulation and pressure and tempcratuxe 
arc cornlaud. the temperature exhibits only a small decrease after 

c nodes that show boiling). 

T 

% 

initial sharp drop. TMS is reflected in the tanperatllre MSOV ofthe 

about four years. As a result of this near stabiition and smaller 
rate of heat extraction (see below). the t e m m  becomes higher 

Owing to the restricted water enuy, the mass and heal flow 
rates in this case arc significantly smaller than in the open case Figs. 
1 and 4). Therefore. the total thermal energy extracted from the sys- 
tem is only about 2.0 x IOU& (640 MW-year). 40 p e m t  of 
what was extracted in the open case. 

Thc results of the two radial systems clearly indicate the 

after about eight years. 

importance of recharge on the performance of a liquiddominated 
system. If the permeability of the outer region had been reduced 
below 5 md, funhu decreasing the recharge into the iwer core of 
the reservoir. the boiling would have been more intense and the mass 
produced would have dropped to minimal levels. 

Two-Dimensional Model 

The twodimensional model simulates the behavior of a fault- 
controlled geothermal systcm (Fg. 5). It consists of a 100 m-thick 
reservoir (k zs 100 md. porosity P 20 percent) overlain and underlain 
by an impermeable caprock and bedrock. The system is connected to 
a pexmeable &=lo0 md. porosity.. 20 percent) fault and an infinitely 
large aquifer. Hot (280°C) water recharges the reservoir by way of 
the fault that is fed from a CoIlstant pressu~~: and temperature boun- 
dary located 3 km below. The colder (21WC) groundwater aquifer is 
COMected to the lower 50 m of the reservoir. 2 krn from the fault. 

TWO lines of wells, open in the upper 50 m of the reservoir. are 
located 100 and 3Wm f'romthefault zone (Fig. 5). In this model we 
also assumed constant well productivity indices (5 x lo-'* m3) and 
downhole pressuns (51.5 bars). 

r -- 
Rm v i  

Figwe 5. Cross-section and plan view of the two-dimensional 
model. 

P 
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In c~lpast to the radial cases discussed earlier, this two- 
dimensional model allows for thermal conduction. Constant tem- 
pcranms are assumed above the caprock (220°C) and below the 
bedxock (2WC Fig. 5). Tbe permeable layers are assumed to have a 
thermal conductivity of 3.0 W M C .  and the impermeable ones. 
20 wwc. 

To show a more Ralistic initial temperature distribution, as a 
lira step in our simulations we sllowed the system to be h e a d  up 
until steady state conditions were ttached. 'Ihat is. 280°C water 
flows up the fault into the reservoir and then horizontally toward the 
groundwater aquifer (at the right edge of Fig. 5). The water cools by 
conduction as it flows through the system. 

Againtwo cases were simulated. bone the permeability of the 
groundwater aquifer was 100 md. equal to that of the reservoir. b 
the other it was only 10 md. reauCing the hydraulic communication 
between the reservoir and the aquifer. 

Open Tbo-Dimenslonal System 

In this system the penneabiity (and porosity) of the fault. 
reservoir and aquifer are identical. enhancing the natural-state circu- 
lation of hot water from the fault out into the aquifer. Under steady 
state conditions. 4 2  x 10-3 kgls (per meter of fault length) of 2800~ 
water recharge the system. The resulting initial temperature disrribu- 
tion is shown in Fig. 6. 

At time zero, production stam simultamxdy in both lines of 
WeIlS. In rrsponse to the resulting pressure drawdoms there is some 
increase in the upward Bow of hot fluids through the fault zone. The 
entry of colder water into the reservoir is not immediate: for it to 
OCN the prrssun gradient in the outer resewor region has to be 
reversed (under initial conditions. the pressurrs in the reservoir are 
higher than in the aquifer). 

At the end of 20 years of production there is significant cooling 
in the region to the right ofthe drst line of Wells (fig. 7).the result of 

grouadwater recharge (conductive losses are not impom). On the 
other hand, then? are only small tempawe changes in the region 
bcWccnthefaultandthefirstlineofwells(node I).EventhOughthe 
Wux of 280°C water has increased (see below). the resulting heat- 
ing seems to be cancelled by cooling due to W i g .  Checking the 
recharge at about 10 years. 14 percent of the fluid extracted by the 
wells is =placed by water flowing up the fault (1.3 x 1V2 kglslm), 
while the remaining 86 percent t ~ v s  via the groundwater aquifer. 
Similar values are obtained after 20 years. 

The temperature histories of the produced fluids are shown in 
Fig. 8. The first line of wells exhibits minimal changes. ?ht seamd 
line (node 2) dearly shows a tempture decrease as progressively 
cooler waters fmn the outer regions of the reservoir move toward 
the well. 

Boiling occurs onlynearthe hotter first line of wells and is 
conbms over the 20 years Fig. 9). Following an initial sharp rise 
and fall (fort < 1.5 years), the steam satlvation (at bonomhole condi- 
dons) decrrases slowly indicating that the heat n?charge into that 
parr of the reservoir is smatler than the thcxmal losses. 

Themass flow rates for bothlines of wells are given in Fig. 10. 
At early time a restricted mass recharge to node 1 causes its flow 
rate to drop. Because of its position, most of the m a s  recharge to 
node 1 comes from the fault zone. It takes some time toestablish an 
adequate pressure gradient between the fault and the node I area, 
which is attained at about two years. After that, the node 1 flow rate 
rises very slowly. Node 2. which has good access to the outer 
regions of the reservoir, shows initial m a s  flow rare about four times 
larger than node 1. With the cooling of the outer regions (and 
decrease in the kincmatic mobility of the water) thnt is a proms- 

c 

Y 

\' 

oivc drop in node 2 now rates. 
 he heat Bow rate histories of both lines of wells v1g. 11) 

reflect the changes shown in Fig. 10. Node 2 expacts more heat from 
the system than node 1. and exhibits only a small rate decrease with 
time. Over the 20 years of simulated production the total heat 

-0  
X (meters) 

XBL oOc5820 

Rgurr: 6. I\vo-dimcnsional Open System -Initial temperature distribution. 

t 

Lc 

X (meters) 

Figure 7. Ilto-dimensional Open System -Tanperarm disaibutim after 20 years of simulated 
production (boiling zone indicated by small circles). 
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Rgurr 8. ?tvpdimension;lr Model - BottomhoIe tempera- 
versus rime for the Open and Resuicted Cases. 

h 

-0 6 
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Figwe 9. I\vo-dimensionaJ Model - Bonomhole steam sahvation 
versus rime for the Open and Restricted Cases. 

I 

md) is a tenth of that of the reservoir. thus restricting the hydraulic 
communication between both units. In the natural state (Fig. 12) less 
hot water flows through the rrservoir. rrsulting in a cooler system 
than in the open case. This is dearly shown by comparing the 
rrgions encompassed by the 240°C isotherms in Figs. 6 and 12. 

The temperature distribution after 20 years of simulated pm- 
duction is shown in Rg. 13. S i  a large proportion of the extracted 
Buids is contributed by way of the fault zone (see below). there is 
some heating of the area between the fault and node 1. Some cool- 

open system because cool groundwater =charge is restricted. 

1 

L' 

b g  OECUIS in the KgiOlltO the right Of node 2, but less - kl the 

0.08 

B I  

Nodel-open 
Nodel-resMded 

U- 

Rgun 10. I\nrodimenSional Model Mass production rate versus 
time forthe Open and Resaicted Cases. 

1.0 ' . " ~ ' " ' , ' ~ " I ' "  I 

a -- Opennode2 

?? I 

I 1 

PL- 

Figure 11. Wodhensional Model - Heat production me v e m  
time for the open and Restricted cases. 

The boaomhole tempera- histories for nodes 1 and 2 are 
shown in Fig. 8. Except for the fim three years, the temperatures in 

those. in the open system. In both cases the final 
are comlled by the hot water Bowing up the fault 

1 is cooler in the restricted system. and at early 
tfmes it heats up reflecting an haeased hot wafer recharge caused 
by pmduction-induced reservoir drawdown In the twodhensional 
&cted system node 2 behaws similarly to the well in the radial 
model discussed earlier. Initially node 2 temperatuns are lower than 
in the open case, but they show a slower decrease. After a rime (ii 
Uiis case at a b u t  six yc;us) temperatures in the restricted case 
become higherthan in the open system. This indicares that the well 

amount of cooler watels froan the outer 
result of less groundwater entry into the 
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Figrue 13. ?\vo-dimensional Restricted System - Tanperature distribution after 20 years of simulated 
production W i g  zone indicated by small drcles). 

The changes in stcam satumion arc quite dif!ferent than in the 
open system (Fig. 9). In the initially cooler restricted system there is 
a0 boiling in the reservoir until about 2.5 yeas of production. At 
that time the hotter node 1 begins to boil. and aftcr an initial jump, 
its safllration slowly inacases as more heat is contributed by the hot 
fluids flowing up the fault zone. Node 2 never boils because of the 
cooler recharge from the outer regions of the system. 

The m a s  flow mtes arc much smaller and more stable than in 
the open system Fig. 10). Because of the strong recharge tkom the 
fault and restricted groundwater from the @fer. node 1 pro- 
duces more than node 2. opposite to what was observed in the open 
system. At about ten yeas. 1.3 x IC2 kglslin of hot water arc contxi- 
butcd by the fault, or 54 percent of thc total m a s  recharge to the sys- 
tan. (Because of equal bonomholt prcssurcs and boundary condi- 
tions for the fault zone. the rare of hot water =charge is identical in 
borh two-dimensional cases). Cold-water  charge is only 46 per- 
cent of the fluid extracted by the wells. compared to 86 percent in 
the open sysem. Similar values arc obtained at 20 yeass. 

Heat flow rates in both lincs of wells (FQ. 11) again reEcct the 
@ends shown by the m a s  flow rate cuwes Fig. 10). Node 1 has a 
higher output sa= than Node 2. and exhibits a slow increase with 
h e .  The total heat extraatd from the restricted system during the 
20 yean of exploitation is about 1.8 x 1013 J h  (0.56 MW-yeazs/m 
thermal). only about 28 percent of what was produced from the open 
syswn. 

CONCLUSIONS 

Our numerical simulations show that a good hydraulic com- 
munication between luervoir and recharge arras leads to a more 
pmductive liquid-dominated system. In the natunl state. a m n g  cir- 
culation of hot fluids through the reservoir from the region of deep 
duid recharge to the discharge arts. where there is mixing with local 
groundwaters, will result in an initially hotter geothermal system. If 

the communication is poor (or the source of hot fluids is weak). only 
small amounts of geothermal fluids will k aansfemd acloss the 
luervoir. cooling signiflcantty by conduction as they flow. The final 
(natural statc) remperaaves in the system will be conwpondingly 
lower. 

A strong hydraulic cormea ‘on with adjacent groundwater 
aquifers incrrases the entry of cooler-water into the reservoir when 
pressrur: is Rduced in response to exploitation. This recharge cer- 
tainly afkm thetempcranue ofwells iocated nearthe inflow axes. 
but the ovaall ef6ect is beneficial. Ressures (and flow rates) are 
maintained and k a t  storcd inthe reservoir rocks isswepttoward the 
producing wells. In addition, the near-well b o i i g  decreases avoid- 
ing possible permeability reductionS resulting from mineral precipi- 
tation in reservoir pons and/or fractuns. 
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