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REINJECTION INTO GEOTHERMAL RESERVOIRS

GUDMUNDUR S. BODVARSSON & VALGARDUR STEFANSSON™*

*Earth Sciences Division, Lawrence Berkeley Laboratory
University of California, Berkeley, California 94720 USA

*Braedraborgarstigur 23, Reykjavik, Iceland

INTRODUCTION

Reinjection of geothermal wastewater is practised at many geothermal fields as a
means of disposal and for reservoir pressure support. Surface disposal of the waste-
water is prohibited in most fields due to environmental reasons. Reinjection of the
wastewater for pressure support is also very important at various fields, especially
those located in agricultural regions such as the Imperial Valley, where no significant
subsidence can be tolerated. In most of the fields in the U.S. currently under
development, including Heber, East Mesa, Salton Sea, Dixie Valley, and Roosevelt
Hot Springs, 70 to 100% of the produced fluids are being reinjected.

The design and implementation of an injection scheme for a given field is very
important and far from being an easy task. Various problems have been experienced
during injection operations, including injectivity decreases, scaling problems, and
temperature declines in nearby producers. Thus, in designing the appropriate rein-
jection scheme for a field, the chemical characteristics of the produced fluids play an
important role. Also the geological structure of the site must be understood in order

_ to avoid locating the injection wells where “fast paths” such as faults and fractures

will short-circuit the injected water to producers. the benefits of injection on the
overall reservoir performance should be substantial. In addition to the pressure sup-
port, injection will help extract the heat from the tight matrix blocks and greatly
increase the energy recovery from the system.

In this paper, various aspects of reinjection are discussed, both in terms of theoret-
ical studies that have been conducted as well as specific field examples. The discus-

sion focuses on the major effects of reinjection, including pressure maintenance, and
chemical and thermal effects.

PRESSURE MAINTENANCE

Theoretical Studies ,

Various theoretical studies have been carried out to investigate the effects of rein-
jection on pressure maintenance in geothermal reservoirs (e.g., Lippmann et al.,
1977; Schroeder et al., 1980; Tsang et al., 1984; Bodvarsson et al., 1985; Calore et
al., 1986). These studies have shown that injection has rather different effects on the
reservoir response depending on the initial thermodynamic state of the reservoir. In
the case of a liquid water reservoir the pressure effects of reinjection can readily be
evaluated using conventional analytical and numerical techniques, taking into



account the specific reservoir characteristics and pressure and temperature dependent
fluid (and perhaps rock matrix) properties.

In cases involving two-phase liquid or vapor—domlnated reservoirs the effects of
reinjection on pressures and energy recovery are more difficult to quantify because of
the more complex physics involved. In such systems, saturation fronts develop in
addition to thermal fronts, with the associated steam condensation and changes in
fluid mobilities. Also, the high compressibility of two-phase systems causes relatively
slow migration of the pressure front, so that strong transients prevail for a long
period of time. Further complications arise in theoretical studies of injection into
vapor-dominated systems, where gravity effects become dominant (Calore et al.,
1986). |

Bodvarsson at al. (1985) examined the effects of reinjection in two-phase liquid-
dominated systems. They found that fluid reinjection can cause very pronounced
increases in production rates and decreases in enthalpy, as shown schematically in
Figure 1. These enthalpy changes are not caused by thermal effects associated with
cold water injection, but are due to condensation within the fracture system result-
ing fromthe increased pressure. The pressure-induced condensation in the fracture
system results in increasing liquid saturation, hence, increased mobility of the liquid
phase. Higher liquid phase mobility leads to increased flow rates and decreased
enthalpies. The lag between the start of injection and the time when a response is
observed at the production wells depends primarily on well spacing, fracture poros-
ity, and fracture permeability. If the enthalpy decreases to that of the liquid water
in the reservoir, meaning that single-phase liquid conditions have been reached, the
flow rate stabilizes and then gradually declines.

Although injection and the associated mobility effects do not increase the steam
rate significantly in the short term, it will greatly help in maintaining the steam rate
over long periods of time. Pruess et al. (1984) and Bodvarsson et al. (1987) per-
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FIGURE 1. Schematic graphs of the effects of ihjection on flow rate, enthalpies and
steam rate of two-phase wells.
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formed numerical simulation studies of Krafla, Iceland and Olkaria, Kenya, respec-
tively. They found that injection into these two-phase systems will stabilize the flow
rate decline, help maintain steam rates and consequently reduce the need for drilling
make-up wells in the future. Figure 2 shows the results obtained for the Olkaria sys-
tem in Kenya, where it was estimated that 26 make-up wells would be required to
maintain 45 MW, power production over the next 30 years if no injection was used.
With 100% of the produced fluids being reinjected (this of course would require addi-
tional fluids to be imported) the total number of make-up wells was reduced to 11.
A lower injection percentage would decrease the benefits of injection in terms of
make-up wells. In these calculations a porous medium approach was used, thus, it
was assumed that ‘‘fast paths” would not cause rapid thermal degradation at pro-
ducing wells. ‘

Studies of liquid injection into vapor-dominated systems have been conducted by
Schroeder et al. (1980), Calore et al. (1986), and Pruess et al. (1987). Schroeder et
al. used a porous medium model and demonstrated the importance of gravity effects
during injection into vapor-dominated systems. They also investigated the effects of
injection at different depths on the location of the hydrodynamic front. Calore et al.
(1986) performed one- and two-dimensional fracture/matrix simulation of injection
into a vapor-dominated system with properties similar to those found at Larderello,
Italy. They also found that the injection plume tends to move primarily vertically
downwards due to gravity, and that temperature and phase fronts for a fractured
medium become much more diffuse than those for porous media. The boiling tem-
perature at the surface of the injection plume tends to stabilize with time at a value-
which is primarily controlled by the injection rate and the reservoir permeability.

Larger stabilized boiling temperatures at the edge of the plume result when the

40

45 MWe -1 | Wells per km2

O No !njection
B 00% Injection

W
o
1

10

Number of Development Wells
N
o

o] T T ) T T T " T
1980 1985 1990 1996 2000 2006 2010 2016

Time (end of year)

FIGURE 2. Number of development wells needed to maintain 45 MW, at Olkaria
for different well spacing and with 100% injection (after Bodvarsson et al., 1987).
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injection rate is large and permeabilities are small. Pruess et al. (1987) have analyti-
cally evaluated the boiling temperature and the evaporation rate at the edge of the
front.

Field Experience
Perhaps the best documented example of the beneficial effects of reinjection on

reservoir pressures is found in data from the Ahuachapin geothermal field in El Sal-

“vador. Figure 3 shows the reservoir pressure in Ahuachapdn as a function of extrac-
tion and injection rates from the reservoir (Vides-Ramos, 1985). It is apparent from

the figure that during periods when reinjection is substantial, the pressure decline is

more gradual than when reinjection is small (or zero). The pressure decline in

Ahuachapin has now reached approximately 15 bars; exploitation has created a

significant two-phase zone in the reservoir. .
At East Mesa, Magma Power Company has operated a 10 MW, binary plant since

1980, with 100% injection. In the beginning, fluids were injected at the periphery of -

the field, but recently a fraction of the wastewater has been injected near the center
i : _
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of the field. This change in injection strategy has helped stabilize reservoir pressures
(T. Hendricks, personal communication, 1987).

Reinjection into vapor-dominated reservoirs is documented for Larderello, Italy,
and The Geysers, California. Several reinjection experiments have been performed
at Larderello since 1979 (Giovannoni, 1981; Nuti et al., 1981; Bertrami et al., 1985),
using a single injection well located in the center of the field. Fluids were injected
into the “superheated’ zone of the reservoir at a rate of 10 - 50 kg/s. The injection
has resulted in significant increases in steam production at nearby wells (Bertrami et
al., 1985). Figure 4 shows the effects of injection on wells W1 and W2 at Larderello,
which are located 400 - 500 m from the injector. Beneficial effects of reinjection
have also been observed at The Geysers (Gulati et al., 1978).
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FIGURE 4. Injection rate in well WO at Larderello, Italy. Wellhead pressure, well-
head temperature, flow rate and gas/steam ratio (% by weight) of wells W1 and W2
(after Bertrami et al., 1985). '



Direct field experience from reinjection into two-phase reservoirs is scarce. As sug-
gested by the theoretical studies discussed above, the most sensitive reservoir param-
eter in this case is the steam saturation in the reservoir. Reinjection causes large
changes in the saturation of the fractures and in the flowing enthalpy of production
wells. Figure 5 shows the flow rate and enthalpy of well 404 in the Tongonan field,
Philippines (Sarmiento, 1986). The decline in enthalpy is caused by reinjection into
well 4R1. Due to mobility effects the decrease in enthalpy (lower liquid saturation of
reservoir fluids) will result in increasing liquid production. However, the steam rate
flow is almost constant, as Figure 5 shows.

Similar effects have been seen during injection tests at the Krafla field in Iceland
(Stefansson et al., 1982), and during reinjection at Bulalo, Philippines (B. Barker,
personal communication, 1987).

CHEMICAL EFFECTS

Theoretical Considerations _

The injected fluids will have somewhat different chemical composition than the in
situ reservoir fluids if the produced fluids are flashed. The separated steam will be
relatively rich in noncondensible gases, leaving behind the separated water, which
has higher concentrations of dissolved solids, but a lower gas content. This chemical
contrast between the injected fluids and those insitu will cause the migration of
chemical fronts away from the injectors. Consequently, increases in dissolved solids
or decreases in the gas content may signify the return of the injected fluids at the
producing wells. For binary plants no separation occurs, so that the composition of
the injected fluids will be identical to that of the produced fluids. Hence, no chemi-
cal fronts will develop. _ ' V

Recent studies (Gaulke, 1986; Bodvarsson and Gaulke, 1987) have found that
lower gas concentrations in reservoir fluids, caused by the reinjection, may have
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" beneficial effects on fuid mass recovery from the tight matrix blocks. The mass

recovery from matrix blocks depends upon various factors, such as the average pres-
sure drop, matrix porosity, the reservoir temperature and the concentration of gas in
fluids flowing within the fracture system feeding the wells. Theoretical studies have
shown that lowering the concentration of noncondensible gases flowing in the frac-
ture system perhaps by means of injection may increase the mass recovery from the
matrix blocks and consequently increase extraction rates at producing wells. This is
because in order to establish a total thermodynamic equilibrium between fractures
and the rock matrix, pressure, temperature and partial pressure of the gas must be
equal in the two continua. Thus, if the concentration of noncondensible gases
flowing in the fractures is reduced, fluids containing gases must flow from the matrix
to the fractures in order to equilibrate the gas partial pressure. Theoretical studies
have found this effect to be quite significant, especially for low-enthalpy wells
(Gaulke, 1986; Bodvarsson and Gaulke, 1987).

Figure 6 shows computed flow rate and mass fraction of CO, for a composite sys-
tem with gas rich fluids near the production well and gas-free fluids farther away.
This type of system will develop if relatively gas-free fluids are injected. The figure
shows that the decline in the concentration of CO, in the produced fluids stabilizes
the flow rate decline of the well. This is partly a result of fluid recharge from the
matrix to the fractures caused by the imbalance in CO, concentrations from the
gas-free injected fluids.

Well injectivities are of concern in many geothermal fields, because injectivity
decline may require higher injection pressures or new injection wells to be added.
Injectivity decline can be caused by various processes, including scaling in the
wellbore or the reservoir, particle plugging due to fine-grained material in the
injected fluids or clay swelling if fluids with low concentrations of dissolved solids are
injected. If the waste water is not treated prior to injection it is often recommended
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FIGURE 6. Theoretical results of changes in mass flow rate and total mass fraction
of CO, with time for a case involving injection (after Gaulke, 1986).
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to keep the temperature of the injected water as high as possible to avoid supersa-
turation of silica in the brine and consequential scaling in the wellbore or the reser-
voir (Einarsson et al., 1975). It is also important to prevent exposure of the brine to
the atmosphere because of oxygen dissolution, which can lead to corrosion problems.
These types of problems and solutions are addressed in a recent overview of injection
water treatment (Kindle et al., 1984).

Field Experience
Perhaps the best data published on the effects of injection on the concentrations of

dissolved solids at production wells are those presented by Harper and Jordan (1985)
from the Palinpinon field in the Philippines. After three years of production of 45
MW,, increases in chloride are observed in most production wells (Fig. 7). As the
chemical composition of both injected and produced fluids is monitored with time,
these data allow for the determination of the fraction of injected water in production

well fluids (Fig. 8). It is interesting to note that all of the fluids produced from some

of the wells have been reinjected (100% returns). However, the average value for the
entire field is about 30% returns. '
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Increases in the total dissolved solids due to reinjection have also been observed in
other geothermal fields in the Philippines, including Tongonan (Sarmiento, 1986),
Bulalo, and Tiwi (B. Barker, personal communication, 1987), as well as Ahuachapsn
El Salvador (Horne, 1982) and Roosevelt Hot Springs (S. Johnson, personal commun-
ication, 1987).

In the reinjection experiments at Larderello, Italy (Giovannoni et al., 1981; Nuti et
al., 1981; Bertrami et al., 1985), stable isotopes were used to determine the recovery
of injected fluid at the production wells. It was found that more than 85% of the
injected water was vaporized and recovered in the production wells. Figure 9 shows
the transient concentrations of isotopes and gases correlated with the injection rate
during the 1979-82 test period (Bertrami et al., 1985). In the reinjection test at Lar-
derello, the gas concentration during reinjection was only 70% of the gas concentra-
tion when no injection was occurring (Bertrami et al., 1985; Figure 8). Decreases in
noncondensible gases have also been observed in those wells in Palinpinon where
increases in Cl content have been seen (Harper and Jordan, 1985).

In the above discussion, chemical movement due to natural tracers in the injected
fluids were considered. At many geothermal fields tracer tests involving artificial
(introduced) tracers have been conducted; some of these are summarized by Horne

9
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(1982; 1985), Bixley and Grant (1979), and Sarmiento (1986). The results of these
tracer tests have shown very high tracer velocities at various fields as shown in Table
1, which was compiled by Pruess and Bodvarsson (1984) using data from Hayashi et
al. (1978), Horne (1982) and Fossum and Horne (1982). The table shows that tracer
velocities on the order of 1 to 10 m/hr are not uncommon. Tracer test data are very
useful in characterizing the fracture/fault system that prevails at a given site and for
consideration when a reinjection scheme is being designed.

Chemical deposition (and scaling) and fluid injectivity problems have been
identified at various geothermal fields. The geothermal waste water is frequently
supersaturated with respect to various chemical components, silica and calcite being

10
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the most important. Experience to data has indicated that scaling problems can
mostly be alleviated if the separator water is injected directly using a closed system.
This ensures that the temperature of the injected water is high and the fluids are
often undersaturated in silica (Einarsson et al., 1975). More scaling problems are
usually associated with the waste water from the cooling towers, which is often
discharged into a settling pond and then injected under ambient conditions.

Silica scaling problems that have resulted in decreases in injectivity have been
documented for several fields, including Hatchobaru and Otake in Japan (Horne,
1982; Inoue and Shimada, 1985). Furthermore, serious problems with scaling in the
surface pipelines at these fields have been observed.

Other factors causing injectivity problems in wells include suspended solids in the
injected fluids and low formation permeability. Fluids are injected at very high
injection pressures at Heber, California (500 - 700 psi), primarily because of the low
permeability of the injection zone (Hoang, personal communication. 1987). Injec-
tivity decline has also been observed due to formation plugging of fine-grained
materials or silica scaling. The problem is reduced by adding acid to the injected
fluids and backflowing the wells periodically, after which the injectivity seems to
fully recover. Similar injectivity problems have been observed at Salton Sea (M.
Barnes, personal communication, 1987), East Mesa, Imperial Valley (M. Barnes, per-
sonal communication, 1987), and Tiwi, in the Philippines (B. Barker, personal com-
munication, 1987).

In many geothermal fields the short term injectivity has been found to increase
with time. This has been observed in several fields in Iceland, New Zealand (Horne,
1982), and Mexico (Benson et al., 1987). This increase in injectivity has been
explained by thermal contraction of the reservoir rocks (Stefansson and Steingrims-
son, 1980; Benson et al., 1987). However, for many wells this trend of injectivity
enhancement is reversed later on if the injection activity continues.

THERMAL INTERFERENCE EFFECTS

Theoretical Considerations

An important concern in the development of a reinjection scheme is the migration
of the cold water front away from the injection wells, and possible premature ther-
mal breakthrough at producing wells. In some cases the waste fluids are injected in
different hydrological environment from the producing layers, and the possibility of
thermal breakthrough is remote. For example, at several fields the fluids are injected
into shallow permeable aquifers above the primary geothermal reservoir. However,
in most cases fluids are injected into the producing reservoir, and consequently the
shortcutting of cold fluids through fast paths (faults or fractures) is of concern.

For geothermal reservoirs located in sedimentary rocks where the primary permea-
bility is matrix dominated, the migration of the cold water front away from an injec-
tion well is fairly well understood through the work of Lauwerier (1955) and Bod-
varsson (1972; 1974). The basic theory developed by Lauwerier (1955) and Bodvars-
son (1974) can readily be extended to a system with multiple production and injec-
tion wells and the temperature changes with time at the pmductxon wells predicted
(Gringarten and Sauty, 1975)

The geothermal reservoirs in the Salton Trough (e.g., Heber, Brawley, East Mesa,
Salton Sea, Cerro Prieto, Mexico) are located in sedimentary rocks, primarily layers
of sandstones and shales. The matrix permeability is significant, so that for most

12

4
v/



cases porous medium models may be applied in estimating the migration of thermal
fronts. There is growing evidence, however, that fluid movement in these fields is
also controlled to some extent by major faults and fracturing within the sedimentary
units (Hoang et al., 1987).

Most geothermal reservoirs are fracture-dominated, with high fracture permeabili-
ties and low matrix permeabilities. For these types of reservoirs, predictions of the
movement of the cold water front are much more difficult to make, primarily
because detailed data on the characteristics of the fracture system are needed. Such
data as apertures, orientations, densities, and sizes of fractures and faults will be
regimed to compute fluid flows within the fractures. The effective surface area
between the fracture and the matrix blocks per unit rock volume is the parameter
that primarily controls the movement of the cold water front. The larger the surface
area the more heat will be conducted from the matrix, heating up the cooler fracture
fluids.

Various simplified analytical models have been developed for estimating the cold
water movement in fractured rocks. Most of these models assume that the rock
matrix is impermeable, but that it conducts heat to the fracture fluids. Bodvarsson
and Tsang (1982) developed a model for the evaluation of cold water injection into a
series of horizontal fractures. They found that initially the cold water front moves
rapidly away from the injection well, but as the surface area between the fracture
and the matrix increases with distance from the well, the fluid gains significant con-
ductive heat from the matrix, and the movement of the front slows considerably.
Before the effects of thermal conduction are significant the cold water front in the
fractures migrates at an areal speed proportional to r?/t, similar to a porous slab.
When thermal conduction starts to govern the advance of the cold water front, the
movement is much slower or proportional to rt/t. At late time, for a system involv-
ing equally spaced fractures the heat flow symmetry boundary is felt, resulting again
in r?/t dependence of the migration of the cold water front. When these conditions
are reached the system behaves thermally as an equivalent porous medium with a
thickness D. Similar equations have been derived for naturally fractured reservoirs
by Kasameyer and Schroeder (1975) and Bodvarsson and Lai (1982).

Laboratory studies of fractured media have also yielded important results of
energy extraction rates from matrix blocks (Lam et al., 1985; Hosca and Okandan,
1986). Such studies help verify the validity of the analytical models and provide
detailed information on the temperature distribution in the matrix blocks. ,

In general, the migration of the chemical front that is revealed by the tracer data
cannot be correlated with the advance of the thermal front in fractured systems.
The migration of the hydraulic front depends primarily on the pore volume available
for flow, whereas the migration of the thermal front is controlled by the surface area
of the fracture walls that are available for conductive heat transfer from the rock
matrix. However, if it is possible to develop a flow model for the fracture system
from the available geological data, one can then develop relationships between the

migration of the chemical and thermal fronts. For example, Pruess and Bodvarsson
(1984) have developed the correlations shown in Figure 10 for geothermal systems
with vertical fractures. From the results of tracer tests, the fluid residence time and
the effective fracture aperture, w, can be determined. The curves in Figure 10 can
then be used to estimate the time of thermal breakthrough. It is quite clear from
this figure that for a given residence time, the larger the effective aperture, the
shorter the time period until thermal breakthrough occurs. This is to be expected
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lFIGURE 10. Correlation curves for fluid residence time and thermal breakthrough
time for vertical fractures (after Pruess and Bodvarsson, 1984). -

because the larger the aperture, the smaller the ratio of the surface area to volume
for the fracture becomes, and the more rapid the movement of the thermal front.

The above discussion has centered on the problems of designing a reinjection sys-
tem, but is is also important to consider the remedial actions that are possible during
the operation of such a system. Pruess and Bodvarsson (1984) used a vertical frac-
ture model and found that the thermal recovery in the production wells was very
rapid when the injector was shut-in. This suggests that even if thermal break-
through occurs, the cooling effects are reversible and the system can be restored in a
reasonably short period of time. '

Field Experience :

Thermal breakthrough of cold injected fluids into producing wells has been
observed in several geothermal fields. Here we refer to thermal breakthrough as an
enthalpy decline which is not associated with a flow rate increase, hence, due to ther-
mal effects rather than pressure effects. Horne (1982) suggests that thermal break-
through has occurred in various fields in Japan based on tracer data and other evi-
dence. Inoue and Shimada (1985) showed that thermal breakthrough has occurred in
Hatchobaru as evidenced by declining steam rates and declining temperature in well
H4. The cold water breakthrough is believed to be due to the fact that the produc-
tion well, H4, is completed in the same faults as several injection wells. Apparently,
some other wells in the field have also been thermally degraded, although many of
the wells show no adverse temperature decline due to injection.
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Thermal breakthrough of cold injected fluids at production wells has been
observed in a few wells in Japan, the Philippines, and El Salvador. In most cases the
cooling effects have been rectified by shutting in the “problem-causing” injection
wells.

It appears from reviewing the literature on injection performance that there is no
universal rule regarding proper locations of injection wells. This depends to a large
degree on the characteristics of the field in question and the main purpose of the
injection scheme (disposal or pressure maintenance). Peripheral injection is currently

. used in most geothermal fields worldwide.
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Cooling has also been observed in production well Ah-29 in Ahuachapén, El Salva-
dor (Vides-Ramos, 1985). The well, which is located only 150 m from an injector,
. cooled by approximately 30°C from 1975 to 1982. During this period single-phase
liquid water fed the well. Some cooling of the two-phase wells in Ahuachapan has
been observed also, due to boiling in the formation rather than cooling from reinjec-
tion. Several wells in Bulalo and Tiwi in the Philippines have experienced cooling
due to thermal interference from injectors (B. Barker, personal communication,
1987).

In )most cases thermal interference due to injection has been rectified by shutting
in the injection wells involved. This has been done, for example, in various fields in
Japan, El Salvador and the Philippines. In Hatchobaru the thermal problems with
injection are partly solved by transporting some of the waste water to Otake for
injection (Inoue and Shimada, 1985). Some field data support theoretical calcula-
tions indicating that production wells which have been thermally degraded will
recover rapidly in temperature. One well in Ahuachapan was used for injection for
two years, but recovered sufficiently in a few months to become a good producer.

SUMMARY

Reinjection is currently used in many geothermal fields in the world, primarily as
a means for waste water disposal. In some areas reinjection is necessary to maintain
pressures and prevent subsidence, which is very important, for example, in many
geothermal fields in the Imperial Valley, California. Both theoretical studies and
field data clearly show beneficial effects of reinjection related to pressure mainte-
nance. For several geothermal projects currently under development, pressure sup-
port from reinjection is essential for the success of these projects in the future.

Theoretical studies of injection into two-phase reservoirs have predicted strong
mobility effects causing enthalpy decline and increases in production rates. These
results have been subsequently verified by field data, which often are misinterpreted
as being due to thermal effects, when in fact they are pressure-related. Injection into
vapor-dominated systems has shown direct benefits as much of the injected water
vaporizes and is produced, thus, extracting heat from the reservoir rocks.

Chemical effects associated with injection include injectivity decreases due to scal-
ing and the migration of chemical fronts in the reservoir, because the injected fluids
often have different chemical composition from those in-situ. It is often found that
well injectivities increase during the first few years of injection, presumably due to
thermal contraction of the reservoir rocks enhancing the near-well permeabilities.
Later on, however, the injectivity generally declines due to scaling in or near the
wellbore or formation plugging due to suspended fine-grained materials suspended in
the waste water. Injectivity and scaling problems are minimized if the fluids are
injected directly from the separators using a closed system.

Predictions of the migration of cold water fronts in fractured reservoirs are
difficult to make, because so little information is available regarding preferential flow
paths and the reservoir fracture characteristics. Simple analytical and semi-
analytical solutions can be used for idealized fracture systems in an attempt to
predict the movement of the cold injected fluids. More detailed evaluation can be
performed using numerical simulations. However, it seems that the limited data
base regarding fracture and fault characteristics of geothermal systems will always
_cause large uncertainties in the predicted results.
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