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Abstract Subsurface fluid flow of reservoirs in active

tectonic regions is mainly controlled by permeability of

fault zones. Therefore, the characterization of fault zones is

an important step toward performance assessment of a

reservoir. The fluid flow is controlled also by pressure and

temperature conditions. In this context, we simulated

pressure and temperature fields to elaborate on the influ-

ence of permeability on subsurface fluid flow in the

Lahendong geothermal reservoir. Thermal–hydraulic sim-

ulation is performed using a finite element approach.

Adjusting the permeability through 370 different cases,

modeling results converged to the observed data within a

misfit range of 0–7 %. The best fitting models identified a

deep-seated fault that has previously not been traced at the

surface. Simulated temperature distribution suggests a

prominent convective heat flow, driven by an upward

migrating and SW–NE oriented fluid flow. This hydraulic

gradient causes a pressure drop along the reservoir. High-

pressure patterns are used to constrain recharge areas, in

addition to infiltration measurements. Discharge flow

occurs from SW to NE migrating also upward toward the

hot springs. In that frame, thermal–hydraulic simulations

identified previously unresolved subsurface faults, which

now allow a better understanding of the subsurface per-

meability and its influence on fluid flow.

Keywords Permeable faults � Hydrogeology � Fluid flow �
Geothermal field management � Reservoir engineering �
Pressure drop

Introduction

Geothermal energy is an essential component to supply

future energy demands. It requires developing new

geothermal sites and improving the performance of exist-

ing systems to satisfy continuously growing demand. The

productivity of a geothermal field mainly depends on

subsurface fluid flow, which in active tectonic regions is

controlled by permeability of fault zones (Moeck 2014). In

that frame, the primary focus is on locating and charac-

terizing faulted areas in geothermal fields. This study

employs numerical modeling to allocate and quantify

permeability anisotropies and discontinuities, e.g., faults, in

order to understand their influence on subsurface fluid flow

in geothermal reservoirs.

Numerical models have been increasingly used to

understand the setup and productivity of geothermal sys-

tems. A general overview of geothermal models has been

given by O’Sullivan et al. (2001). Additionally, there are

several sites exemplifying similar characteristics as in

Lahendong. The underground movement of hot and cold

fluids has been modeled for geothermal fields in New

Zealand (Kaya et al. 2014). The Kakkonda geothermal site,

e.g., consists of two reservoirs at various depths with dif-

ferent fluid properties. There, results from fluid flow

analysis show the importance of fractures for fluid transport

enhancing the recharge or discharge in the reservoir
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(McGuinness et al. 1995). Generally, faults acting as

preferential fluid path ways significantly change the pres-

sure and temperature field in the reservoir (Cherubini et al.

2013). Models for the Seferihisar–Balçova field focus on

the fluid flow inside of faults. Results show an enhanced

upward heat transport through fluids from bottom of the

geothermal system (Magri et al. 2011).

Our test ground is the Lahendong geothermal field

located in Sulawesi, Indonesia. The field is owned and

operated by P.T. Pertamina Geothermal Energy and hosts a

power plant with a production capacity of 80 MWe. There,

geothermal exploration started in the early 1970s including

geophysical and geohydrochemical approaches. It is a

water-dominated magmatic structurally controlled system.

Faults generally act as across-fault fluid barriers and along-

fault fluid conductors (Brehme et al. 2014). As a result, hot

springs mainly appear on the top of vertically permeable

faults at the surface. Available numerous drilling and sur-

face measurements allowed a detailed characterization of

the geological and hydrogeological setting of the area

(Fig. 1; Brehme et al. 2011, 2013, 2014, 2016; Wiegand

et al. 2013). The model presented here is developed for

investigating subsurface fluid flow and the permeability

distribution including the fault zones in the Lahendong

geothermal field. Below, the geological structure of the

field is presented followed by an introduction to the mod-

eling approach.

Detailed investigation of subsurface permeability dis-

tribution is a crucial step for site selection and smart dril-

ling strategies. The numerical simulations presented will

provide insight into understanding the subsurface fluid flow

considering the hydraulic conductivity of faults. It ensures

productive as well as sustainable operation of geothermal

fields avoiding risks, such as drilling into non-fractured or

cold zones, and targeting highly corroding waters.

Although the target area is Lahendong, the general work-

flow is applicable for other geothermal sites consisting of

similar constraints.

Reservoir characterization

Hydrogeology

The overall driving force for the fluid flow is the SW–NE

oriented natural hydraulic gradient in the Lahendong

geothermal system. The direction of fluid flow varies

through the geothermal site due to horizontal partitioning

of the reservoir by relatively less permeable fault zones

(Brehme et al. 2014). The basic sections are located in the

Fig. 1 Topographic map of the study area with geological features, water and rock sample locations, and model cross section
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south, in the east, and beneath Lake Linau. Beneath Lake

Linau, the direction of fluid flow is slightly rotated to

WSW–ENE (Fig. 1). Also, types of fluid change from one

section to another, e.g., an acidic highly saline-type

beneath Lake Linau and a neutral low saline-type south and

east of Lake Linau (Fig. 1). The impermeable structure

across faults prevent the fluids from diluting each other

(Brehme et al. 2016). However, faults are rather permeable

along the vertical axis, which allows recharge of the system

through the faults. Rainwater infiltrates at a fault in the SW,

at Mt. Lengkoan, and creek water infiltrates into the normal

faults at Lake Linau (Fig. 2). The hydrothermal system

discharges into Lake Linau and toward the NE, as driven

by the hydraulic gradient (Brehme et al. 2014).

The fracture network along the area is characterized by

strike slip faults and normal faults. The sinistral faults

strike N 40� and steeply dip toward the SE. Left step over

on the strike slip faults forms an extension basin in the

central study area. Normal faults at the extension basin

strike NW and dip 70�–80� beneath Lake Linau (Brehme

et al. 2014).

Lithology

Lahendong area is mainly characterized by Pre-, Post- and

Tondano formation of Plio- to Pleistocene age (Koestono

et al. 2010). The rocks are typically andesite, volcanic

breccia, and tuff. Those types have been sampled from

borehole cores and used to determine porosity, permeabil-

ity, and thermal conductivity. Effective porosity and matrix

permeability have been analyzed using a cylindrical-shaped

specimen with a dimension of 5 cm x 5 cm 9 2.5 cm ori-

ented parallel to the coring (Brehme et al. 2016). Thermal

conductivity has been measured on plain sections of dried

cores. The experimental setup consists of a gas perme-

ameter for determining matrix permeability (Milsch et al.

2011), of an helium pycnometry for effective porosity

measurements (Johnson-Maynard et al. 1994) and of an

optical scanner for thermal conductivity measurements

(Popov et al. 1999). These parameters have been measured

and averaged for the three rock types (Brehme et al. 2016;

Table 1). Andesite has an effective porosity of 3.7 %, a

permeability of 2.1 9 10-14 m2, and a thermal conductiv-

ity of 1.8 W m-1 K-1 (dry) or 2.2 W m-1 K-1 (saturated).

Tuff has a porosity of 7.7 % but the lowest permeability of

2.0 9 10-15 m2 and a thermal conductivity of

1.6 W m-1 K-1 (dry) or 2.1 W m-1 K-1 (saturated).

Volcanic breccia is a permeable layer with an effective

porosity of 10.5 %, a permeability of 2.3 9 10-14 m2, and

a thermal conductivity of 1.6 W m-1 K-1 (dry) or

2.5 W m-1 K-1 (saturated). Reservoir rocks reflect gener-

ally low matrix permeability suggesting fracture-controlled

fluid flow throughout the aquifer (Brehme et al. 2016).

Model setup

Model geometry

Numerical models developed for the study area represent

the initial conditions of the reservoir before production or

injection start. For simulation, the commercial finite

Fig. 2 Cross section of the modeled area with geological structure, boundary conditions, and location of observation points
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element software FEFLOW is used to model pressure-

driven and thermally induced fluid flow including viscosity

changes. Governing equations for fluid flow and heat

transport in saturated porous media are derived from con-

servation principles of linear momentum, mass, and energy

(DHI-Wasy 2009). Details on the software and the

parameterization can be found in Diersch (2014).

The model geometry is a 2D vertical SW–NE trending

cross section extending 6 km in horizontal and 3 km in

vertical direction. The direction of the profile has been

selected to cover all relevant processes in the Lahendong

geothermal field: It cuts major faults and the production

and injection wells, which are used for temperature and

pressure calibration. Furthermore, it is parallel to the

groundwater flow direction, showing major fluid flow

activities. The homogeneous and isotropic geological lay-

ers in the model are stratified nearly horizontally. Faults in

the middle of the model, striking perpendicular to the cross

section, dip with 84� toward a cooling pluton beneath Lake

Linau. Details on structural and geological components of

the modeled region have been presented in Brehme et al.

(2014).

The mesh used for the numerical simulation in

FEFLOW consists of 45,264 nodes and 89,320 elements

that are denser surrounding the faults because of expected

gradients due to parameter contrasts. Material properties of

elements are permeability, porosity, and thermal conduc-

tivity and set according to laboratory measurements

(Table 1). However, properties of the faults and Lake

Linau are slightly adapted to specific conditions. The def-

initions for the modeled grids along the faults are as fol-

lows: porosity is 30 % and thermal conductivity is

1.8 W m-1 K-1. Corresponding grids for Lake Linau are

defined by a porosity of 100 % and a thermal conductivity

of 0.6 W m-1 K-1. The model simulates fluid flow and

thermal transport in saturated media in steady state.

Initial values and boundary conditions

Fluid flow boundary conditions in the model describe

groundwater heads and recharge amounts (Table 2; Fig. 2).

The hydraulic head at the SW model boundary is 837 m

and 500 m at the NE boundary. The SW hydraulic head

represents infiltration of surface water into a fault, striking

perpendicular to the model. Hydraulic head at the NE

border is adapted to borehole measurements in that area

(Brehme et al. 2014). Infiltration into the fault zones at

Lake Linau is described by fluid flux boundary conditions.

The quantity is 3.0 9 10-4 m s-1 for the SW and

1.3 9 10-6 m s-1 at the NE fault distributed over 40 m

fault width. Groundwater recharge is set to 412 mm a-1 at

the NE top surface (Table 2; Fig. 2). Fluid movement in

Table 1 Thermal and hydraulic parameters of the Lahendong reservoir rocks measured in laboratory (Brehme et al. 2016)

Sample (name, depth) Rock type Effective

porosity (%)

Thermal conductivity

dry (W m-1 K-1)

Thermal conductivity

saturated (W m-1 K-1)

Matrix permeability

(m2)

LHD1 500–501 A 1.1 (LHD1 550) 2.0 (LHD1 550) 2.2

LHD1 801–802 B 14.5 1.6 2.4 1.5 9 10-14

LHD1 1000–1001 T 5.0 1.8 2.2 8.9 9 10-16

LHD1 2100–2101 T 7.2 1.4 2.0 3.3 9 10-15

LHD2 300–302 A 12.5 6.1 9 10-14

LHD3 2201–2203 B 5.7 2.1 2.4 1.5 9 10-14

LHD4 652–653 B 6.3 1.3 9 10-14

LHD4 850–852 A 1.6 1.8 2.0 2.3 9 10-14

LHD4 1001–1002 B 16.4 1.4 2.7 6.8 9 10-14

LHD4 2304–2305 A 1.6 1.8 2.7 3.4 9 10-16

LHD5 602–603 B 16.3 1.4 2.3 1.1 9 10-14

LHD5 752–753 A 2.7 1.1 9 10-16

LHD5 1102–1103 A 5.2 7.9 9 10-14

LHD5 1404–1406 A 3.6 1.9 2.3 3.0 9 10-15

LHD5 1575–1576 A 0.6 7.9 9 10-18

LHD7 901–902,3 A 4.6 1.5 1.7 7.2 9 10-16

LHD7 1567.8–1568 T 11.0 1.6 2.2 1.7 9 10-15

LHD7 1756–1758 B 3.9 2.1 2.7 1.7 9 10-14

Average values Andesite (A) 3.7 1.8 2.2 2.1 9 10-14

Breccia (B) 10.5 1.6 2.5 2.3 9 10-14

Tuff (T) 7.7 1.6 2.1 2.0 9 10-15
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the model domain is constrained by no-flow boundary at

the bottom, recharge through the surrounding fault zones,

and the low hydraulic heads in the NE model area. Dis-

charge of the system in the central study area is mainly

toward Lake Linau and across the NE model boundary.

Initial hydraulic head for the whole model domain is

500 m.

The heat transport boundary conditions are time-in-

variant, fixed temperatures, and heat flux (Table 2; Fig. 2).

Thermal gradient is 116 �C km-1 at the SW model

boundary, and the temperature is constant 350 �C at the

pluton. Temperature of water infiltrating into faults and

here mixing with shallow warm groundwater is 70 �C,
while surface groundwater recharge is at 28 �C. Temper-

ature values are obtained from field and bore log mea-

surements (Brehme et al. 2014). Heat flux is set to

100 mW m-2 at the bottom model boundary (Table 2;

Fig. 2). This value is fixed based on the studies from

Delisle et al. (1998), Nagao and Uyeda (1995), and Neben

et al. (1998). Initial temperature for the model domain is

set as 116 �C km-1, according to the local thermal

gradient.

Permeability determination

Initial values for permeability are defined based on labo-

ratory measurements (Table 1). After each simulation run,

modeled and measured temperature and pressure values

have been compared at indicated observation points. In

case of poor matching (errors [10 %), permeability has

been adjusted until satisfactory results have been achieved.

Beneath lake Linau, simulation results showed locally

strong discrepancies between modeled and measured

pressure and temperature (errors [45 %). Adjustment of

permeability in geological layers, infiltration rates into

faults, or hydraulic heads did not lead to acceptable results.

Only the implementation of strong permeability anisotropy

throughout whole depth, i.e., an additional fault, resulted in

minimization of errors (0–7 %). Implementation has been

accomplished by mesh adaptation to ensure appropriate

behavior around the fault. By this procedure, permeability

anisotropies have been located and characterized in detail

throughout the model.

In general, defining a direction-dependent permeability

improves the data fit rather than using similar permeabili-

ties in all directions. This is probably due to the fractures

increasing the permeability mostly in vertical direction.

Porosity and thermal conductivity remained constant

throughout simulation. Variation in porosity is negligible

because it would directly be reflected in permeability,

while thermal conductivity differences would only affect

conductive heat transport, which is not dominant in the

Lahendong area (Ondrak et al. 1998; Brehme et al. 2014).T
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Results

Numerical simulation is performed to obtain the best fit to

the measured data changing the absolute and relative

permeability in geological elements. Relative permeability

refers to different permeabilities in horizontal and vertical

direction. As a main result, a blind fault has been rec-

ognized beneath Lake Linau, which has not been known

from former studies. Simulated pressure and temperature

are measured at five selected observation points, which

represent boreholes with available bore logs for pressure

and temperature. Details on data are given in Fig. 6. The

model with best data fit, out of 370 different models, is

considered to generate the final model developed for

Lahendong.

Permeability distribution and identification

of a blind fault

Distribution of permeability patterns in the reservoir has

been conceived comparing temperature and pressure data

in several wells. Especially beneath Lake Linau, closely

located wells show high variations in temperature and

pressure. A drop of 100 �C and 18 bar along 300 m dis-

tance has been observed between well LHD 24 and

LHD 28. Models first showed high discrepancies between

modeled and measured values in this area. However, after

implementing another high anisotropic permeable structure

between the observation points, models resulted in satis-

factory results. The structure has ten times higher vertical

permeability than horizontal permeability. This structure is

assumed to be another fault zone located between two

known faults with vertical dip and NW strike. This fault

shows no trace at surface, because it is covered by Lake

Linau.

Generally, modeled permeability distribution in the

Lahendong reservoir is direction-dependent and overprints

the lithology. Modeled permeability is generally higher

than measured ones in the order of up to four magnitudes.

This is due to fracture patterns, which are not detectable at

core-sample scale. Permeability patterns directly affect

subsurface fluid flow and temperature and pressure

distribution.

Permeability in the faulted zones and surroundings is

lowest in the study area. Especially the middle and NE

fault, the shallow area beneath SW Lake Linau and the

deep NE section of the NE fault show low permeabilities

between 10-13 and 10-14 m2 (Fig. 3). The area between

the middle and NE fault, the deep section NE of the SW

fault, the SW fault itself and the whole model area toward

the SW and NE boundary show higher permeabilities of

10-10 and 10-12 m2 (Fig. 3).

Permeability varies not only within the modeled area,

but also in vertical and horizontal direction. In faults and

the deep reservoir section in the NE, permeability is by a

factor of 10 higher in the vertical direction than in the

horizontal direction (Fig. 3). In the areas between faults,

permeability is in some parts by a factor of 10–100 lower in

the vertical direction. In the rest of the model, vertical and

horizontal permeability do not differ (Fig. 3).

Fig. 3 Final adapted permeability and anisotropy distribution throughout the model domain. Anisotropy shows the relation between vertical and

horizontal permeability, if anisotropy[1 vertical permeability is higher than horizontal permeability
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Pressure distribution

The pressure distribution in the study area is controlled by

groundwater flow in low permeable rocks and vertically

high permeable fault zones. Isobars drop following the

natural hydraulic gradient from SW to NE. The SW section

of the system shows higher pressures, which is caused by

infiltration from higher elevations in the SW. Some wells

existing in this region are of artesian-type. Overpressure

releases through high permeable zones beneath Lake Linau

and discharges toward surface. The pressure drop is up to

20 bars across the faults (Fig. 4).

Temperature distribution

Temperature distribution along the Lahendong geothermal

reservoir suggests that convective heat transport is the

dominating process in the reservoir rocks. Isotherms gen-

erally follow the SW–NE oriented flow pattern, the rise and

the infiltration of fluids. Upwelling of isotherms between

the faults verifies water rise toward Lake Linau. Infiltration

of cold water causes down welling of isotherms particu-

larly on the northeast section of the model. Temperature is

locally increased at the bottom of the model surrounding

the pluton (Fig. 4).

Subsurface fluid flow

The absolute and horizontal/vertical permeability distri-

bution controls local fluid flow in the Lahendong reservoir.

The general fluid flow, driven by the natural pressure

gradient, is oriented from SW to NE. Vertical infiltration

occurs at faults at Lake Linau and at the SW boundary.

Discharge is across the NE model boundary (Fig. 5). The

more detailed flow patterns can be observed with stream-

lines, which show a fluid flow along highly permeable

areas. Calculated streamlines describe particle flow within

the model domain. A forward calculation shows how

infiltrating water at the SW model boundary distributes

through the reservoir. The backward calculation shows the

source of fluid particles arriving at the NE model boundary

(Fig. 5). Patterns show that hot groundwater flows toward

the faults beneath Lake Linau, where the fluid flow is

disturbed by a rise in temperature and vertically high per-

meable layers. This causes a rise of groundwater in this

model area (red forward streamlines in Fig. 5). At the same

time, cold water infiltrates into high permeable areas and

distributes over the NE model domain (blue backward

streamlines in Fig. 5). It is clearly seen that the composi-

tion of the NE reservoir domain is dominated by coldwater

infiltration into faults, while the production areas are

characterized by hot water flow (Fig. 5).

Discussion

Investigation of subsurface fluid flow in geothermal

reservoirs is crucial for sustainable exploitation avoiding

drilling into less productive areas. Subsurface fluid flow

might be locally influenced by fault zones or physical

Fig. 4 Modeled temperature and pressure distribution in the study area shows high-pressure fields in the SW and convective heat transport with

rising hot fluids and infiltration of cooler water through faults
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properties of water (i.e. viscosity). The influence of these

parameters on the fluid flow has been investigated in

Lahendong geothermal reservoir using hydraulic–thermal

simulations. Simulation results show the detailed perme-

ability distribution in the reservoir including location of an

additional fault zone.

Matching of measured and simulated temperature and

pressure has been used as a tool for resolving the perme-

ability distribution. Temperature and pressure have been

iteratively determined at several observation points

(Fig. 2). Generally, modeled values are in good agreement

with observed ones (Fig. 6). Nevertheless, some observa-

tion points give slightly different values for both pressure

and temperature (LHD 4 and LHD 7) or only temperature

(LHD 24). This is probably due to the complicated flow

processes or strong small-scale structural variation in

fractured and faulted areas. Furthermore, density varia-

tions, which could have not been included into simulation

due to high temperatures, could cause variation of fluid

pressure. However, the average deviation of simulated

pressure and temperature is 1 %.

Implemented model parameters are porosity, perme-

ability, and heat conductivity. From those parameters, only

permeability has been tested in a specific range during

simulation. The influence of porosity and heat conductivity

on fluid flow is negligible due to dominating convective

heat flow (Ondrak et al. 1998). Values implemented in the

model are based on measured permeabilities, which rep-

resent matrix permeability of rocks.

The measured matrix permeability, representing per-

meability in horizontal direction, is 1.5 9 10-14 m2 on

average, which remains within typical permeability range

for fractured igneous rocks (Schön 2004). Permeability for

volcanic breccias ranges typically between 3 9 10-15 and

5 9 10-12 m2 and tuff permeabilities range between

7 9 10-17 and 7 9 10-12 m2 (Klavetter and Peters 1987).

In the Wairakei geothermal field, simulating the imper-

meable layers resulted in permeabilities of 10-18 and

10-14 m2, in horizontal and vertical axis, respectively

(Mercer and Faust 1979).

However, permeability in reservoir rocks might be

locally increased due to fracture formation. It might also be

decreased due to alteration and sealing in faults. In

Lahendong, modeled permeability can be up to four mag-

nitudes higher than measured ones in faulted areas. This is

caused by fractures, which are not detectable in core scale.

Moreover, in fault cores, it is by a factor of 10 higher in

vertical direction than in horizontal direction. However, in

areas between faults (fault gauge), permeability is in some

parts by a factor of 10–100 lower in the vertical direction.

Adaptation of permeability ensures a fit to measured tem-

perature and pressure data.

Permeability in fractured areas is the main factor influ-

encing subsurface fluid flow and temperature distribution in

the Lahendong reservoir area. Subsurface fluid flow is

driven by local hydraulic heads, which show high varia-

tions at different sections of the study area. Consequently,

convective heat distribution leads to high temperature

variation along the reservoir. These phenomena are

observed in Lahendong as well as comparable fields. In

New Mexico, water level drops of 30–100 m are observed

across several fault zones (Haneberg 1995). High

Fig. 5 Model domain with calculated streamlines, in red: forward streamlines follow hydraulic gradient from SW model boundary towards NE,

in blue: backward streamlines representing infiltrating cold water flowing towards NE model boundary
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temperature drops and upwelling of isotherms indicate that

fault zones control the fluid flow in the Lake Long and

Valentine fields, USA (Hooper 1991). The analysis of fluid

pressure differences at the Alpine fault, New Zealand,

allowed to characterize the change in permeability between

hanging and footwall blocks (Sutherland et al. 2012).

In summary, high pressure or temperature gradients are

indicators for fluid barriers between observation points. In

other words, reservoir sections of different properties are

separated by horizontally less permeable faults. In Lahen-

dong, most significant fluid barriers are faults to the SW

and to the NE of Lake Linau. Across these barriers, the

pressure drops up to 20 bars. A similar pattern has been

measured in bore logs beneath Lake Linau, where no sur-

face trace of a fault had been observed in former studies.

However, only by implementing another fault, modeled

and measured values could have been adapted. The

recently identified fault zone beneath Lake Linau remains

under lake water and therefore is only traceable by this

kind of reservoir modeling.

Additionally to fault identification, the internal structure

of known fault zones has been understood in detail. The NE

fault, i.e., shows a displacement at 2 km depth. The

detailed trend has been understood by permeability adap-

tation in this area.

Due to low permeability in horizontal direction in the

faults, fluids propagate mostly vertically toward the hot

springs at surface. It also allows surface water to infiltrate

into the reservoir in case the pressure within the fault zone

is low enough (Fig. 5). This vertical fluid movement

eventually controls the temperature distribution in the

reservoir. Upward migration of deep hot water increases

the temperature, while infiltration of cold surface water

causes local drop of temperature.

In summary, the most important factors influencing the

reliability of numerical reservoir models are absolute and

different horizontal and vertical permeability. However, a

permeability adaptation has been done for each geological

layer; the vertical permeability anomalies are overprinting

those layers and are constraining the regional groundwater

flow. Those permeabilities of fractures directly influence

the productivity of the reservoir (Cherubini et al. 2013).

Therefore, their permeability characteristics should be

investigated in detail.

In a previous study, a numerical model for the Lahen-

dong site has been set up in TOUGH2 and aimed at fore-

casting the reservoir behavior during exploitation until the

year 2036. With a production of 60 MWe, it predicts a

pressure drop of 10 bars. However, the forecast results are

uncertain due to lack of measured pressure draw down data

(Yani 2006). Accordingly, the next steps of the presented

study should include a realistic production and injection

scenario in order to support sustainable reservoir

exploitation. Furthermore, chemical characteristics could

be considered to achieve reliable production setups,

because hydrochemical processes play an important role in

the Lahendong reservoir (Brehme et al. 2016). Presented

models from this study provide important information on

fluid flow in the water-dominated Lahendong reservoir.

However, additional two-phase flow models of the
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Lahendong area are in progress to understand the influence

of steam driven fluid flow in this high-temperature system.

Conclusion

The primary focus of this study is to understand the

influence of fault zones and permeability patterns on sub-

surface fluid flow in geothermal reservoirs. The fluid flow

mainly depends on rock and fault zone permeability. These

processes have been considered in numerical models,

which simulate local temperature and pressure conditions.

The numerical models represent the initial reservoir

conditions, which refers to the case before production

starts. Models are developed based on the conceptual

models of the study area, which explain reservoir geome-

try, geological structures, temperature, and hydraulic con-

ditions. Temperature and pressure well-logs have been

used for model calibration.

Vertical and horizontal fluid flow is mainly controlled

by fault permeability. This characteristic is used to simu-

late different reservoir sections, and vertical fluid rise

toward the surface. By stepwise adaptation of permeability

fields, based on observed temperature and pressure gradi-

ents, an additional blind fault zone can be identified

beneath Lake Linau. Temperature and pressure signifi-

cantly drop across that fluid barrier. This behavior has been

observed in comparable fields in the USA as well. The

overall shape of fluid flow direction trends in a SW–NE

direction. Main recharge occurs by infiltration of surface

water into the faults, especially in the southwest and near to

Lake Linau. Discharge is enhanced in highly fractured

areas toward Lake Linau. Vertical permeability of faults

allows fluids rising toward the hot springs at surface.

Results show that permeability has to be considered for

simulation of a geothermal system. The geothermal system

is mainly controlled by fluid flow in fractures/faults

depending on temperature and pressure conditions. The

locally modified fluid flow can considerably influence the

productivity of a geothermal field. Results also guide

reservoir management in case of a potential for field

extension, as performed in Lahendong.
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