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Abstract. Geothermal energy is an important and sustainable
resource that has more potential than is currently utilized.
Whether or not a deep geothermal resource can be exploited,
mostly depends on, besides temperature, the utilizable reser-
voir volume over time, which in turn largely depends on
petrophysical parameters. We show, using over 1000 (n=
1027) 4-D finite-element models of a simple geothermal dou-
blet, that the lifetime of a reservoir is a complex function of
its geological parameters, their heterogeneity, and the back-
ground hydraulic gradient (BHG). In our models, we test the
effects of porosity, permeability, and BHG in an isotropic
medium. Furthermore, we simulate the effect of permeability
contrast and anisotropy induced by layering, fractures, and a
fault. We quantify the lifetime of the reservoir by measuring
the time to thermal breakthrough, i.e. how many years pass
before the temperature of the produced fluid falls below the
100 ◦C threshold. The results of our sensitivity study attest
to the positive effect of high porosity; however, high perme-
ability and BHG can combine to outperform the former. Par-
ticular configurations of all the parameters can cause either
early thermal breakthrough or extreme longevity of the reser-
voir. For example, the presence of high-permeability frac-
tures, e.g. in a fault damage zone, can provide initially high
yields, but it channels fluid flow and therefore dramatically
restricts the exploitable reservoir volume. We demonstrate
that the magnitude and orientation of the BHG, provided per-
meability is sufficiently high, are the prime parameters that

affect the lifetime of a reservoir. Our numerical experiments
show also that BHGs (low and high) can be outperformed by
comparatively small variations in permeability contrast (103)
and fracture-induced permeability anisotropy (101) that thus
strongly affect the performance of geothermal reservoirs.

1 Introduction

The amount of geothermal energy that can be extracted from
a reservoir depends, to a 1st-order approximation, on reser-
voir temperature, permeability, and utilizable reservoir vol-
ume. While temperature is often well constrained, perme-
ability and the utilizable reservoir volume are more diffi-
cult to predict (e.g. Bauer, 2018; Bauer et al., 2017; Kush-
nir et al., 2018; Laubach et al., 2009; Seeburger and Zoback,
1982). The most important parameters recognized in the lit-
erature are porosity and permeability (e.g. Agemar et al.,
2014; Moeck, 2014; Tiab and Donaldson, 2004). They are
often highly heterogeneous because of layering, localized
fracturing, and diagenesis (e.g. Aragón-Aguilar et al., 2017;
De Marsily, 1986; Manning and Ingebritsen, 1999; Zhang,
2013). The vast majority of hydrothermal systems can be
considered dual-porosity systems, where porosity is provided
by both pore space and fractures (Gringarten, 1984; Warren
and Root, 1963).
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In sedimentary geothermal reservoirs, the matrix porosity
can exceed 30 % and is often highly variable, even on a small
scale, e.g. within or between different sedimentary layers
(e.g. Bär, 2012; Bauer et al., 2017; Heap at al., 2017; Zhang,
2013). Fracture porosity of sedimentary rocks, in contrast,
is commonly significantly lower than matrix porosity and
rarely exceeds 0.001 % (e.g. Snow, 1968; van Golf-Racht,
1982). Nevertheless, permeability, and therefore flow rate in
geothermal reservoirs, is dominantly controlled by fractures
(e.g. Bear, 1993; De Marsily, 1986; Hestir and Long, 1990;
Nelson, 1985). Intrinsic fracture permeability is determined
by the cube of the fracture aperture, while the permeability of
fractured and porous reservoirs is related to the fracture sys-
tem and the connection between fractures and pore space (De
Marsily, 1986; Odling et al., 1999; Ran et al., 2014). Impor-
tantly, geometry, spatial distribution of fractures, and the re-
sulting permeability anisotropy of a fracture system are diffi-
cult to predict (e.g. Laubach et al., 2014; Ortega and Marrett,
2000; Watkins et al., 2018). A number of deep geothermal
projects in southern Germany (e.g. Trebur (Erdwerk, 2019),
Mauerstetten (iTG, 2019), and Geretsried (iTG)) were unsuc-
cessful because they failed to predict the hydraulic properties
of the fracture system(s). In addition, there have been cases
where, after a successful initial phase, the temperature of
the production fluid dropped unexpectedly. Several of these
cases were observed in faulted reservoirs, where production
and injection wells were placed within a highly permeable
fault damage zone (e.g. Bödvarsson and Tsang, 1982; Diaz et
al., 2016; Horne, 1982a, b; MacDonald et al., 1992; Ocampo
et al., 1998; Parini et al., 1996; Tenma et al., 2008). These
fault zone permeabilities are often highly variable, i.e. they
have been reported to reach from about 10−20 to 10−11 m2,
with the lowest values typically found in the fault core (Evans
et al., 1997; Lopez and Smith, 1996; Shipton et al., 2002). In
addition, deep-seated highly permeable faults are of interest
for exploration because they can constitute positive thermal
anomalies (Sanjuan et al., 2016; Vidal and Genter, 2018).

Geothermal reservoirs are also affected by other factors,
such as the background hydraulic gradient (BHG) and its in-
teraction with the artificial flow field caused by the produc-
tion. The BHG is, to our best knowledge, often not consid-
ered in model studies of geothermal systems, even though
it may strongly affect the reservoir lifetime (Bense et al.,
2013; Hochstein, 1988; Moeck, 2014). Hydraulic gradients
generated by groundwater recharge and discharge at the land
surface average 1 % (10 mm m−1; Fan et al., 2013; Gleeson
et al., 2016). These gradients dissipate at depth, especially
in systems that contain low-permeability units that overlie
geothermal reservoirs. However, lateral gradients can also be
generated by a multitude of other processes, including sed-
iment compaction, clay mineral diagenesis, and buoyancy
caused by changes in temperature or salinity (Bachu, 1995;
Ingebritsen et al., 2006). These are often an order of magni-
tude lower than the driving force generated by recharge and
discharge at the land surface but have been shown to affect

groundwater flow in a diverse range of geological settings
(Garven, 1995; Ingebritsen et al., 2006).

Here, we present a non-site-specific sensitivity analysis of
a 4-D finite-element model of fluid and heat flow in a reser-
voir that comprises more than 1000 individual model runs.
The objective of our study is to quantify the effects of vari-
ous parameters on the temperature development of a geother-
mal reservoir and to quantify to what extent these parameters
should be known to allow for reliable estimates on the life-
time of a geothermal reservoir. In addition, we evaluate un-
der which circumstances a closed geothermal system can be
achieved, i.e. when the injection and production well doublet
is hydraulically connected.

To achieve these objectives, we examine the importance of
porosity, permeability, and permeability anisotropy on reser-
voir lifetime. We systematically test the effects of all these
parameters for homogenous, layered, fractured, and faulted
reservoirs. Furthermore, we apply BHGs of different magni-
tudes and orientations to each of the different reservoir con-
figurations.

The values for porosity and permeability that were in-
cluded covered a range that is considered desirable for
geothermal reservoirs but also included values that lie above
and below these values. Specifically, we used permeabili-
ties of 10−15, 10−13, and 10−11 m2 and porosities of 3 %,
14 %, and 25 %. With these values, we cover a large range
of lithologies that could host geothermal reservoirs, i.e. frac-
tured igneous and metamorphic rocks, as well as densely
and less-densely fractured sandstones or limestones (Bear,
1972; Freeze and Cherry, 1979; Lee and Farmer, 1993;
Moeck, 2014). The one-at-a-time sensitivity analysis resulted
in some parameter combinations (e.g. of porosity and perme-
ability) that, while uncommon in nature, nevertheless help
to identify the impact of individual parameters. At the same
time, other parameters such as temperature gradient, produc-
tion rate, and injection rate were kept constant to avoid ex-
ponential growth of the number of modelled parameter com-
binations, also known as the “curse of dimensionality” (Bell-
man, 2003).

2 Methods

We simulated fluid and heat flows for a geothermal doublet,
with one injection well and one production well, over a time
span of 200 years. The model results quantify the effect of
different geological parameters on the lifetime of a geother-
mal reservoir, i.e. the time during which the temperature of
the produced fluid is above a critical value. As a benchmark
for the reservoir performance, we chose to record the time
before the production temperature reaches 100 ◦C. This is
because 100 ◦C is often taken as the minimum temperature
that allows for the generation of electrical energy with bi-
nary cycles (e.g. Bhatia, 2014; Buness et al., 2010; EREC,
2004; Huenges, 2010; Mergner et al., 2012). We performed
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a series of over 1000 (n= 1027) model experiments, dur-
ing which we systematically varied the values of parameters
considered critical (e.g. Agemar et al., 2014; DiPippo, 2005;
Moeck, 2014; Tiab and Donaldson, 2004), such as porosity
and permeability, within ranges typical for sandstone, lime-
stone, igneous, and metamorphic rocks (Bear, 1972; Freeze
and Cherry, 1979; Lee and Farmer, 1993; Moeck, 2014) and
conditions desirable for geothermal reservoirs (e.g. Agemar
et al., 2014; Stober et al., 2017). In addition, we increased
the complexity of the geological structure and permeability
distribution by including sedimentary layering, permeability
anisotropy induced by fracture networks, and a fault zone.
Furthermore, the performance of all 1027 models was tested
under different BHGs.

2.1 Numerical model

The numerical model experiments were carried out us-
ing finite-element modelling (FEM) with the COMSOL
Multiphysics® 5.0 software package (Comsol, 2019), includ-
ing the subsurface flow module for fluid flow in porous media
and for heat flow (COMSOL Multiphysics®). Fluid and heat
flow were modelled by solving the following equations:

(ρCp)eq
∂T

∂t
+ ρCpq · ∇T =∇ ·

(
keq∇T

)
+Q, (1)

(ρCp)eq = θs(ρcp)s + (1− θs) (ρCp)f (Jkg−1 K−1), (2)

keq = θsks + (1− θs)kf (Wm−1 K−1). (3)

Equation (1) (COMSOL, 2017) states that a change in tem-
perature (∇T ) at one point in the model is caused by conduc-
tive and advective processes (left-hand side) or due to a heat
source or sink (Q, right-hand side). The effective volumet-
ric heat capacity (ρCp)eq (Eq. 2; COMSOL, 2017) and the
effective thermal conductivity keq (Eq. 3; COMSOL, 2017)
used in this equation represent the equalized value between
the rock matrix and the fluid (1 – porosity [θ ]).

The velocity field, q, of the advective term in Eq. (1)
was implemented by adding the flow field, as described by
Darcy’s law (Eqs. 4 and 5, COMSOL, 2018), which states
that the fluid flow direction is controlled by the hydraulic gra-
dient:

Qm =
∂

∂t
(ρθs)+∇ · (ρq) (m3 s), (4)

q = −
κ

µ
(∇p+ ρg∇D) (ms−1), (5)

where Cp is the heat capacity, k is thermal conductivity, θ is
the porosity, Qm is the mass source, ρ is the density, κ is the
permeability, q is the fluid velocity field,µ is the fluid viscos-
ity, ∇p is the pressure gradient vector, g is acceleration due
to gravity, and ∇D is the unit vector over which gravity acts.
The subscripts s and f denote solid and fluid, respectively.

2.2 Geometry of the model

The modelled volume measures 4000m× 4000m× 2300 m
(length×width× height, respectively) and was placed at a
depth from 1600 to 3900 m below the surface (Fig. 1a). The
whole model domain can be initially considered a potential
reservoir volume, i.e. our study investigates which parame-
ters influence the volume that actually can be utilized as a
reservoir. The domain was subdivided into tetrahedral ele-
ments with edge lengths that vary from 712 m at the bound-
aries to 1 m around the injection and production wells. Since
the minimum mesh size was 1 m, this was also the smallest
possible well diameter. To adjust for the large unrealistic di-
ameter of the wells, i.e. to simulate a perforated production
zone with a realistic surface area, we assigned the production
zone a length of 20 m. Considering a standard well diameter
of 6 5/8 in. (about 17 cm), this corresponds to a production
zone of 118 m. Both wells are inclined (to the vertical) by
30◦ to the west. The reason for this is to place both within the
western damage zone of the fault in Scenario 5 (Fig. 1f). To
keep the models comparable, this configuration was used in
all scenarios. The injection and production wells are 1500 m
apart, N–S aligned, with the production and injection wells to
the N and S, respectively (Fig. 1a). In one scenario, we inves-
tigated the effect of the well spacing by varying the distance
between the wells from 500 to 2000 m in 250 m steps.

2.3 Temperature

We applied a linear geothermal gradient of 0.047 ◦C m−1,
and a surface temperature of 0 ◦C, which resulted in an ini-
tial temperature of 150 ◦C at the well depth of 3200 m, which
allows for geothermal power generation. The initial temper-
ature ranged from 75 ◦C at the top to 183 ◦C at the bottom of
the model domain. A linear geothermal gradient was chosen,
because it is a good 1st-order approximation for temperatures
determined by heat conduction.

The top and bottom boundaries were thermally iso-
lated: heat flux through these boundaries was set to zero.
This approximation ignores the background geothermal heat
flux. However, over the comparatively short model time
(200 years), a background heat flux of 65 mW m−2 would
only add 0.08 J m−3 to the model domain, and therefore
would not change significantly the model results. The side
boundaries are modelled as follows: in the cases where fluid
flow is directed inward, heat can flow into the model, as de-
fined by the temperature gradient. If, however, fluid flow is
directed outwards, the heat flux at the boundary is set to zero.
Consequently, the model results are not affected by the size
of the modelled volume. The only restriction caused by the
size is that the whole shape of the 100 ◦C isotherm (HDI),
i.e. the envelope of the reservoir volume with temperatures
lower than 100 ◦C, cannot be examined in all cases.
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Figure 1. Model setup used in our study. (a) The rectangular cuboid model lies at a depth between 1600 and 3900 m and has side lengths of
4000 m. Injection and production wells are 1500 m apart. Panel (b) shows one example of a westwards-directed BHG. Panels (c)–(f) show
sketches of the different scenarios investigated, comprising of reservoirs that are (c) homogenous, (d) horizontally layered, (e) include vertical
fracture anisotropy, and (f) a 60◦ westwards-dipping fault zone that consists of a damage zone, with and without a fault core, and with and
without fracture anisotropy in the damage zone. Modified after Bauer (2018).

2.4 Fluid flow, permeability, and porosity

The upper and lower model boundaries were closed to fluid
flow. A BHG was simulated in the model, which was var-
ied in magnitude and direction in different model runs. The
BHG was applied as a pressure gradient on the model bound-
aries from different directions and is thus valid for the whole
model domain (Fig. 1b).

We applied a specified flow rate of 75 L s−1 that was dis-
tributed over a cylindrical body that represents the active part
of the injection and production wells. The BHG and the arti-
ficial flow field introduced by injection and production wells
can interact. We decided to use a fixed flow rate in our models
to ensure comparability, in contrast to the use of a fixed draw-
down pressure, because the amount of injected cold fluid is
constant and thus achieves flow velocities that are not a func-
tion of the bottom-hole pressure. Second, a fixed flow rate al-
lows us to identify the effect of the tested petrophysical and
structural parameters by providing the necessary fluid flux,
i.e. it avoids extremely low flow rates. A further effect is that
the relation between bottom-hole pressure and BHG is only
controlled by permeability.

The temperature of the reinjected fluid was set to 40 ◦C.
The density and viscosity of the fluid were assumed con-
stant (Table 1), which means that fluid flow directly af-

fects temperature, but changes in model temperature do not
change fluid density and cause density-driven fluid flow. This
simplification avoids thermal convection and reduces com-
putational time significantly from about 500 min to about
6 min for each model (PC platform configuration: Intel Xeon
E31225 with a clock rate of 3.1 GHz and 8 GB RAM). In ad-
dition, thermal convection is unlikely to occur in sedimentary
settings, because it requires thick homogeneous and highly
permeable formations, whereas the establishment of convec-
tion cells is efficiently hindered by thin low-permeability lay-
ers that are a common feature in most sedimentary rocks
(Bjørlykke et al., 1988; Moeck, 2014). The exception may
be thermal convection in large, steep, continuous fault zones
(Simms and Garven, 2004), which we do not investigate
here. Moreover, thermal convection generates a fluid flux
that is commonly lower than topography-driven flow (Gar-
ven, 1995), and these are also lower than the flow regimes
induced by the injection and production wells in the model
domain.

Permeability was implemented using the continuum ap-
proach, which is, for sufficiently large volumes, a reasonable
approximation (e.g. Berkowitz et al., 1988). In the continuum
approach, hydraulic properties are assigned to a replacement
media, which has the mean hydraulic properties of a given
fracture system. In our study, the parameters porosity and
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Table 1. Material properties used for all models. The rock and fluid
properties are oriented on Triassic Buntsandstein sandstone and a
geothermal brine, respectively. Rock properties are adopted from
Bär (2012); the fluid properties are typical for geothermal brine at
100 ◦C (e.g. Birner et al., 2013; Stober et al., 2017).

Parameter Symbol Value Unit

Fluid properties

Density ρ 1100 kg m−3

Heat capacity Cp 4200 J kg−1 K−1

Thermal κ 0.6 W m−1 K−1

conductivity
Viscosity µ 0.00028 Pa s

Rock properties

Density ρ 2400 kg m−3

Heat capacity Cp 670 J kg−1 K−1

Thermal k 2.6 W m−1 K−1

conductivity

permeability are not coupled, because we vary each param-
eter separately. Therefore, we do not consider the role of ef-
fective porosity. Lithostatic pore pressures affect only fluid
flow, but not permeability or porosity. Porosity controls the
heat capacity of a given volume. Since fracture porosity is
typically not higher than 0.001 % (e.g. Snow, 1968; van Golf-
Racht, 1982) its contribution to heat capacity can be consid-
ered neglectable.

2.5 Scenarios

In the following, we define the basic model properties. Ho-
mogenous models do not include any internal structure;
isotropic models do not contain fracture anisotropy. Four ba-
sic scenarios were investigated (Fig. 1c–f). Material proper-
ties used for all models are listed in Table 1.

In the first scenario (Scenario 1, Fig. 1c), the reservoir is
homogenous and isotropic. We evaluate the time to thermal
breakthrough for all combinations of three porosity values
(θ = 3 %, 14 %, and 25 %) and three different permeabilities
(κ = 10−15, 10−13, and 10−11 m2). For the combination of
14 % porosity and permeability of 10−13 m2, we tested the
effect of the distance between injection and production wells.

In the second scenario (Scenario 2, Fig. 1d), we introduced
five horizontal confining layers, each 100 m thick at inter-
vals of 300 m, into the model volume. The production- and
injection wells were placed in a 300 m thick reservoir. This
scenario comprises three series with different reservoir per-
meabilities (κ = 10−15, 10−13, and 10−11 m2). For each of
these series, we set the permeability of the horizontal confin-
ing layers to be 1 to 4 orders of magnitude lower than that of
the reservoir. All units were assigned porosities of 14 %.

In the third scenario (Scenario 3, Fig. 1e), the model had
a porosity of 14 %, and a permeability of 10−13 m2. We in-

troduced vertical fracture anisotropy that strikes N–S, NE–
SW, E–W, and SE–NW and has 1, 2, and 3 orders of magni-
tude higher fracture permeability compared to the other di-
rections, in an otherwise homogenous media.

To all possible variations of different parameters in these
three scenarios, we applied BHGs of 0, 1, 5, and 20 mm m−1

and varied the BHG direction from 0 to 315◦ in 45◦ steps
(Fig. 1b).

In the fourth scenario (Fig. 1f), we tested the effect of a N–
S-striking, 60◦ westwards-dipping fault, which consists of up
to three parts: a 7 m wide fault core and two 40 m wide dam-
age zones. We placed both wells in the western damage zone.
We assigned a porosity of 14 % to the entire model domain.
The permeability of the host model volume, representing the
host rock, was set to 10−13 m2. In the first sub-scenario, the
fault was modelled as a single structure, i.e. only as a dam-
age zone, with a permeability increased by 2 orders of mag-
nitude compared to the host rock. In the second sub-scenario,
we simulated a fault that consists of two damage zones and
a fault core. The permeability of the damage zones was set
to be 2 orders of magnitude higher (10−11 m2) than the host
rock (10−13 m2) and the permeability of the fault core was
set to be 5 orders of magnitude lower (10−18 m2) than the
host rock. Both sub-scenarios were modelled without and
with fracture anisotropy within the damage zones. In the lat-
ter case, we introduced fracture anisotropy parallel to the
fault surface, with permeability 1 order of magnitude higher
(10−10 m2), compared to all other directions.

In this fourth scenario, the orientations of the BHGs were
0, 90, 180, and 270◦, with simulated magnitudes of 0, 1, 5,
and 20 mm m−1.

In total, we modelled 1027 experiments with increasing
geological complexity. Note that since the range of perme-
abilities analysed was large, we kept other parameters, in-
cluding the fluid injection rate, constant to allow different
models to be comparable.

The modelled time was 200 years. In several cases, the
production temperatures did not reach the threshold in this
time, and therefore in these cases the reported lifetimes are
underestimated and we give the breakthrough time to be
equal or greater than 200 years.

2.6 Presentation of results

Since in our sensitivity study we tested multiple param-
eters, we decided to present the results of the different
(sub)scenarios in multiple figures. In all cases, scatter plots
are presented next to each other, which contain the same re-
sults. The y axis always shows the time to thermal break-
through, i.e. the time until the temperature of the produced
fluid falls below the 100 ◦C threshold. The different x axes
are used to portray the results of the different parameters,
e.g. permeability, porosity, and direction of the BHG. The
magnitude of the BHG is indicated by the colour of the dots.
As a consequence, the adjacent scatter plots must read as one

www.solid-earth.net/10/2115/2019/ Solid Earth, 10, 2115–2135, 2019



2120 J. F. Bauer et al.: On the lifetime of a geothermal reservoir – a sensitivity study

to identify those parameters that dominantly determine the
lifetime of the reservoir.

2.7 Simplification of the model

With our approach, we aim to examine how different reser-
voir parameters and their interaction affect the lifetime of
geothermal reservoirs. Thus, our study is not site specific but
rather investigates, using simplified models, which parame-
ters should be known and to which accuracy they need to be
known for realistic site-specific scenarios. These simplified
models consequently suppress site-specific effects and con-
centrate on the parameters investigated.

To compare single parameters, other aspects of the model
must be kept constant, even if this does not represent a real-
world scenario. For instance, bottom-hole pressure, which,
due to the fixed flow rate, depend solely on permeability, can
exceed lithostatic pressure.

3 Results

3.1 Models of reservoirs with homogenous and
isotropic structure

In Scenario 1, we explore the role of porosity, permeabil-
ity, orientation, and magnitude of the BHG on fluid flow and
geothermal lifetime for a homogenous and isotropic reser-
voir volume (Fig. 1c). The times in which the HDI reaches
the production well range from a few years only to a span
of time that, in many cases, exceeds the modelled time limit
(Fig. 2a–c).

Our results show that in the low-permeability models
(10−15 m2) the range of lifetimes observed is less than
40 years. For the model series with intermediate permeabil-
ity (10−13 m2, commonly taken as the threshold for exploita-
tion of a geothermal reservoir) the range is about 80 years,
and in the high-permeability model (10−11 m2) it is almost
200 years (Fig. 2a). This is because higher permeability al-
lows the BHG to outperform the artificially introduced flow
field between injection and production wells (Fig. 2a, b).

The effect of the natural BHG on the modelled tempera-
tures becomes apparent if the shape of the HDI is examined
(Fig. 2d–f). The HDI is (sub)spherical in models with low
and intermediate permeability and in models without BHG
(Fig. 2d). In models in which high permeability is combined
with a BHG, the HDI becomes ellipsoidal. In the latter cases,
the ellipsoidal long axis of the HDI is parallel to the BHG di-
rection and its aspect ratio is controlled by permeability and
the magnitude of the BHG (Fig. 2e, f). The consequences of
the combination of high permeabilities with BHGs are, first,
that the HDI encloses a reduced narrower volume (Fig. 2e–f)
and, second, that as a consequence the chances of extreme
cases occurring increases (in which the HDI reaches the pro-
duction well either very quickly or never at all; Fig. 2b, e,
f). In other words, the higher the permeability of a reservoir

is, the more the development of the shape of the HDI is con-
trolled by the BHG, while the probability of the HDI reach-
ing the production well decreases. For instance, in models
with permeabilities of 10−11 m2, the HDI only reaches the
production well if the BHG is (sub)parallel to the artificial
flow field. The expression of the influence of the BHG in
terms of the development of the production temperature is
shown in more detail in Fig. 2g. Without a BHG, the result-
ing spherical HDI approaches the production well slowly and
causes a steady and intermediate temperature drop, compared
to the other two examples shown (Fig. 2g). The two contrast-
ing BHGs in Fig. 2g show either fast (Fig. 2e), or almost no
decrease (Fig. 2f) in production temperature.

Our results show that the role of porosity is subordinate
to the other parameters (Fig. 2c). However, porosity still
contributes to differences in observed breakthrough times.
In the case of the high permeability combined with highest
southwards-directed BHG, the breakthrough times vary by
5 years. In the same model, with the magnitude of the BHG
at only 1 mm m−1, they vary by 20 years (Fig. 2a–c). In gen-
eral, the influence of porosity on expected lifetimes appears
to cease with higher permeability and unfavourably directed
BHG.

In addition, in this scenario we tested the effect of the dis-
tance between production- and injection wells on time to
thermal breakthrough. We used the model setup with κ =
10−13 m2 and θ = 14 %, applied BHGs of different magni-
tudes and orientations, and increased the distance between
the wells in increments of 250 m from 500 to 2000 m (Fig. 3).
We observe that lifetime and the range of lifetimes increase
with distance. For a well distance of 500 m, the lifetime is
approximately 10 years. For a well distance of 1500 m, life-
times range from 140 to over 200 years. The reason for this is
that the BHG gains influence with increasing well distance.
According to the previous set of model experiments (Fig. 2),
this effect will be stronger for models with higher permeabil-
ities and vice versa. The results also show that the distance
between the wells and the modelled lifetimes do not correlate
in a linear manner but that lifetime increases disproportion-
ally quicker with increasing distance, when comparing mod-
els with the same BHG configurations. This is, to a 1st-order
approximation, because the volume of the HDI grows with
the cube, partly defined by the distance between the wells.
However, when a BHG is applied, this correlation is further
modified, since the shape of HDI tends to become ellipsoidal,
i.e. elongated parallel to the BHG. Consequently, the volume
of the HDI is affected, but also the chances of the HDI reach-
ing the production well are reduced since the BHG controls
the direction in which the HDI propagates and may hinder a
thermal breakthrough.

3.2 Models of layered reservoirs

In Scenario 2, we investigate the role of permeability con-
trasts in layered reservoirs by carrying out three series of ex-
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Figure 2. Parameter values against time to thermal breakthrough for model experiments with homogenous and isotropic structure (Scenario
1). Panels (a), (b), and (c) each contain the same results of 225 simulations but are arranged according to different x axes. The results
show that with increasing permeability, the BHG becomes the prime factor that determines time to thermal breakthrough, while the effect
of porosity is minor. Panels (d), (e), and (f) show the shape of the HDI after 100 years for a model with a permeability of 10−11 m2 and
porosity of 14 %, with no BHG (d), with a BHG of 5 mm m−1 to the S (e), and with a BHG of 5 mm m−1 to the N (f). At high permeabilities
and magnitudes of the BHG, the shape of the HDI becomes ellipsoidal. Panel (g) shows the development of the production temperature over
time for the models presented in (d)–(f).

periments with different permeabilities (Fig. 1d). Since Sce-
nario 1 showed that porosity is of minor importance, we kept
porosity constant and used the medium value for porosity
from Scenario 1 (14 %) in all Scenario 2 experiments. The
permeabilities of the reservoir layers in the three series were
assigned values of 10−15 m2 (series 1; Fig. 4a, b), 10−13 m2

(series 2; Fig. 4d, e, c, f, i, j), and 10−11 m2 (series 3; Fig. 4g,
h), and the confining layers were assigned permeabilities 1 to
4 orders of magnitude lower than that of the reservoir.

In the models in which the reservoir layers were assigned
the lowest permeability (10−15 m2, Fig. 4a, b), the life-
times depended solely on the permeability contrast between
reservoir- and confining layers; the BHG is not important. A
contrast of 1 order of magnitude has little to no effect on the
time to thermal breakthrough, compared with a model exper-

iment without confining layers, which is otherwise identical
(Figs. 2, 4a, b). Permeability contrasts higher than 1 order of
magnitude, however, reduce the utilizable volume and affect
the (anticipated) lifetime. There is a threshold for the perme-
ability contrast that lies between 2 and 3 orders of magnitude
(Fig. 4c, f, i). Above this threshold, the fluid exchange be-
tween the reservoir layers is efficiently suppressed, i.e. the
confining layers become effective barriers and the shape of
the HDI is flat (Fig. 4i), and the time to thermal breakthrough
is reduced significantly to less than 20 years, independent of
the configuration of the applied BHG (Fig. 4a, b).

In the models with intermediate permeabilities (10−13 m2,
Fig. 4d, e) assigned to the reservoir layers, the results show a
similar pattern to the models with the low-permeability reser-
voir layers (Fig. 4a, b), i.e. for permeability contrast higher
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Figure 3. Time to thermal breakthrough vs. distance between in-
jection and production wells. The plot contains the results of 150
simulations. For models without BHG, the relationship of time to
thermal breakthrough to distance is not linear. The increasing spread
observed at the greater distance is due to the influence of the BHG,
which increases with distance. The basic model setup is identical
to the medium porosity and permeability model (κ = 10−13 m2 and
θ = 14 %). The black line connects the models with zero BHG; the
shaded grey area shows expected lifetimes for possible configura-
tions of BHG orientation.

than 2 orders of magnitude, the utilizable volume is restricted
to one reservoir layer (Fig. 4i). However, with increased per-
meability the magnitude and direction of the BHG begin to
influence the lifetime. The time to thermal breakthrough is
wider spread; the spread increases with the value of the BHG.
We observed the largest variation in time to thermal break-
through, depending on the BHG, of about 70 years, for a per-
meability contrast of 2 orders of magnitude. For a permeabil-
ity contrast of 1 order of magnitude, the range is almost 30
years, while for contrasts of 3 and 4 orders of magnitude it is
only about 20 years (Fig. 4d). Similar to the low-permeability
model, the influence of the BHG is diminished and is only
minor for permeability contrasts higher than 102 (Fig. 4a, b,
d, e). In this case, even favourably oriented BHGs do not
have the potential to improve significantly the reservoir life-
time (Fig. 4d, e).

In models with highly permeable reservoir layers
(10−11 m2, Fig. 4g, h), we observe the same permeability
contrast threshold of 102 that hinders the HDI to expand in
and across the confining layers, as for the models with the
less permeable reservoir layers. However, this threshold is
no longer the dominant control on the time to thermal break-
through (Fig. 4g, h). This is because the high permeability al-

lows the BHG to shortcut the restrictions caused by the con-
fining layers. The BHG results in variation in lifetime for all
permeability contrasts that range from less than 10 years to
lifetimes that exceed the model time limit of 200 years. This
wide spread of lifetimes is predominantly controlled by the
orientation of the BHG with respect to the alignment of the
wells. Even a low BHG of 1 mm m−1, oriented in opposite
direction to the flow induced by the injection and production
wells, is sufficient to outperform the artificial flow field and
therefore can hinder thermal breakthrough (Fig. 4g, h). The
effect of the BHGs orientation is, however, compensated to
a small degree by the fact that the high permeability of the
reservoir layers allows for a wider lateral spread of the HDI.

The development of the temperature field over time
(Fig. 4j) is shown for three model runs with different per-
meability contrasts using the model with intermediate reser-
voir layer permeability (Fig. 4c, f, i). The temperature drop
at the production well depends on the permeability contrast
between reservoir and confining layers and is quicker with
increasing permeability contrast. In the model runs presented
in Fig. 4j, temperatures stabilize at a final temperature of
about 100 ◦C.

3.3 Models of reservoirs containing vertical fracture
anisotropy

In Scenario 3, we introduce permeability anisotropy. Perme-
ability is increased by 1 to 3 orders of magnitude in the verti-
cal plane, compared to other directions. This model scenario
represents a vertically fractured reservoir (Figs. 1e and 5).
These models use the medium porosity (θ = 14 %) and per-
meability values (κ = 10−13 m2).

We observe, in this series of models, times to thermal
breakthrough that range from less than 10 years to more than
200 years (Fig. 5a–c). This range, however, is restricted to
models with N–S-striking fracture anisotropy, i.e. when the
wells are aligned parallel to the direction of high permeabil-
ity. In the other cases, with the anisotropy oriented NE–SW,
NW–SE, or E–W, i.e. at an angle to the well configuration,
the HDI does not reach the production well in 200 years
(Fig. 5a). This effect occurs for fracture anisotropies of 1 or-
der of magnitude, but at 102 and higher the effect does not
increase (Fig. 5b). According to the results shown in Fig. 5a
and c, the applied BHGs only have an influence on the time
to thermal breakthrough when the direction of BHGs is ap-
proximately parallel to the well configuration and fracture
anisotropy. In such cases, either a high lifetime of the reser-
voir can be expected if the BHG is directed from the produc-
tion to the injection well (Fig. 5e, h) or a very short lifetime
for the opposite case (Fig. 5g, h). For the latter case, the value
of anisotropy has a 2nd-order control on the time to thermal
breakthrough because it determines the lateral spread of the
HDI and, as a consequence, the utilizable reservoir volume.

Comparatively low permeability anisotropies of 101 are
sufficient to restrict fluid flux to the direction of highest per-
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Figure 4. Parameter values against thermal breakthrough for model experiments with layered permeability contrasts (Scenario 2). Panels
(a) to (b), (d) to (e), and (g) to (h) show the results of three permeability series. Each series contains the results of the same 100 simulations
but are arranged according different x axes. The results show that a threshold exists for permeability contrasts between 2 and 3 orders of
magnitude between reservoir and confining layers above which fluid exchange is suppressed. The result is an increasingly flatter shape of
the HDI, i.e. a reduction of utilizable reservoir volume, which only at high permeabilities can be compensated for by a favourably oriented
BHG. In (c), (f), and (i), the shape of the HDI after 100 years is shown for the case of intermediate-permeability reservoir layers (series
2), permeability contrasts of 2, 3, and 4 orders of magnitude, and without applied BHG. Panel (j) shows the development of the production
temperature over time for the models presented in (c), (f), and (i).

meability, which results in the HDI forming a narrow, ver-
tical volume parallel to the positive anisotropy (Fig. 5d–g).
According to our models, this effect reaches saturation for
an anisotropy of 102 (Fig. 5b). This means that the horizon-
tal extent of the HDI is restricted and a hydraulic connection

between the wells becomes more unlikely. The effect of per-
meability anisotropy is also stronger than that of the BHG.
The BHG is only of importance when oriented parallel to
permeability anisotropy and well alignment. In this case, its
magnitude and whether it is directed away or towards the
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Figure 5. Parameter values against time to thermal breakthrough for model experiments with vertically oriented fracture anisotropy (Scenario
3). Panels (a), (b), and (c) each contain the same results of 300 simulations but are arranged according different x axes. The results show
that permeability anisotropy largely controls time to thermal breakthrough and that the effect of anisotropy reaches its maximum at 102.
(a) For cases with the anisotropy (sub)parallel to well configuration the BHGs direction is of importance and causes either a very short or
long reservoir lifetime. (d), (e), (f), and (g) HDI after 100 years. The HDI forms a vertical volume parallel to the orientation of the anisotropy,
independent of the direction of the BHG. Panel (h) shows the development of the production temperature over time for the models presented
in (d)–(g).

production well from the injection well controls the reservoir
lifetime.

3.4 Models of a faulted reservoir

In Scenario 4, we investigate the thermal development of a
faulted geothermal reservoir for two sub-scenarios (Fig. 1f).
In the first sub-scenario, the fault zone consists of a highly
permeable damage zone (10−11 m2), while in the second
sub-scenario it consists of two symmetrical damage zones
(10−11 m2) with a low-permeability fault core (10−18 m2) at
the centre. Both variations were modelled with and without
fault-parallel fracture anisotropy that increases the perme-
ability by 1 order of magnitude in the damage zone(s) and

for BHGs that are either parallel or normal to the strike of
the fault. The permeability of the host rock was in all cases
set to 10−13 m2.

For the first sub-scenario, the shape of the HDI is partly de-
fined by the damage zone and expands predominantly in the
surroundings of the injection well, taking an overall prolate
shape (Fig. 6a–c). The temperature at the production well sta-
bilizes after about 10–20 years (Fig. 6d). The 100 ◦C thresh-
old is reached, for the strongest southwards-oriented BHG,
after about 5 years, while it is not reached in the modelled
time for the highest northwards-oriented BHG. In the case
of the BHG normal to the strike of the fault, the shape of
the HDI is comparable with that for the fault-parallel BHG
(Fig. 6e, f), but the temperature development in this setup
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Figure 6. Temperature development and shapes of the HDI for faults that consist of a damage zone. In panels (a), (b), and (c), the shapes
of the HDI after 100 years for fault-parallel BHGs are shown. The HDI is in large parts restricted to the damage zone but expands around
the injection well into the host rock. Panels (d) and (g) show the temperature developments over time of the produced fluid and contain the
results of 13 individual simulations. Panel (d) shows that the production temperatures, independent of BHG, drop sharply in the first 10 years
and become independent of BHG, almost stable after about 20 years. Notably, the differences between the different BHGs are comparatively
small. In (e) and (f), the shapes of the HDI for BHGs normal to the strike of the fault after 100 years. (g) The temperature developments for
eastwards- and westwards-oriented BHGs are almost identical.

shows almost no difference with the different magnitudes
of the BHG or with BHGs oriented east or west (Fig. 6g).
The temperature falls within 15 to 20 years below the 100 ◦C
threshold and stabilizes at this point. In general, we observe
the fault causes a channelling effect.

When modelling cases with a fault-parallel fracture
anisotropy in the damage zone (Fig. 7), for northwards-,
eastwards-, southwards- and westwards-directed BHGs, the
channelling effect increases and the volume of the HDI, in-
dependent of the orientation of the BHG, is restricted to the
fault zone (Fig. 7a–c, e–f). This channelling effect leads, in
the case of fault-parallel BHGs, to a wide spread of time-
dependant temperature behaviour (Fig. 7d). For example, in
the case of the highest northwards-directed BHG, almost no

temperature reduction at the production well is observed. For
the highest southwards-directed BHG, the production tem-
perature falls below the 100 ◦C threshold after about 2 years
(Fig. 7d). All temperatures stabilize after about 15 years.

For the eastwards- and westwards-directed BHGs, differ-
ences in the temperature development exist (Fig. 7g), in con-
trast to similar models without anisotropy (Fig. 6g). In these
cases, BHGs oriented in the dip direction of the fault show
a faster temperature drop compared to BHGs opposed to the
dip direction.

In the second sub-scenario, we increased the permeabil-
ity of the damage zone compared to the host by 2 orders of
magnitude to 10−11 m2 and introduced a fault core with a
permeability of 10−18 m2.

www.solid-earth.net/10/2115/2019/ Solid Earth, 10, 2115–2135, 2019



2126 J. F. Bauer et al.: On the lifetime of a geothermal reservoir – a sensitivity study

Figure 7. Temperature development and shapes of the HDI for faults that consist of a damage zone with a positive fault-parallel fracture
anisotropy. In panels (a), (b), and (c), the shapes of the HDI after 100 years for fault-parallel BHGs are shown. The HDI is restricted to the
damage zone. Fault-parallel BHG has a strong effect on the shape of the HDI. Panels (d) and (g) show the temperature developments over
time of the produced fluid and contain the results of 13 individual simulations. Panel (d) shows how the highest northward BHGs hinder
thermal depletion efficiently, while southward BHGs cause almost immediate depletion. In panels (e) and (f), the shapes of the HDI for
BHGs normal to the strike of the fault after 100 years are shown. Together with panel (g) they show that a BHG in dip direction of the fault
has a negative effect on reservoir lifetime, compared with a BHG opposed to the dip direction, which leads to a very short thermal lifetime,
i.e. less than 10 years.

In the case without fault-parallel fracture anisotropy, the
shapes of the HDIs are restricted on the eastern side by
the impermeable fault core and extrude on the western side
into the host rock (Fig. 8a–c, e–f). This bulge is concen-
trated around the injection well; otherwise, the channelling
effect leads to a HDI that is largely defined by the high-
permeability part of the western damage zone, in which both
wells are placed. These observations are independent of the
orientation of the BHG, i.e. parallel or normal to the strike of
the fault.

The temperature development follows the same pattern as
in the previous model without fault core (Figs. 6, 8), and it
is independent of the orientation and magnitude of the BHG.

It is, however, slightly quicker; the range between the dif-
ferent northwards- and southwards-directed BHGs is smaller
and does not exist between the eastwards- and westwards-
directed BHGs. Only for the highest northwards-oriented
BHG does the temperature stay above the 100 ◦C threshold
over the modelled time, while for the strongest southwards-
oriented BHG it is reached after about 8 years. After the
sharp initial temperature drop at the production well, a very
slow further temperature reduction is observed for the rest of
the modelled time (Fig. 8 d, g).

Introducing fault-parallel permeability anisotropy into the
damage zone (Fig. 9) has the effect that the HDI becomes re-
stricted almost entirely to the western damage zone, i.e. the
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Figure 8. Temperature development and shapes of the HDI for faults that consist of an impermeable fault core surrounded by two damage
zones. In (a), (b), and (c), the shapes of the HDI after 100 years for fault-parallel BHGs are shown. The HDIs are restricted to the east by the
impermeable fault core but extend to the west into the host rock at the injection well. Panels (d) and (g) show the temperature development
over time of the produced fluid and contain the results of 13 individual simulations. Panel (d) shows that the orientation and magnitude of
the BHG have comparable small impact on the temperature development. After a sharp initial drop, the temperatures stabilize after about
10 years. Only in the case of the highest northwards-directed gradients does the temperature stay above 100 ◦C. In (e) and (f), shapes of the
HDI for BHGs normal to the strike of the fault after 100 years are shown. The HDI shapes are almost identical to those for BHGs parallel to
the fault. (g) The temperature developments for BHGs normal to the fault are similar for all tested magnitudes, i.e. the 100 ◦C threshold is
reached after 10–20 years and the temperatures stabilize just below the threshold.

part in which the wells are situated. In the case in which a
BHG is not applied (Fig. 9a), the HDI utilizes a large part
of the damage zone, restricted to the south by the production
well. Northwards-directed BHGs (Fig. 9b) produce a “fin”-
like pattern within the modelled domain, i.e. the HDI extends
from the production well towards the injection well along
the damage zone. High southwards-directed BHGs (Fig. 9c),
in contrast, result in a small oblate HDI confined between
production and injection wells. In terms of the temperature
development (Fig. 9d), these patterns reflect different be-
haviours. The highest northwards-directed BHG almost en-
tirely hinders a temperature drop at the production well. On

the contrary, the highest southwards-oriented BHG causes
the production temperature to fall below the 100 ◦C threshold
within 5 years. Stable temperatures at the production well are
reached after about 10 years, independent of the BHG prop-
erties (Fig. 9).

When testing this setup for westwards- and eastwards-
directed BHGs, the production temperatures reached the
100 ◦C limit very quickly and fell below 100 ◦C, with the ex-
ception of the highest eastwards-oriented BHG, within about
10 years (Fig. 9g). The shape of the HDI is restricted to the
width of the western damage zone. However, the N–S extent
of the HDI varies in the vertical, along the fault plane. In the
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Figure 9. Temperature development and shape of the HDI for faults consisting of a damage zone with fault-parallel fracture anisotropy and
an impermeable fault core. In (a), (b), and (c), the shapes of the HDI after 100 years for fault-parallel BHGs are shown. The HDIs are entirely
restricted to the western damage zone. Their shape within the fault zone varies significantly, depending on the BHG. Panels (d) and (g) show
the temperature development over time of the produced fluid and contain the results of 13 individual simulations. Panel (d) shows how the
northward BHGs completely suppress temperature drops at the production well and southward BHGs lead to immediate depletion of the
reservoir. In (e) and (f), shapes of the HDI for BHGs normal to the strike of the fault after 100 years are shown.

case of westwards-oriented BHG, i.e. with the BHG direction
in line with the dip direction of the fault, the N–S extension is
wider at deeper levels and vice versa for eastwards-directed
BHGs (Fig. 9e–f). This observation reflects also in the poten-
tial lifetimes of the reservoirs (Fig. 9g), which show a wider
spread with respect to the temperature development with
comparable models without increased fault-parallel fracture
anisotropy (Fig. 8). Here the eastwards-directed BHGs result
in an improved lifetime that, for the highest eastward BHG,
allow the production temperatures to stay above the critical
100 ◦C level.

4 Discussion

Petrophysical properties, e.g. porosity and permeability, con-
trol the quality of a geothermal reservoir. However, these
properties may vary significantly within a given volume.
For instance, permeability is frequently observed to vary
over several orders of magnitude (Heap et al., 2017; Kush-
nir, 2018; Manning and Ingebritsen, 1999); porosity may
vary by 10 percent or more (e.g. Farrell et al., 2014; Heap
et al., 2017; Kushnir, 2018; Zhang, 2013). The variability
of these (Freudenthal, 1968; Krumbholz et al., 2014a) and
other petrophysical parameters (Alava et al., 2009; Lobo-
Guerrero and Vallejo, 2006) increases with scale. In addi-
tion, their heterogeneous distribution and property values are
often anisotropic in terms of orientation, e.g. permeability
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caused by fractures often has a preferred orientation (e.g.
Laubach et al., 2004; Marrett et al., 2007; Nelson, 1985;
Watkins et al., 2018). To make a reliable prediction of reser-
voir quality, it must first be determined to which accuracy
these parameters must be known (Bauer et al., 2017; Bauer,
2018). The ranges of the parameter values we use in our
modelling experiment for porosity, permeability, and frac-
ture anisotropy are, for example, typical for sandstones in
the Upper Rhine Graben (Germany; Fig. 10). Even in this
comparatively small area, the porosity is reported to cover
a range from close to zero to more than 25 % (Bär, 2012;
Bauer et al., 2017; Jodocy and Stober, 2011; Fig. 10a). The
permeabilities determined for the same reservoir rocks range
from about 10−18 to 10−11 m2, more than 7 orders of magni-
tude (Bär, 2012; Bauer et al., 2017; Jodocy and Stober, 2009,
2011; Stober and Bucher, 2014; Fig. 10b). Furthermore, per-
meability anisotropy in fracture networks can reach several
orders of magnitude (e.g. Bense and Person, 2006; Caine and
Forster, 1999; Jourde et al., 2002; Watkins et al., 2018).

With our simplified models, we systematically investigate
the effects and the interplay of these important parameters
on reservoir performance. In addition, we have taken into ac-
count the effects of the BHG. Our experiments do not aim
to describe a specific reservoir model but rather to identify
prime parameters in terms of geothermal reservoir perfor-
mance and the accuracy to which they should be known.
It was therefore important to keep some model parameters
constant. Thus, the use of model parameters was a trade-off
between values that lie in a realistic range and values that al-
low for the comparison of the model results in the modelled
time span. For this reason, we decided to assign a relatively
low temperature of 40 ◦C to the injected fluid and to use a
fixed flow rate of 75 L s−1. This fixed flow rate used for the
three different permeability scenarios leads to bottom-hole
pressures that vary from approximately 3800 MPa at k =
10−15 m2, over approximately 180 MPa at k = 10−13 m2, to
30 MPa at k = 10−11 m2. For low and intermediate perme-
abilities, these values exceed the lithostatic pressure at in-
jection depth, which is about 80 MPa. In site-specific mod-
els, fluid pressures could be kept at sub-lithostatic values by
adjusting the length of the well over which injection takes
place, by reducing the flow rate, or by injecting the fluid at a
greater depth.

4.1 Porosity

Rock volumes constitute in many cases, especially in sed-
imentary rocks, dual porosity systems (Gringarten, 1984;
Warren and Root, 1963) in which pore space and fractures
are fluid filled. Since pore fluid has a higher heat capac-
ity than rock (rock ∼ 700–1100 J kg−1 K−1 (Schärli and Ry-
bach, 2001; Stober et al., 2017); water = 4184 J kg−1 K−1),
high porosity has a positive effect on the heat capacity of the
reservoir. Our Scenario 1 concurs with this; high porosities
have a positive effect on the lifetime of a geothermal reser-

voir. The size of this positive effect, however, varies largely
according to the other parameters. For instance, in Scenario
1, the time that passes before the HDI reaches the produc-
tion well ranges from decades to only a few years, in mod-
els in which porosity is the only varied parameter (Fig. 2c).
Especially in the case of high permeability, i.e. exceeding a
value of 10−13 m2, often taken as the threshold for econom-
ical exploitation of a geothermal reservoir (Agemar et al.,
2014; Stober et al., 2017), the effect of porosity on the life-
time of the reservoir is dramatically reduced.

4.2 Permeability and hydraulic background gradient

The reason for these variations, and the predominantly sub-
ordinate role of porosity, is, according to Scenario 1, pro-
vided by the interplay between permeability and the BHG
(Fig. 2a–c). If permeability is high enough, the BHG controls
shape, volume, and propagation direction of the HDI dur-
ing heat extraction. For permeabilities as low as 10−15 m2,
the BHG is outperformed by the artificial flow field caused
by the very high bottom-hole pressure. The result of this is
that the HDI takes on a spherical shape and thus maximizes
the exploited volume. This consequently allows us to max-
imize the “gain” from high porosity, i.e. high heat capaci-
ties, in a large rock volume. If, however, the permeabilities
lie in a range suitable for geothermal energy exploitation, i.e.
10−13 m2 or higher, the necessary bottom-hole pressure is de-
creased. Consequently, the artificial flow field is weaker and
can be outperformed by the BHG. The higher the permeabil-
ity, the larger the effect of the BHG, which ultimately causes
an ellipsoidal HDI in an isotropic volume. In this case, direc-
tion and magnitude of the BHG thus become the controlling
factors on whether or not the HDI reaches the production
well. Thus, we show that the BHG, which is rarely taken into
account when it comes to predicting the potential of geother-
mal reservoirs, is essential in any exploration strategy.

The importance of these findings is shown by cases such
as the geothermal Hatchōbaru field in Japan (Bödvarsson and
Tsang, 1982; DiPippo, 2005; Horne, 1982b). There, the in-
jection and production wells were placed within a fault zone,
resulting in good hydraulic connection. Moreover, the loca-
tion of the wells was chosen in a way that the natural hy-
draulic background was oriented from the production to the
injection well to avoid early thermal breakthrough. Neverthe-
less, the artificially introduced flow field was strong enough
to outperform the BHG and the early drop in production tem-
perature shows how fragile such high-permeability systems
can be.

4.3 Permeability contrast

(Sub)horizontal permeability contrasts can be caused by lay-
ering in sedimentary rocks and can span several orders of
magnitude (Zhang, 2013), even though these sealing proper-
ties are altered or reduced by barren fractures. One example
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is clay layers that typically have permeabilities in the range
of 10−17 to 10−23 m2 (Neuzil, 1994) and therefore restrict
fluid flow across them, independent of their thickness (e.g.
Bjørlykke et al., 1988; Moeck, 2014). However, permeabil-
ity contrast can also be caused by diagenesis, i.e. some sedi-
mentary layers being more cemented and thus having a lower
matrix permeability. According to our models, in a rock vol-
ume with an overall permeability of 10−13 m2, permeability
contrasts between two layers, as low as 1 order of magni-
tude, will start to affect significantly the shape of the HDI
(Fig. 4c). Confining layers that have a permeability between
2 and 3 orders of magnitude lower than the reservoir layer
do not allow the HDI to expand across them, leading to a
exploitable reservoir volume that is layer parallel, and conse-
quently has a drastically reduced volume (Fig. 4f, i). Notably,
in the low- and intermediate-permeability models, where per-
meability contrasts are higher than 2 order of magnitude,
high bottom-hole pressures do not allow the BHG to affect
the system, i.e. none of the tested BHG configurations could
compensate for the small volume (Fig. 4a, d). Only in the
high-permeability case, i.e. where the reservoir layers have a
permeability of 10−11 m2, could a favourably oriented BHG
push the cold reinjected fluid away from the production well,
providing therefore a potentially longer reservoir lifetime.

4.4 Fracture anisotropy

The greater part of permeability in a sedimentary rock vol-
ume is typically provided by fractures and their networks
(e.g. Bear, 1993; De Marsily, 1986; Hestir and Long; 1990;
Nelson, 1985). Thus, a thorough understanding and predic-
tion of this reservoir property constitutes a major requirement
when planning a geothermal reservoir. While microcracks
are commonly predictable, (e.g. Kranz, 1983; Krumbholz
et al., 2014b; Vollbrecht et al., 1994), making assumptions
about fractures at decimetre and metre scales, i.e. the frac-
tures that principally control fluid flow, is difficult (e.g. Bauer
et al., 2017; Bauer, 2018; Laubach et al., 2004). When con-
sidering the cubic law, a single fracture, if it is wide enough,
can control the fluid flow in a reservoir (e.g. De Marsily,
1986; Nelson, 1985; Odling et al., 1999). As a consequence,
the prediction of fracture anisotropy at depth with the nec-
essary accuracy is, at least, challenging and, at the most,
impossible (e.g. Laubach et al., 2004; Ortega and Marrett,
2000; Watkins et al., 2018). Our models show that a fracture
anisotropy of 1 order of magnitude (Fig. 5b) can channel the
fluid flow so efficiently that the propagation of the HDI, in
all other directions, is suppressed. If the anisotropy reaches
just 2 orders of magnitude, which according to the litera-
ture (e.g. Bense and Person, 2006; Caine and Forster, 1999;
Jourde et al., 2002; Watkins et al., 2018) must be considered
to be a typical value, this suppression effect becomes satu-
rated. In our models, even high BHGs cannot counteract this
behaviour. According to our results, in this case, the BHG
can only effect the reservoir lifetime when the BHG and

fracture anisotropy are in line with the wells (Fig. 5a). The
consequences are twofold: first, even comparatively low frac-
ture anisotropy can hinder the establishment of a closed hy-
drothermal system; second, fracture anisotropy in the range
of 1 order of magnitude, with respect to the bulk permeabil-
ity, leads to either very short- or long-lived geothermal reser-
voirs, depending on the BHG properties and the orientation
of fracture anisotropy (Fig. 5a, b, c).

4.5 Distance between wells

The distance between production and injection wells is the
only parameter known to any accuracy. It is inherent that in-
creasing distance between production and injection wells has
a positive effect on the lifetime of a geothermal reservoir.
However, precise site-specific estimation of this effect re-
quires in-depth knowledge of highly heterogeneous parame-
ters, such as permeability and porosity. Given that both wells
need to be hydraulically connected, the distance has a dis-
proportionally high impact (Fig. 3), since the volume, be-
tween the wells, grows cubically. Our models suggest that the
achievable lifetime does not necessarily scale directly with
the volume, because the HDI is the result of the complex in-
teraction between permeability contrast, fracture anisotropy,
and the BHG. Moreover, increasing the distance between
production and injection well also reduces the chance of es-
tablishing a closed system.

4.6 Faulted reservoirs

Faults were recently the focus of many studies of the eco-
nomical exploitation of geothermal energy. The main reason
for this is that fault damage zones promise significantly in-
creased permeabilities (e.g. Bense et al., 2013; Caine et al.,
1996; Caine and Forster, 1999; Sibson, 1977) and can pro-
vide positive temperature anomalies (Sanjuan et al., 2016;
Vidal and Genter, 2018). The typical characteristics of fault
zones thus increase the chance of high production rates of
hot fluid, and this is potentially further improved by frac-
ture anisotropy within the damage zone, which is often
(sub)parallel to the fault (e.g. Bense et al., 2013; Caine et al.,
1996; Faulkner et al., 2010; Shipton and Cowie, 2003). How-
ever, a number of critical studies exists (e.g. Bakhsh et al.,
2016; Bauer et al., 2017; Bauer, 2018; Biemans, 2014; Diaz
et al., 2016; Loveless et al., 2014) that discuss the risk and
difficulties of exploring and exploiting fault zones as geother-
mal reservoirs. The two main concerns reported are that, first,
the architecture of a fault at reservoir depth is, due to the
heterogeneous nature of rocks and in particular that of the
fault, difficult to predict, i.e. exploration risk increases with
complexity and heterogeneity of the envisaged reservoir (e.g.
Bauer, 2018; Bauer et al., 2018; Loveless et al., 2014). The
second concern is directly correlated to the expected high
permeability that makes a fault a prime target in geother-
mics. This is because localized high permeabilities lead to
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Figure 10. Box-and-whisker plot of values reported for permeability and porosity of Buntsandstein rocks from the Upper Rhine Graben.
(a) The values for porosity reach from almost zero to more than 25 %, with the majority between about 7 % and 17 %. (b) The values for
permeability cover a range larger than 7 orders of magnitude. Parameters used in this study are indicated by the blue lines. Modified after
Bauer (2018).

channelling effects, i.e. the geothermal reservoir potentially
becomes restricted to the fault zone (e.g. Biemans, 2014;
Bakhsh et al., 2016; Moeck, 2014). Thus, the exploitation
of fault zones constitutes a trade-off between high perme-
ability and reduced reservoir volumes. Our simplified mod-
els support these findings and show that faults, with dam-
age zones that constitute positive permeability contrasts of
just 2 orders of magnitude, already exhibit these channelling
effects (Fig. 6). In these cases, the shape of the HDI is al-
most entirely described by the extent of the damage zone. In
most investigated cases, this limitation of reservoir volume
quickly leads to a sharp drop in production temperature, i.e.
in most configurations the temperature falls below the 100 ◦C
threshold within a few years (Figs. 6, 8). This fast depletion
of such a fault-related reservoir is further accelerated if the
hydraulic connection between production and injection wells
is improved by fracture anisotropy, which is often parallel to
the fault (e.g. Bense et al., 2013; Caine et al., 1996; Faulkner
et al., 2010; Shipton and Cowie, 2003; Figs. 7 and 9).

However, the most promising configurations that allowed
for longevity of fault-related reservoirs are those with a high
fault-parallel BHG that leads directly from the production
well to the injection well (e.g. Figs. 6b, d, 7b, d). Interest-

ingly, for a BHG normal to the strike of the fault, we also
observe different reservoir lifetimes as a consequence of dif-
ferently shaped HDIs. We observed that, when the BHG is
directed against the dip direction of a fault, the fault can be
considered a more sustainable target for geothermal exploita-
tion than a BHG oriented in the opposite direction (Figs. 7e,
f, 8e, f). We argue that in the first case the BHG works against
gravity in the fault zone, which slows the propagation of the
HDI down, while in the opposing case, the BHG is supported
by gravity and the progression of the HDI, and as a conse-
quence the depletion of the reservoir is accelerated.

However, our models are still simplistic and the next steps
of investigation should study how the channelling effect is
altered as the permeability contrast between the fault zone
and host rock increases, i.e. whether there is a transition zone
of significant width between the low and high-permeability
zones.

Another question that needs to be addressed when explor-
ing fault-hosted or fractured reservoirs is the following – re-
plenishment due to convective heat transport along the fault
zone, as reported for numerous thermal anomalies in the Up-
per Rhine Graben (e.g. Sanjuan et al., 2016; Vidal and Gen-
ter, 2018). This point, often taken as an argument in favour
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of fault-related geothermal reservoirs, is not part of our study.
Nevertheless, our results can help to constrain the observed
channelling effects and therefore how high the replenishment
rates in such reservoirs must be in order to counteract this.

5 Conclusions

We use over 1000 numerical experiments to systematically
investigate the effect of a number of parameters, e.g. perme-
ability, and porosity, on the potential lifetime of a geothermal
reservoir. We varied the reservoir parameters within realistic
ranges and applied BHGs of different orientations and mag-
nitudes. From the results of our numerical sensitivity study,
we conclude the following:

1. Permeability, permeability heterogeneity, and fracture
anisotropy together with the BHG are the critical pa-
rameters that affect the lifetime of a geothermal reser-
voir.

2. While high permeability is an asset for the exploitation
of geothermal energy, our experiments demonstrate that
it also comes with a risk. One the one hand, high per-
meabilities are needed to generate sufficient flow rates.
On the other hand, high permeabilities in general, and
in particular localized high permeability, such as in lay-
ered sedimentary systems, in fractures, and especially
in fault damage zones, channel fluid flow and strongly
restrict the size of the geothermal reservoir that can be
utilized.

3. Typically, geothermal energy production aims to estab-
lish a closed system. This is, according to our models,
not trivial and depends strongly on permeability, perme-
ability heterogeneity, the internal structure of the reser-
voir, and the BHG. This is especially true if the perme-
ability is high (≥ 10−13 m2), i.e. values that are desired
usually for geothermal reservoirs.

4. Our models imply that, in many cases, the positive effect
of porosity on heat capacity and thus on the reservoir
lifetime, is subsidiary, compared to the effects of per-
meability and BHG; the impact of porosity decreases as
permeability increases.

5. Due to the heterogeneous nature of rocks and fracture
systems, it is, in general, difficult to predict the lifetime
of a geothermal system. This holds especially true even
if the required conditions for permeability are met or ex-
ceeded and a BHG exists, because the BHG determines
the shape and propagation direction of the HDI. There-
fore, the uncertainty in estimating the lifetime inevitably
increases.

Our results show that parameters, such as permeability and
the BHG, can have an unforeseeable large effect on the life-
time of a geothermal system. Thus, our findings provide an

important step forward in judging which parameters must be
known and to which degree they must be known to make
site-specific models as reliable and accurate as possible in
the future.

Data availability. All model results are presented in the article. De-
tailed results can be provided by the first author on request.

Author contributions. JFB and MK contributed equally to the arti-
cle. The model experiments were designed by JFB, MK, and EL.
Results were discussed by all authors. MK, JFB, EL, and DCT
wrote the article. JFB, MK, and EL prepared the figures. All au-
thors commented, read, and approved the final article.

Competing interests. The authors declare that they have no conflict
of interest.

Acknowledgements. We thank our colleagues, Hans Ruppert,
Klaus Wemmer, Jonas Kley, and Nicole Nolte for their support.
We also thank Federico Rossetti, three anonymous reviewers, and
Owen Callahan for their comments that helped improve our article.

Review statement. This paper was edited by Federico Rossetti and
reviewed by Owen Callahan and three anonymous referees.

References

Agemar, T., Weber, J., and Schulz, R.: Deep geothermal
energy production in Germany, Energies, 7, 4397–4416,
https://doi.org/10.3390/en7074397, 2014.

Alava, M. J., Nukala, P. K. V. V., and Zapperi, S.: Size ef-
fects in statistical fracture, J. Phys. D Appl. Phys., 42, 214012,
https://doi.org/10.1088/0022-3727/42/21/214012, 2009.

Aragón-Aguilar, A., Izquierdo-Montalvo, G., López-Blanco,
S., and Arellano-Gómez, V.: Analysis of heterogeneous
characteristics in a geothermal area with low permeabil-
ity and high temperature, Geosci. Front., 8, 1039–1050,
https://doi.org/10.1016/j.gsf.2016.10.007, 2017.

Bachu, S.: Synthesis and model of formation-water flow, Alberta
Basin, Canada, AAPG Bull., 79, 1159–1178, 1995.

Bakhsh, K. J., Nakagawa, M., Arshad, M., and Dunnington, L.:
Modelling thermal breakthrough in sedimentary geothermal sys-
tems, using COMSOL Multiphysics, Proceedings, 41st Work-
shop on Geothermal Reservoir Engineering, Stanford, California,
22–24 February 2016, SGP-TR-209, 2016.

Bär, K.: Untersuchung der tiefengeothermischen Potenziale von
Hessen, PhD thesis, Technische Universität Darmstadt, Ger-
many, 297 pp., available at: http://tuprints.ulb.tu-darmstadt.de/
3067/ (last access: 8 December 2019), 2012.

Bauer, J. F.: On the significance and predictability of geolog-
ical parameters in the exploration for geothermal energy,
PhD thesis, Georg-August-Universität Göttingen, Ger-

Solid Earth, 10, 2115–2135, 2019 www.solid-earth.net/10/2115/2019/

https://doi.org/10.3390/en7074397
https://doi.org/10.1088/0022-3727/42/21/214012
https://doi.org/10.1016/j.gsf.2016.10.007
http://tuprints.ulb.tu-darmstadt.de/3067/
http://tuprints.ulb.tu-darmstadt.de/3067/


J. F. Bauer et al.: On the lifetime of a geothermal reservoir – a sensitivity study 2133

many, 162 pp., available at: http://hdl.handle.net/11858/
00-1735-0000-002E-E3D2-2 (last access: 8 December 2019),
2018.

Bauer, J. F., Krumbholz, M., Meier, S., and Tanner, D. C.: Pre-
dictability of properties of a fractured geothermal reservoir:
The opportunities and limitations of an outcrop analogue study,
Geothermal Energy, 5, 24, https://doi.org/10.1186/s40517-017-
0081-0, 2017.

Bear, J.: Dynamics of Fluids in Porous Media, American Elsevier
Pub. Co, 764 pp., 1972.

Bear, J.: Modelling flow and contaminant transport in fractured
rocks, in: Flow and contaminant transport in fractured rock,
edited by: Bear, J., Tsang, C. F., and De Marsily, G., Academic
Press, New York, 1–37, 1993.

Bellman, R. E.: Dynamic programming, Dover Publications, New
York, 366 pp., 2003.

Bense, V. F. and Person, M. A.: Faults as conduit-barrier systems
to fluid flow in siliciclastic sedimentary aquifers, Water Resour.
Res., 42, W05421, https://doi.org/10.1029/2005wr004480, 2006.

Bense, V. F., Gleeson, T., Loveless, S. E., Bour, O., and Scibek,
J.: Fault zone hydrogeology, Earth Sci. Rev., 127, 171–192,
https://doi.org/10.1016/j.earscirev.2013.09.008, 2013.

Berkowitz, B., Bear, J., and Braester, C.: Continuum
models for contaminant transport in fractured porous
formations, Water Resour. Res., 24, 1225–1236,
https://doi.org/10.1029/WR024i008p01225, 1988.

Bhatia, S. C.: Geothermal power generation, in: Advanced renew-
able energy systems, edited by: Bathia, S. C., Woodhead Publish-
ing India, 334–388, https://doi.org/10.1016/B978-1-78242-269-
3.50014-0, 2014.

Biemans, B. C. B.: The influence of fractures on geothermal heat
production in the Roer Valley Graben, MS thesis, Delft Univer-
sity of Technology, the Netherlands, 130 pp., 2014.

Birner, J., Bartels, J., Schlagermann, P., Mergner, H., and Wolf-
gram, M.: Dichte, Viskosität und Wärmekapazität hochmineral-
isierter Thermalwässer in Abhängigkeit von Druck, Temperatur
und Gesamtlösungsinhalt, bbr-Sonderheft Geothermie, 63, 90–
97, 2013.

Bjørlykke, K., Mo, A., and Palm, E.: Modelling of ther-
mal convection in sedimentary basins and its relevance
to diagenetic reactions, Mar. Petrol. Geol., 5, 338–351,
https://doi.org/10.1016/0264-8172(88)90027-X, 1988.

Bödvarsson, G. S. and Tsang, C. F.: Injection and thermal break-
through in fractured geothermal reservoirs, J. Geophys. Res.-Sol.
Ea., 87, 1031–1048, https://doi.org/10.1029/JB087iB02p01031,
1982.

Buness, H., Hartmann, H., Rumpel, H. M., Beilecke, T., Musmann,
P., and Schulz, R.: Seismic exploration of deep hydrogeother-
mal reservoirs in Germany, in: Proceedings World Geothermal
Congress, Bali, Indonesia, 25–29 April 2010.

Caine, J. S. and Forster, C. B.: Fault zone architecture and
fluid flow: Insights from field data and numerical model-
ing, in: Faults and subsurface fluid flow in the shallow
crust, edited by: Haneberg, W. C., Mozley, P. S., Moore, J.
C., and Goodwin, L. B., AGU, Washington DC, 101–127,
https://doi.org/10.1029/GM113p0101, 1999.

Caine, J. S., Evans, J. P., and Forster, C. B.: Fault
zone architecture and permeability structure, Geol-

ogy, 24, 1025–1028, https://doi.org/10.1130/0091-
7613(1996)024<1025:FZAAPS>2.3.CO;2, 1996.

COMSOL: Heat transfer module, user’s guide, available
at: https://doc.comsol.com/5.3/doc/com.comsol.help.heat/
HeatTransferModuleUsersGuide.pdf (last access: 8 Decem-
ber 2019), 2017.

COMSOL: Subsurface flow module, user’s guide (Darcy’s flow),
available at: https://doc.comsol.com/5.4/doc/com.comsol.help.
ssf/SubsurfaceFlowModuleUsersGuide.pdf (last access: 8 De-
cember 2019), 2018.

COMSOL Multiphysics®: v. 5.0., COMSOL AB, Stockholm,
Sweden, available at: https://www.comsol.com/support/
knowledgebase/1223/, last access: 8 December 2019.

De Marsily, G.: Quantitative hydrogeology: Groundwater hydrol-
ogy for engineers, 1st ed., Acad. Press, New York, 434 pp., 1986.

Diaz, A. R., Kaya, E., and Zarrouk, S. J.: Reinjection in geothermal
fields – A worldwide review update, Renew. Sust. Energ. Rev.,
53, 105–162, https://doi.org/10.1016/j.rser.2015.07.151, 2016.

DiPippo, R.: Geothermal power plants: Principles, applications and
case studies, 1st ed., Elsevier Science, Oxford, 450 pp., 2005.

Erdwerk: available at: https://www.erdwerk.com/en/trebur, last ac-
cess: 11 September 2019.

EREC (European Renewable Energy Council): Renewable energy
in Europe: Building markets and capacity, 1st ed., James and
James, London, UK, 202 pp., 2004.

Evans, J. P., Forster, C. B., and Goddard, J. V.: Permeabil-
ity of fault-related rocks, and implications for hydraulic
structure of fault zones, J. Struct. Geol., 19, 1393–1404,
https://doi.org/10.1016/S0191-8141(97)00057-6, 1997.

Fan, Y., Li, H., and Miguez-Macho, G.: Global patterns
of groundwater table depth, Science, 339, 940–943,
https://doi.org/10.1126/science.1229881, 2013.

Farrell, N. J. C., Healy, D., and Taylor, C. W.: Anisotropy of perme-
ability in faulted porous sandstones, J. Struct. Geol., 63, 50–67,
https://doi.org/10.1016/j.jsg.2014.02.008, 2014.

Faulkner, D. R., Jackson, C. A. L., Lunn, R. J., Schlische, R. W.,
Shipton, Z. K., Wibberley, C. A. J., and Withjack, M. O.: A re-
view of recent developments concerning the structure, mechan-
ics and fluid flow properties of fault zones, J. Struct. Geol., 32,
1557–1575, https://doi.org/10.1016/j.jsg.2010.06.009, 2010.

Freeze, R. A. and Cherry, J. A.: Groundwater, 1st ed., Prentice-Hall,
USA, 604 pp., 1979

Freudenthal, A. M.: Statistical approach to brittle fracture, in: Frac-
ture, an advanced treatise, 2nd ed., edited by: Liebowitz, H., Aca-
demic Press, 591–619, 1968.

Garven, G.: Continental-Scale Groundwater Flow and
Geologic Processes, in: Recent Trends in Hydro-
geology, Annu. Rev. Earth Pl. Sc., 23, 89–117,
https://doi.org/10.1146/annurev.ea.23.050195.000513, 1995.

Gleeson, T., Befus, K. M., Jasechko, S., Luijendijk, E.,
and Cardenas, M. B.: The global volume and distribu-
tion of modern groundwater, Nat. Geosci., 9, 161–167,
https://doi.org/10.1038/ngeo2590, 2016.

Gringarten, A. C.: Interpretation of tests in fissured reser-
voirs and multilayered reservoirs with double porosity be-
havior: theory and practice, J. Petrol. Technol., 36, 549–605,
https://doi.org/10.2118/10044-PA, 1984.

Heap, M. J., Kushnir, A. R. L., Gilg, H. A., Wadsworth, F. B.,
Reuschlé, T., and Baud, P.: Microstructural and petrophysi-

www.solid-earth.net/10/2115/2019/ Solid Earth, 10, 2115–2135, 2019

http://hdl.handle.net/11858/00-1735-0000-002E-E3D2-2
http://hdl.handle.net/11858/00-1735-0000-002E-E3D2-2
https://doi.org/10.1186/s40517-017-0081-0
https://doi.org/10.1186/s40517-017-0081-0
https://doi.org/10.1029/2005wr004480
https://doi.org/10.1016/j.earscirev.2013.09.008
https://doi.org/10.1029/WR024i008p01225
https://doi.org/10.1016/B978-1-78242-269-3.50014-0
https://doi.org/10.1016/B978-1-78242-269-3.50014-0
https://doi.org/10.1016/0264-8172(88)90027-X
https://doi.org/10.1029/JB087iB02p01031
https://doi.org/10.1029/GM113p0101
https://doi.org/10.1130/0091-7613(1996)024<1025:FZAAPS>2.3.CO;2
https://doi.org/10.1130/0091-7613(1996)024<1025:FZAAPS>2.3.CO;2
https://doc.comsol.com/5.3/doc/com.comsol.help.heat/HeatTransferModuleUsersGuide.pdf
https://doc.comsol.com/5.3/doc/com.comsol.help.heat/HeatTransferModuleUsersGuide.pdf
https://doc.comsol.com/5.4/doc/com.comsol.help.ssf/SubsurfaceFlowModuleUsersGuide.pdf
https://doc.comsol.com/5.4/doc/com.comsol.help.ssf/SubsurfaceFlowModuleUsersGuide.pdf
https://www.comsol.com/support/knowledgebase/1223/
https://www.comsol.com/support/knowledgebase/1223/
https://doi.org/10.1016/j.rser.2015.07.151
https://www.erdwerk.com/en/trebur
https://doi.org/10.1016/S0191-8141(97)00057-6
https://doi.org/10.1126/science.1229881
https://doi.org/10.1016/j.jsg.2014.02.008
https://doi.org/10.1016/j.jsg.2010.06.009
https://doi.org/10.1146/annurev.ea.23.050195.000513
https://doi.org/10.1038/ngeo2590
https://doi.org/10.2118/10044-PA


2134 J. F. Bauer et al.: On the lifetime of a geothermal reservoir – a sensitivity study

cal properties of the Permo-Triassic sandstones (Buntsandstein)
from the Soultz-sous-Forêts geothermal site (France), Geother-
mal Energy, 5, 26, https://doi.org/10.1186/s40517-017-0085-9,
2017.

Hestir, K. and Long, J. C. S.: Analytical expressions for the
permeability of random two-dimensional Poisson fracture net-
works based on regular lattice percolation and equivalent me-
dia theories, J. Geophys. Res.-Sol. Ea., 95, 21565–21581,
https://doi.org/10.1029/JB095iB13p21565, 1990.

Hochstein, M. P.: Assessment and modelling of geothermal reser-
voirs (small utilization schemes), Geothermics, 17, 15–49,
https://doi.org/10.1016/0375-6505(88)90004-1, 1988.

Horne, R. N.: Effects of water injection into fractured geother-
mal reservoirs: A summary of experience worldwide, Stanford
Geothermal Program, Interdisciplinary Research in Engineering
and Earth Sciences, Stanford University, Stanford, California,
Technical Report, https://doi.org/10.2172/860855, 1982a.

Horne, R. N.: Geothermal reinjection experience in Japan, J. Petrol.
Tech., 34, 495–405, https://doi.org/10.2118/9925-PA, 1982b.

Huenges, E.: Geothermal energy systems: Exploration, develop-
ment, and utilization, 1st ed., Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim, 463 pp., 2010.

Ingebritsen, S. E., Sanford, W. E., and Neuzil, C. E.: Groundwater
in geologic processes, 2end ed., Cambridge Univ. Press, 564 pp.,
2006.

iTG: available at: https://www.tiefegeothermie.de, last access:
9 September 2019.

Jodocy, M. and Stober, I.: Geologisch-geothermische Tiefen-
profile für den südwestlichen Teil des Süddeutschen Mo-
lassebeckens, Z. Dtsch. Ges. Geowiss., 160, 359–366,
https://doi.org/10.1127/1860-1804/2009/0160-0359, 2009.

Jodocy, M. and Stober, I.: Porositäten und Permeabilitäten im
Oberrheingraben und südwestdeutschen Molassebecken, Erdöl,
Erdgas, Kohle, 127, 20–27, 2011.

Jourde, H., Flodin, E. A., Aydin, A., Durlofsky, L. J., and
Wen, X. H.: Computing permeability of fault zones in eo-
lian sandstone from outcrop measurements, AAPG Bull., 86,
1187–1200, https://doi.org/10.1306/61EEDC4C-173E-11D7-
8645000102C1865D, 2002.

Kranz, R. L.: Microcracks in rocks: A review, Tectonophysics, 100,
449–480, https://doi.org/10.1016/0040-1951(83)90198-1, 1983.

Krumbholz, M., Hieronymus, C. F., Burchardt, S., Troll, V. R., Tan-
ner, D. C., and Friese, N.: Weibull-distributed dyke thickness
reflects probabilistic character of host-rock strength, Nat. Com-
mun., 5, 3272, https://doi.org/10.1038/ncomms4272, 2014a.

Krumbholz, M., Vollbrecht, A., and Aschoff, M.: Recent hori-
zontal stress directions in basement rocks of southern Sweden
deduced from open microcracks, J. Struct. Geol., 65, 33–43,
https://doi.org/10.1016/j.jsg.2014.03.006, 2014b.

Kushnir, A. R. L., Heap, M. J., and Baud, P.: Assessing the role of
fractures on the permeability of the Permo-Triassic sandstones
at the Soultz-sous-Forêts (France) geothermal site, Geothermics,
74, 181–189, https://doi.org/10.1016/j.geothermics.2018.03.009,
2018.

Laubach, S. E., Olson, J. E., and Gale, J. F. W.: Are
open fractures necessarily aligned with maximum hor-
izontal stress?, Earth Planet. Sc. Lett., 222, 191–195,
https://doi.org/10.1016/j.epsl.2004.02.019, 2004.

Laubach, S. E., Olson, J. E., and Gross, M. R.: Mechani-
cal and fracture stratigraphy, AAPG Bull., 93, 1413–1426,
https://doi.org/10.1306/07270909094, 2009.

Laubach, S. E., Eichhubl, P., Hargrove, P., Ellis, M. A., and Hooker,
J. N.: Fault core and damage zone fracture attributes vary along
strike owing to interaction of fracture growth, quartz accumula-
tion, and differing sandstone composition, J. Struct. Geol., 68,
207–226, https://doi.org/10.1016/j.jsg.2014.08.007, 2014.

Lee, C. H. and Farmer, I.: Fluid flow in discontinuous rocks, Chap-
man and Hall, London, 170 pp., 1993.

Lobo-Guerrero, S. and Vallejo, L. E.: Application of weibull
statistics to the tensile strength of rock aggregates, Jour-
nal of Geothechnical and Geoenvironmental Engineer-
ing, 132, 786–790, https://doi.org/10.1061/(ASCE)1090-
0241(2006)132:6(786), 2006.

Lopez, D. L. and Smith, L.: Fluid flow in fault zones: Influ-
ence of hydraulic anisotropy and heterogeneity on the fluid flow
and heat transfer regime, Water Resour. Res., 32, 3227–3235,
https://doi.org/10.1029/96WR02101, 1996.

Loveless, S., Pluymaekers, M., Lagrou, D., De Boever,
E., Doornenbal, H., and Laenen, B.: Mapping the
geothermal potential of fault zones in the Belgium-
Netherlands border region, Energy Proced., 59, 351–358,
https://doi.org/10.1016/j.egypro.2014.10.388, 2014.

MacDonald, P., Stedman, A., and Symons, G.: The UK geothermal
hot dry rock R&D programme, Proceedings, Seventeenth Work-
shop on Geothermal Reservoir Engineering, Stanford University,
Stanford, California, 29–31 January 1992, SGP-TR-141, 1992.

Manning, C. E. and Ingebritsen, S. E.: Permeability of
the continental crust: Implications of geothermal data
and metamorphic systems, Rev. Geophys., 37, 127–150,
https://doi.org/10.1029/1998RG900002, 1999.

Marrett, R., Laubach, S. E., and Olson, J. E.: Anisotropy
and beyond: Geologic perspectives on geophysical prospect-
ing for natural fractures, Leading Edge, 26, 1106–1111,
https://doi.org/10.1190/1.2780778, 2007.

Mergner, H., Eggeling, L., Kölbel, T., Münch, W., and Genter,
A.: Geothermische Stromerzeugung: Bruchsal und Soultz-sous-
Forêts, mining+geo, 4, 786–790, 2012.

Moeck, I. S.: Catalog of geothermal play types based on
geologic controls, Renew. Sust. Energ. Rev., 37, 867–882,
https://doi.org/10.1016/j.rser.2014.05.032, 2014.

Nelson, R. A.: Geologic analysis of naturally fractured reservoirs,
1st ed., Contributions in Petroleum Geology and Engineering,
edited by: Chilingar G. V., Gulf Publishing Company, Houston,
Texas, 320 pp., 1985.

Neuzil, C. E.: How permeable are clays and shales?, Water Resour.
Res., 30, 145–150, https://doi.org/10.1029/93WR02930, 1994.

Ocampo, J., Pelayo, A., De Leon, J., Goyal, K., and Box, T.: Reser-
voir characteristic obtained from steam decline trends in the
Cerro Prieto geothermal field, Proceedings, Twenty-Third Work-
shop on Geothermal Reservoir Engineering, Stanford University,
Stanford, California, 26–28 January 1998, SGP-TR-158, 1998.

Odling, N. E., Gillespie, P., Bourgine, B., Castaing, C., Chiles, J. P.,
Christensen, N. P., Fillion, E., Genter, A., Olsen, C., Thrane, L.,
Trice, R., Aarseth, E., Walsh, J. J., and Watterson, J.: Variations
in fracture system geometry and their implications for fluid flow
in fractured hydrocarbon reservoirs, Petrol. Geosci., 5, 373–384,
https://doi.org/10.1144/petgeo.5.4.373, 1999.

Solid Earth, 10, 2115–2135, 2019 www.solid-earth.net/10/2115/2019/

https://doi.org/10.1186/s40517-017-0085-9
https://doi.org/10.1029/JB095iB13p21565
https://doi.org/10.1016/0375-6505(88)90004-1
https://doi.org/10.2172/860855
https://doi.org/10.2118/9925-PA
https://www.tiefegeothermie.de
https://doi.org/10.1127/1860-1804/2009/0160-0359
https://doi.org/10.1306/61EEDC4C-173E-11D7-8645000102C1865D
https://doi.org/10.1306/61EEDC4C-173E-11D7-8645000102C1865D
https://doi.org/10.1016/0040-1951(83)90198-1
https://doi.org/10.1038/ncomms4272
https://doi.org/10.1016/j.jsg.2014.03.006
https://doi.org/10.1016/j.geothermics.2018.03.009
https://doi.org/10.1016/j.epsl.2004.02.019
https://doi.org/10.1306/07270909094
https://doi.org/10.1016/j.jsg.2014.08.007
https://doi.org/10.1061/(ASCE)1090-0241(2006)132:6(786)
https://doi.org/10.1061/(ASCE)1090-0241(2006)132:6(786)
https://doi.org/10.1029/96WR02101
https://doi.org/10.1016/j.egypro.2014.10.388
https://doi.org/10.1029/1998RG900002
https://doi.org/10.1190/1.2780778
https://doi.org/10.1016/j.rser.2014.05.032
https://doi.org/10.1029/93WR02930
https://doi.org/10.1144/petgeo.5.4.373


J. F. Bauer et al.: On the lifetime of a geothermal reservoir – a sensitivity study 2135

Ortega, O. and Marrett, R.: Prediction of macrofracture properties
using microfracture information, Mesaverde Group sandstones,
San Juan basin, New Mexico, J. Struct. Geol., 22, 571–588,
https://doi.org/10.1016/S0191-8141(99)00186-8, 2000.

Parini, M., Acuna, J. A., and Laudiano, M.: Reinjected water return
at Miravalles geothermal reservoir, Costa Rica: numerical mod-
elling and observations, Proceedings, Twenty-First Workshop on
Geothermal Reservoir Engineering, Stanford University, Stan-
ford, California, 22–24 January 1996, SGP-TR-151, 1996.

Ran, Q., Wang, Y., Sun, Y., Yan, L., and Tong, M.: Volcanic gas
reservoir characterization, Gulf Professional Publishing, 604 pp.,
2014.

Sanjuan, B., Millot, R., Innocent, C. H., Dezayes, C. H., Scheiber,
J., and Brach, M.: Major geochemical characteristics of geother-
mal brines from the Upper Rhine Graben granitic basement with
constraints on temperature and circulation, Chem. Geol., 428,
27–47, https://doi.org/10.1016/j.chemgeo.2016.02.021, 2016.

Schärli, U. and Rybach, l.: Determination of specific heat
capacity on rock fragments, Geothermics, 30, 93–110,
https://doi.org/10.1016/S0375-6505(00)00035-3, 2001.

Seeburger, D. A. and Zoback, M. D.: The distribu-
tion of natural fractures and joints at depth in crys-
talline rock, J. Geophys. Res.-Sol. Ea., 87, 5517–5534,
https://doi.org/10.1029/JB087iB07p05517, 1982.

Shipton, Z. K. and Cowie, P. A.: A conceptual model for the ori-
gin of fault damage zone structures in high-porosity sandstone,
J. Struct. Geol., 25, 333–344, https://doi.org/10.1016/S0191-
8141(02)00037-8, 2003.

Shipton, Z. K., Evans, J. P., Robeson, K. R., Forster, C.
B., and Snelgrove, S.: Structural heterogeneity and per-
meability in faulted eolian sandstone: Implications for
subsurface modeling of faults, AAPG Bulletin, 86,
863–883, https://doi.org/10.1306/61EEDBC0-173E-11D7-
8645000102C1865D, 2002.

Sibson, R. H.: Fault rocks and fault mechanisms, J. Geol. Soc., 133,
191–213, https://doi.org/10.1144/gsjgs.133.3.0191, 1977.

Simms, M. A. and Garven, G.: Thermal convection in faulted exten-
sional sedimentary basins: theoretical results from finite-element
modeling, Geofluids, 4, 109–130, https://doi.org/10.1111/j.1468-
8115.2004.00069.x, 2004.

Snow, D. T.: Rock fracture spacings, openings, and porosities, Jour-
nal of the Soil Mechanics and Foundations Division, 94, 73–92,
1968.

Stober, I. and Bucher, K.: Hydraulic and hydrochemical properties
of deep sedimentary reservoirs of the Upper Rhine Graben, Eu-
rope, Geofluids, 15, 464–482, https://doi.org/10.1111/gfl.12122,
2014.

Stober, I., Fritzer, T., Obst, K., Agemar, T., and Schulz, R.: Deep
Geothermal Energy – Principles and Application Possibilities in
Germany, edited by: Weber, J. and Moeck, I., Leibniz Institute
for Applied Geophysics (LIAG), Hannover, 88 pp., 2017.

Tenma, N., Yamaguchi, T., and Zyvoloski, G.: The Hijiori Hot Dry
Rock test site, Japan: Evaluation and optimization of heat ex-
traction from a two-layered reservoir, Geothermics, 37, 19–52,
https://doi.org/10.1016/j.geothermics.2007.11.002, 2008.

Tiab, D. and Donaldson, E. C.: Petrophysics, theory and practice of
measuring reservoir and fluid transport properties, Gulf Profes-
sional Publishing, New York, 880 pp., 2004.

Van Golf-Racht, T. D.: Fundamentals of fractured reservoir engi-
neering, Elsevier Scientific Publishing Company, New York, 732
pp., 1982.

Vidal, J. and Genter, A.: Overview of naturally permeable frac-
tured reservoirs in the central and southern Upper Rhine
Graben: insights from geothermal wells, Geothermics, 74, 57–
73, https://doi.org/10.1016/j.geothermics.2018.02.003, 2018.

Vollbrecht, A., Dürrast, H., Kraus, J., and Weber, K.: Paleostress
directions deduced from microcrack fabrics in KTB core samples
and granites from the surrounding field, Sci. Drill., 4, 233–241,
1994.

Warren, J. E. and Root, P. J.: The behavior of naturally
fractured reservoirs, S. Petrol. Eng. J., 3, 245–255,
https://doi.org/10.2118/426-pa, 1963.

Watkins, H., Healy, D., Bond, C. E., and Butler, R. W. H.: Impli-
cations of heterogeneous fracture distribution on reservoir qual-
ity; an analogue from the Torridon Group sandstone, Moine
Thrust Belt, NW Scotland, J. Struct. Geol., 108, 180–197,
https://doi.org/10.1016/j.jsg.2017.06.002, 2018.

Zhang, L.: Aspects of rock permeability, Frontiers of Structural and
Civil Engineering, 7, 102–116, https://doi.org/10.1007/s11709-
013-0201-2, 2013.

www.solid-earth.net/10/2115/2019/ Solid Earth, 10, 2115–2135, 2019

https://doi.org/10.1016/S0191-8141(99)00186-8
https://doi.org/10.1016/j.chemgeo.2016.02.021
https://doi.org/10.1016/S0375-6505(00)00035-3
https://doi.org/10.1029/JB087iB07p05517
https://doi.org/10.1016/S0191-8141(02)00037-8
https://doi.org/10.1016/S0191-8141(02)00037-8
https://doi.org/10.1306/61EEDBC0-173E-11D7-8645000102C1865D
https://doi.org/10.1306/61EEDBC0-173E-11D7-8645000102C1865D
https://doi.org/10.1144/gsjgs.133.3.0191
https://doi.org/10.1111/j.1468-8115.2004.00069.x
https://doi.org/10.1111/j.1468-8115.2004.00069.x
https://doi.org/10.1111/gfl.12122
https://doi.org/10.1016/j.geothermics.2007.11.002
https://doi.org/10.1016/j.geothermics.2018.02.003
https://doi.org/10.2118/426-pa
https://doi.org/10.1016/j.jsg.2017.06.002
https://doi.org/10.1007/s11709-013-0201-2
https://doi.org/10.1007/s11709-013-0201-2

	Abstract
	Introduction
	Methods
	Numerical model
	Geometry of the model
	Temperature
	Fluid flow, permeability, and porosity
	Scenarios
	Presentation of results
	Simplification of the model

	Results
	Models of reservoirs with homogenous and isotropic structure
	Models of layered reservoirs
	Models of reservoirs containing vertical fracture anisotropy
	Models of a faulted reservoir

	Discussion
	Porosity
	Permeability and hydraulic background gradient
	Permeability contrast
	Fracture anisotropy
	Distance between wells
	Faulted reservoirs

	Conclusions
	Data availability
	Author contributions
	Competing interests
	Acknowledgements
	Review statement
	References

