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A B S T R A C T

Interest in direct use geothermal systems is increasing due to their ability to supply renewable, environmentally
friendly heat. Such systems are mostly developed in conduction dominated geological settings where faults are
often encountered. Interdependencies between physical, design and operational parameters make it difficult to
assess the performance of such systems. Interaction with faults could potentially have adverse effects on system
lifetime, generated Net Present Value (NPV) and produced energy. In this work a single doublet system in the
enthalpy range of 140 kJ/kg to 350 kJ/kg is analysed using COMSOL Multiphysics. A choice of design (well
spacing and placement), physical (layered reservoir, fault flow properties, fault throw) and operational (injec-
tion and production flow rates) parameters are considered in a full factorial design that includes 2430 3D
reservoir simulations. Results show that fault flow properties characterization is more significant than fault
throw structural characterization. For the considered reservoir properties, increasing the flow rate four times
results in an NPV increase of a factor seven, despite the shorter system lifetime. A sealing fault renders the system
lifetime less sensitive to the doublet positioning. Synthetic model results shown can serve as guidelines to re-
ducing full scale field models. Importance and relevance of these results remains very high for horizontally
homogeneous, layered reservoirs. The analysis expands the understanding of interdependencies for direct use
geothermal systems and informs on their further development.

1. Introduction

Direct use geothermal systems are mostly developed in conduction
dominated fields (Moeck, 2014). These systems are alternatively re-
ferred to as Hot Sedimentary Aquifers (HSA), hydrothermal systems, or
deep, low enthalpy geothermal systems (Barbier, 2002; Daniilidis et al.,
2016a,b; Willems et al., 2017a). A doublet configuration with one
producer and one injector well is commonly used (Crooijmans et al.,
2016; Slatlem Vik et al., 2018).

Previous studies have focused on examining the performance of
such systems controlled by different factors, including fluid properties
(Saeid et al., 2014; Watanabe et al., 2010), rock properties (Chandrasiri
Ekneligoda and Min, 2014; Mottaghy et al., 2011; Vogt et al., 2013),
reservoir heterogeneity (Babaei and Nick, 2019; Liu et al., 2019;
Salimzadeh et al., 2019), seasonal fluctuations in discharge and injec-
tion temperature (Daniilidis et al., 2017; Saeid et al., 2015), well spa-
cing (Madhur and Anderson, 2012; Willems et al., 2017a) and well
positioning and depth (Liang et al., 2018)

For such systems, well spacing has been found to be an important
parameter regarding system lifetime but also to the extent that it affects
the subdomain area surrounding the doublet (Willems et al., 2017a,b;
Willems and Nick, 2019). Moreover, reducing well spacing allows for
more doublets to be installed within the same area (Babaei and Nick,
2019; Willems et al., 2017a,b; Willems and Nick, 2019). Additionally,
the evaluation of economic output of such a system can vary according
to the considered parameters (Daniilidis et al., 2017; Limberger et al.,
2018). A geological factor that has been found to influence the pro-
duced energy of a geothermal doublet is fault permeability (Blöcher
et al., 2010; Daniilidis et al., 2016a,b; Lepillier et al., 2019; Salimzadeh
et al., 2018; Salimzadeh and Nick, 2019).

Previous research suggests improved profitability of geothermal
projects close to large populations (Knoblauch and Trutnevyte, 2018).
Nonetheless, increasing the number of doublets in a given area can lead
to interference between neighbouring systems. Negative interference
could reduce the recoverable energy with respect to the initial energy
potential from a certain geological locality as described in previous
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research (Limberger et al., 2018). Fracture flow in discrete fracture
systems is shown to impact the thermal performance of reservoirs by
effectively controlling the fluid pathway between wells and therefore
the system lifetime (Fox et al., 2015). Even if faults are not acting as
fluid pathways, pore pressure changes due to injection and production
of fluids can still affect the stress distribution of a fault plane (Altmann
et al., 2014).

The influence of large faults on the thermal breakthrough and
therefore the system lifetime and economic performance of a deep,
conduction dominated - geothermal system remains underexplored. In
this work we present a coupled, synthetic Thermal-Hydraulic (TH)
model using the Finite Element Method (FEM). The model is profiling a
sedimentary aquifer, between an impermeable basement and over-
burden. A parametric study is carried out for a single doublet, produ-
cing from the reservoir interval and is laterally bound between two
faults. The sequence of the flow layers is altered to explore the influence
of reservoir architecture on the results. The reservoir part has a thick-
ness of 150m and is comprised of three layers with equal thickness and
variable flow properties. Basement and overburden impermeable layers
with a minimum thickness of 250m provide conductive recharge to the
reservoir. A range of design (well spacing and placement), physical
(layered reservoir, fault flow properties, fault throw), as well as op-
erational (injection and production flow rates) parameters are con-
sidered in the analysis. All parameter combinations are simulated for an
exploitation period of 100 years.

The cold front breakthrough is monitored and its effect on pro-
duction temperature decline is taken into account for the evaluation of
the system lifetime. The total produced energy and the Net Present
Value (NPV) are examined at the time of thermal breakthrough. The
recovery of the initial Heat In Place (HIP) within the subdomain area is
also examined. The insights from this analysis improve the under-
standing of interdependencies between design, physical and operational
parameters with respect to produced energy and economic output.
Results from the synthetic models can serve as guidelines to constrain
the considered options in full scale field models.

2. Methods

The aim of the study is to identify factors that can affect the system
lifetime, the economic performance and the HIP recovery of a geo-
thermal system consisting of a single doublet within a faulted block. It
is pertinent to be able to assess the impact of faults as their presence
might not be always known prior to development, either due to sub-
seismic imaging resolution, availability of only 2D seismic data or due
to the absence of seismic data altogether.

A number of different parameters are considered, in order to have a
systematic overview of the interdependencies. This overview is valu-
able when deciding on development strategies at the field scale. Design
parameters such as well spacing and positioning, the fault type and
fault throw provide a range of system geometries; physical parameters
such as flow properties of reservoir layers and faults can create a wide
range of reservoir architectures. Combining the design with the

physical parameters enables capturing a multitude of juxtapositions in
terms of possible fluid flow paths and sources/sinks of flow. The flow
rate effect showcases how the system behaves at different intensities of
exploitation. To show how all these effects interact, a full factorial
design is performed comprising 2430 unique 3D reservoir simulations.

2.1. Design and inputs

The reservoir is comprised of three layers, 50m thick each. These
dimensions are meant to capture an abstraction of reservoirs considered
as geothermal targets in the Netherlands. The reservoir is confined
between overburden and basement layers that exhibit very low porosity
and permeability (Table 1), equivalent to impermeable rocks. The in-
clusion of an overburden and basement layer in the model is important
as their thermal properties can have a significant effect on the produced
energy (Daniilidis and Herber, 2016), and the thermal recharge can
affect the system lifetime (Saeid and Barends, 2009). These confining
layers have a thickness of at least 250m to ensure sufficient thermal
recharge over the simulation duration of 100 years.

The model includes a doublet positioned in a block that is bounded
by two faults. The width of the central block is fixed to 800m while the
spacing of the wells is varied between 600m and 1000m. The wells are
aligned parallel to faults. The fault plane itself has a thickness of 10m;
this thickness is always outside of the central block. The two faults have
an offset that is controlled by the type of faulting and the specified fault
throw (see also Table 2 and Fig. 1). The fault throw takes values of
50m, 75m and 150m. Respectively, these represent: bringing two
consecutive reservoir layers aligned across the fault surface, having an
overlap between two layers on each side of the fault and having a
complete disconnection of the reservoir layers across the fault surface.
The fault throw is always the same for both faults, regardless of the
faulting type. Three faulting types are considered, namely series,
graben and horst (Fig. 1).

Due to the fact that the graben and horst faulting types result in a
symmetrical model, the doublet positioning for these two fault types is
only varying between middle and 50m away from the west fault (W50).
For the fault type in series, the doublet is positioned 50m away from

Table 1
The physical properties of the model components. The reservoir, over and underburden layers have a vertical permeability an order of magnitude lower that the
horizontal. The fault permeability is assigned to the normal to its plane, while along the fault plane the permeability is an order of magnitude higher. The fault
permeability values are determined by the inputs from Table 2.

Porosity (%) Permeability (m2) Thermal conductivity
(W/(m∙K))

Specific heat
capacity (J/(kg∙K)

Density (kg/m3)

max 20 4.93× 10−13 2.9 970 2200
mid 9.87× 10−14

min 4.93× 10-15

Fault 20 Fault plane: kFault×10 Normal to fault plane:
kFault

2.9 970 2200

Overburden and basement 1 9.86× 10−18 2.2 1100 2400

Table 2
The input parameters considered in the analysis. All parameter combinations
are considered in an experimental design that results in a dataset of 2430 si-
mulations.

Parameter

Well Spacing (m) 1000, 800, 600
Fault Permeability (m2) Sealing (9.86× 10−18), Transparent (4.93× 10-13),

Conduit (9.86×10-13)
Fault Throw (m) 50, 75, 150
Fault Type Series, Graben, Horst
Reservoir architecture min/mid/max, max/min/mid, min/max/mid
Flow rate (m3/h) 100, 400
Doublet Position (m) W50, W100, W200, center, E200, E100, E50
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the west fault (W50) up to 50m away from the east fault (E50) as-
suming all positions listed in Table 2. A visual representation of the
doublet positions and the respective influence area is depicted in Fig. 2.

The top of the reservoir in the central block is always positioned at
2 km depth. A subdomain area is assigned with dimensions of the well
spacing by two times the well spacing, as shown in Fig. 3.

The properties of the different model layers are listed in Table 2. The
reservoir architecture is represented by alternating the sequence of the
three reservoir layers and their respective flow properties. The reservoir
layers exhibit the same porosity but their permeability takes one of the
discrete values: max (4.93×10−13m2), mid (9.87×10−13m2) and min

(4.93×10-15m2). Reservoir permeability is isotropic on the horizontal
plane, while the vertical permeability is an order of magnitude lower.

The fault permeability of the normal to the fault plane is an order of
magnitude lower than along the fault plane (Tables 1 and 2), the latter
is isotropic. Fault permeability takes three values: i) sealing, which is
three orders of magnitude lower than the min layer of the reservoir and
the same as the overburden and basement confining layers, ii) trans-
parent, which is the same as the max reservoir layer and can be seen as
only examining the impact of fault displacement and iii) conduit, which
is two times higher than the max reservoir layer. The fault and reservoir
layers have the same values of thermal conductivity and specific heat
capacity. Porosity and permeability is the same for overburden and
basement layers (1 % and 9.86× 10−18m2 respectively).

The well diameter is 21.59 cm (8.5″) for the low flow rate case of
100 m3/h and 25.4 cm (10″) for the high flow rate case of 400 m3/h.
Table 3 summarizes the input used for the NPV calculations.

2.2. Reservoir model

A Thermal-Hydraulic (TH) model is built in COMSOL Multiphysics.
The simulator is selected as a simulator due to its ability to accurately
model all relevant physics processes, its flexibility in defining and ad-
justing the system geometry and controlling the mesh quality using a
single software. Simulators that are specifically developed for subsur-
face fluid flow might yield shorter simulation time. However, for the
scope of our studies the utility of the chosen simulator was deemed
valuable, together with its flexibility in utilizing multicore systems for
embarrassingly parallel problems (i.e. that benefit linearly with the
number of available computing resources).

The Energy Balance describes the heat transfer in the model as
follows:

+ =C T
t

C T Tq ( ) 0f f (1)

in which T (K) is the temperature, the mass density (kg/m3), C (J/
(kg K)) the specific heat capacity, λ (W/(m K)) the thermal con-
ductivity, q (m/s) the Darcy velocity and suffixes f and s refer to the
fluid and the solid matrix respectively. The thermal conductivity and
volumetric heat capacity of the system is computed based on the re-
spective fluid and rock values separately according to:

= +(1 ) s f (2)

and

= +C C C(1 ) s s f f (3)

in which is rock porosity. The pressure field is computed based on
the continuity equation according to:

+ =
t

. ( q) 0f
f (4)

where the flux q (m/s) is defined by Darcy’s law:

Fig. 1. Model geometries for the different fault types: (a) series, (b) horst and (c) graben. The horst and graben fault types result in a symmetric geometry while the
series type of fault in an asymmetric one. The faults always extend 100m above or below the respective layers they intersect. Here a fault throw of 150m is shown for
all three cases. All axes units are in 103 m.

Fig. 2. Positioning of the doublet with respect to the east and west fault, shown
here for a well spacing of 800m. The injector is always positioned in the north and
the producer in the south. The Influence Area (IA) of the two extreme positions
(W50, E50) is highlighted with a dotted line. The positions are listed in Table 2.
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=q k
µ

( P g z)f (5)

in which k is the intrinsic porous medium permeability (m2), µ the
dynamic viscosity of the fluid (Pa∙s), g the acceleration of gravity (m/
s2) and P the hydraulic pressure (Pa).

The fluid density and viscosity are a function of temperature ac-
cording to:

= + + ×838.466135 1.40050603 T 0.0030112376T 3.71822313 10 Tf
2 7 3 (6)

= + ×
× + ×
× + ×

µ 1.3799566804 0.021224019151 T 1.3604562827 10 T
4.6454090319 10 T 8.9042735735 10 T
9.0790692686 10 T 3.8457331488 10 T

4 2

7 3 10 4

13 5 16 6 (7)

The consideration for the mesh was to enable high enough result
accuracy while maintaining a reasonable run time for the simulation
ensemble. The model is meshed using a higher number of tetrahedral
elements inside the reservoir layers, where flow is taking place
(Fig. 3a). An additional refinement is performed around the wells where
the higher flow velocities occur (Fig. 3b). Moreover, within the sub-
domain area (see Fig. 3) a further refinement is applied ensuring a
minimum of three vertical cells per reservoir layer. The minimum ele-
ment size inside the reservoir domain is 5m and the maximum is 70m.
A mesh analysis study was performed to confirm that the chosen mesh
sizes provide sufficient accuracy of model results.

2.3. Well model

A simple well model is implemented in order to accommodate a

flow rate control on the wells. The well rate is partitioned to each layer
based on the ratio of the kh (permeability-thickness) of each layer to the
kh of the whole reservoir interval as formulated in (Jalali et al., 2016) :

=q k h k h q/i i i

n

i i total
1 (8)

in which ki (m2) and hi (m) are the permeability and thickness of
layer i respectively, n is the total number of layers and qi and qtotal are
the layer i flow rate and the total flow rate respectively.

2.4. Initial and boundary conditions

A geothermal gradient of 31 °C/km (Bonté et al., 2012) and a hy-

drostatic pressure gradient of 10MPa/km are applied as initial condi-
tions to the whole model domain. A pressure boundary condition is
applied to the sides of the model, equal to the initial values calculated
through the hydrostatic pressure gradient.

The model boundary conditions for flow include no flow boundaries
on the top and bottom surfaces of the model, while all side boundaries
are open to flow. Temperature boundaries include a fixed temperature
at the top and bottom of the model according to the initial conditions,
while all side boundaries are open to heat transfer.

2.5. Heat In Place (HIP)

The calculation of the Heat In Place (HIP) is carried out according
to:

Fig. 3. Subdomain around the doublet (a), shown here for a well spacing of 800m. The subdomain area has a size of two times the well spacing on the long side and
one time the well spacing on the short side. It is considered representative of the expected influence area as considered in the current Dutch licensing scheme for
geothermal developments (see also Willems and Nick, 2019). In the event that the subdomain area extends beyond the faults, the corresponding part of the reservoir
at that depth is included in the calculation. Example of meshed domain for a horst type of faults in (b) top and (c) angled view. The number of elements ranges
between 145k–195k depending on the geometry configuration.

Table 3
Inputs used in the economic calculations.

Load factor (%) Heat price (€/MWh) Pump cost (k€) Pump lifetime (yrs) Pump efficiency (%) OpEx % of CapEx (%) Discount rate (%) Electricity price (€/MWh)

90 60 500 5 60 5 7 100
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= +HIP c c T T dV(( (1 ))( ) )
V

f f s s inj0

subdomain

(9)

The HIP is calculated before any production takes place. The lower
bound of the temperature difference is taken as Tinj as that is the lowest
threshold that can effectively be recovered from the system (Garg and
Combs, 2015). The HIP is calculated only inside the subdomain area
(Fig. 3).

2.6. System lifetime and NPV

The system lifetime is reached at time t, when the condition for the
temperature (°C) of the hot water from the production well is 95 % of
the initial production temperature (t= 0)

=T 0.95Tprod prodt t 0 (10)

is met. This condition is quite sensitive and is meant to identify the
moment at which a slight change in the production temperature is
measured. It therefore can be considered as a worst case scenario for
lifetime, bearing in mind that a temperature drop of less than 10 °C may
still not compromise the operation of the geothermal system.
Nonetheless, such a normalized definition of the production tempera-
ture enables cross-comparison between the results. The produced power
used for the calculation of income is computed according to:

=P Q c Twell f f (11)

in which Q is the flow rate (m3/s) and ΔT is the temperature difference
between producer and injector wells (°C). The required pump power
only considers the pressure drop in the reservoir:

=P P Q
pump (12)

where P is the pressure difference between the wells and is the pump
efficiency. The overall system power is then calculated as:

=P P Psystem well pump (13)

The cost of the wells in € is computed according to (TNO, 2018):

= + +C Z Z375000 1150 0.3well
2 (14)

where Z is the measured depth. For the high flow rate cases that utilize
a larger production diameter, the above calculated well cost is in-
creased by 25 %. The NPV is then calculated as:

=
+=

NPV CF
r(1 )t

n
t

t
0 (15)

Where CF is the cashflow, r the discount rate, n is the project years and t
the time. The cumulative produced power generated income is based on
the heat price, while the pump power costs are computed based on the
electricity price (see Table 3). The NPV and HIP recovery data are selected
at the point in time where the system lifetime condition is reached.

3. Results

The results are discussed in an incremental order to arrive at the
analysis of the full dataset.

3.1. Cold water front

The shape and extent of the cold water front is affected by the
effective flow path that is available based on the simulation input and
the flow rate. This flow path is controlled by the reservoir archi-
tecture, the fault permeability, the doublet position in relation to the
faults, the fault type and throw, the well spacing and finally the flow
rate. All combinations of these parameters result in different flow
paths and a different special distribution of the cold front. In order to
visualize the qualitative behaviour of these interactions, the focus is
drawn to a sub-dataset. This sub-dataset uses the higher considered
flow rate (400 m3/h) and highest fault throw (150m), while the
doublet is positioned 50m away from the west fault (W50) and the
fault type is series (Figs. 4 and 5). After 50 years of production the
contour line of 1 °C temperature drop exceeds the extents of the out-
lined influence area regardless of the reservoir architecture and fault
flow behaviour (Figs. 4 and 5).

The top view of the middle reservoir layer (Fig. 4) reveals the im-
portance of the reservoir architecture; depending on the flow properties
of the middle layer of the reservoir, we can see distinctively different
cold water front shapes. The main differences are observed in the extent
of the influence area and the volume that is cooled down to the injec-
tion temperature of 30 °C. Both the extent and the volume are larger
with higher permeability values of the middle layer. Additionally,
higher middle layer permeability leads to a more sharply defined edge
of the cold plume, owing to the higher Peclet number (i.e. the ratio of
heat transfer by advection to heart transfer by thermal conduction)
(Fig. 4).

A sealing fault results in a different shape and extent of the cold
plume, compared to a transparent or a conduit fault; conduit or
transparent fault exhibits very similar pattern of the cold plume
(Fig. 4). A sealing fault compartmentalises the reservoir and essen-
tially confined the flow within the faulted block. Proximity to the fault
boundary results in a homogeneous development of the cold front
along that boundary, as is the case along the west fault (Fig. 4). Be-
tween transparent and conduit faults, the shape of the cold plume
remains the same for each reservoir architecture, but the extent is
reduced for the conduit fault behaviour. This is due to a diversion of
large parts of the flow through the fault plane to other parts of the
reservoir (see also Fig. 5). While this enhanced flow through the faults
can act as a short circuit between the wells (see also section Fault
distance, throw and reservoir architecture effect on lifetime) it also
enables heat exchange between the deeper sited layers of the western
block; this can be seen by the higher temperature flow around the
south part of the west fault.

Additionally, a sealing fault exhibits a less widespread temperature
diffusion outside its boundaries compared to transparent or
conduit properties (Fig. 4). The temperature is lower on the west block
for the reservoir architecture that has the maximum flowing layer at
the top. This means that right below the depth slice, the highest flow
inside the reservoir is present and therefore we observe lower tem-
peratures extending further away from the fault. This effect is also
clear in Fig. 5.

The vertical slice presented in Fig. 5 better reveals the interaction
between the reservoir layers and the fault plane. With a sealing fault,
after 50 years of production the cold plume is limited to the inside of
the central block, and heat is only extracted from the surroundings by

A. Daniilidis, et al. Geothermics 86 (2020) 101806

5



Fig. 4. Cold water front top view, slice at the middle of the reservoir (depth of 2075m) for the central part of the geometry after 50 years of simulation. White dots
mark the injector (North) and producer (South) wells, dark lines mark the faults, the dashed black line marks the extent of the influence area (with size 1 ×well
spacing times 2 × well spacing, as described in Fig. 3) and the lime contour represents the extent of a 1 °C temperature drop with respect to the initial conditions
(time t= 0). Data shown here for the subset where WSpacing is 800m, FaultThrow is 150m, Fault type is series, flow rate is 400 m3/h and the doublet is positioned
50m away from the west fault. The West and East parts of each subplot do not represent the same reservoir layers as they are offset by the faults.
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conduction. This is clearly demonstrated by the fact that temperature
interaction across the west fault only happens at the depth of the central
block reservoir layers. With a transparent and conduit flow the cold
water also flows along the fault plane and we observe a temperature
drop around the whole height of the fault, extending beyond all pro-
duction layers. After crossing the fault plane, the cold water pre-
ferentially flows in the highest permeable layer it encounters (Fig. 5).
The lateral extents of the influence area are exceeded after 50 years
only towards the east for a sealing fault and both towards east and west
for transparent and conduit fault flow properties.

Additionally, Fig. 5 allows for the identification of the different flow
layers by means of their respective cold water plume extent. Interest-
ingly, when the minimum flow layer is situated in the middle, we see
that despite the flow across the layer boundaries (vertical permeability
is an order of magnitude lower) and the heat extraction through con-
duction, the middle layer cold water front remains recessed (see also
section Lifetime and NPV). Lastly, even though not very pronounced, a
difference in the extent of the cold water front inside the reservoir
layers is observable between the transparent and conduit faults. As
discussed previously, this can be attributed to the diversion of a larger
part of the flow through the fault and to other parts of the reservoir for
the case of a conduit fault.

3.2. Fault distance, throw and reservoir architecture effect on lifetime

For the effect of the fault distance we consider the dataset with well

spacing of 800m and a flow rate of 400 m3/h, as used in all three
figures (Figs. 6, 7 and Fig. A1). For the series type of faulting (Fig. 6)
and sealing fault the impact of reservoir architecture is obvious; having
the minimum layer in the middle of the reservoir results in higher
system lifetime while having the mid and max layers in the middle
leads to progressively shorter lifetimes. Even though the max layer is
the shallower of the three, the presence of the minimum layer in the
middle still leads to the longest system lifetime of all three reservoir
architectures. This effect is due to the heat extraction from the middle
layer via conduction from both above (max) and below (mid) layers.
This effect is further amplified as the fault permeability is increased to
transparent and conduit. For a sealing fault there is no significant im-
pact in terms of lifetime with increasing fault throw.

A fault permeability that is at the same order of magnitude as the
highest permeable reservoir layer (transparent) introduces an addi-
tional, high permeable path through which the cold front can reach the
injector (Fig. 6). This in turn leads to a reduction of the system lifetime;
this reduction is further exaggerated the closer the doublet is positioned
to the fault plane. This finding is consistent for both west and east
faults.

For a transparent and conduit fault, as the doublet is positioned
closer to the west fault, the decrease of lifetime is less than when the
doublet is positioned closer to the east fault (Fig. 6). This is consistent
with the west fault block always being situated deeper than the one in
the east. Therefore, the fluid and temperature flow that is contributed
from the west block is of higher temperature compared to the one from

Fig. 5. Cold water front, vertical slice along W-E at the point of the injector well after 50 years of simulation. Horizontal black lines represent the reservoir layer
contacts, vertical black lines represent the faults, the vertical white line represents the injection well, the dashed black line marks the lateral extent of the influence
area (with size 1 ×well spacing times 2 × well spacing, as described in Fig. 3) and the lime contour represents the extent of a 1 °C temperature drop with respect to
the initial conditions (time t= 0). Data shown here for the subset where well spacing is 800m, fault throw is 150m, Fault type is series, flow rate is 400 m3/h and the
doublet is positioned 50m away from the west fault.
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the east.
For a transparent fault, a large fault throw of 150 m (equal to the

reservoir thickness) has a smaller negative effect on the system life-
time than a small one of 50 m when moving towards the west fault
(Fig. 6). This effect is inverted when the doublet is closer to the east
fault.

The largest differences can be observed at the central positioning
of the doublet, where the lifetime increases with increasing fault
permeability (Fig. 6). This is due to the faults diverting part of the cold
water front away from the producer, therefore allowing the produc-
tion temperature to remain higher for longer periods of time. Overall,
moving closer to the fault results in a lifetime reduction of circa 20 %
for a sealing fault, to circa 50 % for transparent and conduit faults

alike.
Introducing the well spacing as the varying parameter and

removing the fault throw as a variable, the qualitative points made in
Fig. 6 are amplified or dampened (Fig. 7). Increasing the well
spacing to 1000m extends the system lifetime when the doublet is
positioned at the center of the block; at the same time the effect of
moving the doublet 50 m away from the fault reduces the lifetime by
circa 60 %. The opposite effect can be observed for reducing the well
spacing; with 600m between the injector and the producer, up to
200 m away from the fault on either side has minor effects on the
system lifetime. A comprehensive overview of the dependencies is
depicted in Fig. 8.

Fig. 6. Effect of fault permeability (rows), reservoir architecture (columns), doublet distance to fault (x axis) and fault throw(colour) on the system lifetime (y axis)
for the series fault type. A well spacing of 800m is used for all data points. The system lifetime criterion is defined in section System lifetime and NPV.
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3.3. Lifetime and NPV

3.3.1. NPV and flow rate
Examining the full dataset of 2430 simulations, higher NPV values

(computed at the lifetime point) are achieved for an injection and
production flow rate of 400m3/h compared to the lower one of 100m3/
h (Fig. 9). Nonetheless, the COP is decreased when higher flow rates are
used, even though a wider well diameter is in place (see section Design
and inputs). A reduction of the COP does not seem to affect the NPV as
the values are increased for higher flow rates. For the high flow rate
there is a good correlation between the system lifetime and NPV; when
the former is longer the latter is increased. This correlation is not as
straightforward for the low flow rates, indicating that other parameters
influence the NPV (see section NPV overview). Additionally, the highest
achieved NPVs for the low flow rate case are comparable to the lowest
achieved NPVs for the high flow rates. Overall, there seems to be no
clear pattern with regards to the generated NPV and COP for the con-
sidered model and input range.

Examining the NPV values against the cumulative produced energy
(a proxy for the system lifetime) clarifies the trend further; both

datasets exhibit a logarithmic type of behaviour (Fig. 10). For the low
flow rate the data points are more scattered, meaning that other
parameters also influence mostly the generated NPV, as multiple NPV
values are encountered for similar amounts of cumulatively produced
energy. On the other hand, the high flow rate dataset exhibits much less
scatter of the data points, implying, as discussed before, that the effect
of the high flow rate is decreasing the significance of the other para-
meters. For both flow rates there is a levelling off in terms of NPV,
meaning that a longer lifetime would not yield higher economic value.
Nonetheless, it is clear that for the reservoir properties considered, in-
creasing the flow rate four times results in an increase of NPV of a factor
seven. This suggests that if the reservoir architecture and permeability
are suitable it is favourable to increase the flow rates.

3.3.2. NPV overview
The impact of the doublet position to the changes in NPV is depicted

in (Fig. 11). For the dataset shown in Fig. 11, positioning the doubler at
least 200m away from a fault would avoid losses larger than circa 20 %
in the generated NPV. For a sealing fault changing the doublet position
from the center of the block leads to NPV losses; these losses amplify as

Fig. 7. Effect of fault permeability (rows), reservoir architecture (columns), doublet distance to fault (x axis) and well spacing (colour) on the system lifetime (yaxis)
for the series fault type. A fault throw of 150m is used for all data points. The system lifetime criterion is defined in section System lifetime and NPV.
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the well spacing decreases for both the high and low flow rates. For
both a transparent and a conduit fault the polarity of the fault offset
becomes important. Positioning the doublet closer to the east fault leads
to NPV loses; these loss increases the closer the doublet is positioned to
the east fault. This observation is consistent for both low and high flow

rates, with higher flow rates further amplifying the percentage decrease
of the NPV. Increasing the fault permeability to conduit further am-
plifies the effect, especially for the doublet being positioned 50m away
from the east fault. The east block is positioned shallower than the
central block and therefore any fluid produced from the east reservoir

Fig. 8. Heatmap plot of the systems lifetime for all the combinations of reservoir architecture and doublet position (x axis) against all the combinations of well
spacing, injection flow rate and fault permeability (yaxis).

Fig. 9. COP against NPV for the full dataset of 2430 simulations, plotted according to injection/production flow rate and coloured according to the system lifetime.
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Fig. 10. Gross cumulative produced energy and NPV for the full dataset of 2430 simulations plotted according to injection/production flow rate and coloured
according to the system lifetime.

Fig. 11. Changes in NPV (%) (y axis) for different doublet positions in relation to the faults (x axis), different fault permeability (rows) and different reservoir
architectures (columns) for the subset of data with a series fault type and fault throw of 150m. The data are colour coded according to the well spacing and different
flow rates are indicated by the line style.
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part will reduce the production temperature, leading to lower energy
generation and possibly earlier thermal breakthrough.

Contrary to this, positioning the doublet closer to the west fault
results in a more complicated effect on the NPV change. For 200m
distance, high flow rates exhibit either a minor increase or no NPV
change. Closer than 200m to the west fault results to an NPV decrease
which is more significant for lower well spacing. The reservoir archi-
tecture seems to also be important here as having the maximum pro-
ducing layer at the bottom of the reservoir section yields the largest
NPV drop.

For low flow rates different effects are observed. For a transparent
fault, a well spacing of 600m leads to either no NPV effects or minor
losses, while for a conduit fault these losses reach up to 10 % decrease
of the NPV compared to the doublet being positioned at the center.
However, for a well spacing of 800m or 1000m there is a slight in-
crease in the NPV that can reach up to 10 % for the reservoir archi-
tecture with the minimum flowing layer in the center. A transparent
fault has almost the same effect for both well spacing values, but a
conduit flow slightly differentiated between the two with the larger
well spacing exhibiting higher benefits.

3.4. Energy recovery

Energy recovery as a function of system lifetime gives an indication
of the rate of recovery within the defined subdomain boundaries. For
the whole dataset the HIP recovery does not fall below circa 10 % under
any parameter combination. For low flow rates the recovery never ex-
ceeds 50 %, whereas for high flow rates it only exceeds 50 % in very

few cases (Fig. 12). Nonetheless, a clear clustering is observed for both
flow rates: the combination of well spacing and fault behaviour controls
the ratio of HIP recovery to system lifetime.

For the low flow rate of 100m3/h a higher separation can be seen
between the different well spacing clusters in terms of system lifetime,
while for the high flow rate of 400m3/h the well spacing clusters are
closer together. A higher flow rate leads to a comparable heat recovery
values with the low flow rate, but this is achieved in a shorter system
lifetime. The small decrease in terms of recovered HIP between the high
and low flow rate could be attributed to lower flow rates sweeping a
large part of the reservoir and to high flow rates reaching an earlier
thermal breakthrough.

Increasing the fault throw leads to longer system lifetimes for both
the high and low flow rate datasets. However, for the high flow rates, a
longer lifetime slightly increases the HIP recovery while this is not
observed for the low flow rates. Nonetheless, for both flow rates we
observe a further separation between the clusters of the well spacing
when moving to the largest fault throw of 150m. This effect is more
pronounced for the low flow rate dataset and is further examined in
Fig. 13. The factor differentiating the well spacing sub-dataset is the
type of faulting; a graben type of fault achieves a lower HIP recovery
compared to a horst or series type, with the latter two exhibiting
comparable values. This impact however diminishes with increasing
well spacing. Lastly, the reservoir architecture with the minimum
flowing layer in the middle consistently leads to high HIP recovery.

Fig. 12. Percentage of recovered HIP within the subdomain boundaries of the model. Data are coloured according to the well spacing and marked according to the
fault permeability.
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4. Discussion

The results analysis suggests that fault permeability is more important
than fault throw regarding the system lifetime, at least while the fault
throw is not larger than the reservoir thickness. Additionally, a smaller
well spacing is proportionally less sensitive to the doublet position with
respect to the fault, compared to a larger well spacing. For field devel-
opment this means that an assessment of the fault flow properties is more
crucial than being able to better characterize structurally the fault throw.
Moreover, if uncertainties regarding the fault flow behaviour cannot be
reduced, a development plan utilizing smaller well spacing would mini-
mize any adverse effects of the faults on the system lifetime.

A higher fault throw increases the impact the fault has on system
lifetime. In the presence of 3D seismic data fault throws equal to the
considered reservoir target should be identifiable; this however might not
be the case if only 2D seismic data are present depending on their or-
ientation, or if seismic data are not present at all. Nonetheless, it remains
important to identify how the flow inside the fault interacts with the ad-
jacent blocks. Enabling fluid flow and thermal exchange with deeper si-
tuated parts of the reservoir can increase system lifetime while the op-
posite is true for shallower parts. In that sense identifying the vertical
relative positions of the blocks is of higher significance compared to the
fault throw. This argument is only valid, however, if a possible connection
of the fault with other reservoirs that might be above or below the main
one and could be connected via the fault is not considered, as in this study.
Such a connection would override the findings from the current study and
would need to be separately addressed.

The finding that sealing faults resulting in shorter system lifetimes due
to an effective reduction of the volume available for heat extraction is
consistent with previously presented work in Daniilidis et al., 2016a,b.
Blöcher et al. (2010) postulated a possible fault reactivation of a pre-
viously no-flow boundary fault as a connecting fluid pathway to explain a
faster hydraulic connection between wells, identifying fault structures as

important hydraulic elements. This suggestion is in line with the findings
of this work with regards to transparent or conduit fault properties.
Blöcher et al. (2010) further pointed out that fault pressure dependent
conductivity is the most important for further investigations. This aspect
while not part of the analysis in this paper has been shown to drastically
change the flow behaviour or smaller elements such as fractures in
Salimzadeh and Nick (2019). Additionally, Lepillier et al. (2019) showed
the dependency of fracture flow behaviour for different matrix rock
properties highlighting the permeability contrast between matrix and
fractures together with the mechanical properties of the matrix as im-
portant factors in predicting flow behaviour. Salimzadeh and Nick (2019)
further showed a progressive reduction is production temperature with an
increasing density of hydraulically conductive fractures. While fractures
are significantly smaller in extent, they can be considered as proxies for
the behaviour of larger elements such as faults. Therefore, previously re-
ported results on the permeability contrast between matrix-fractures are in
accordance with the findings in this study for main reservoir-fault per-
meability contrast: with a higher contrast leading to amplified impact on
the modelled system lifetime.

The influence area of the doublet, currently considered with di-
mensions of 1 ×well spacing times 2 × well spacing (Fig. 3), fails to
contain the influence of the cold front. This boundary is always ex-
ceeded within 50 years by a 1 °C temperature drop with respect to the
initial temperature when using high flow rates. As a result the con-
sidered shape and dimensions of the influence area could be re-eval-
uated for licensing purposes. The outline of the cold front does not show
a rectangular shape and the fault behaviour adds another differ-
entiating factor to the final shape of the cold plume. This is true for the
data shown here, using homogeneous flow properties for the reservoir
layers, but is has also been recently shown for heterogeneous systems
(Babaei and Nick, 2019). Perhaps a more applicable direction would be
to consider a circular area of influence, centred around the injector well
with a dimeter at least equal to the well spacing as this would couple it

Fig. 13. Heatmap of the HIP recovery (%) for a data subset with a fault throw of 150m and a flow rate of 100 m3/hr (upper right subplot of Fig. 13).
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directly to the interests of the developers with regards to cold front
breakthrough. Research towards this direction could yield more con-
crete argumentation for an improved scheme.

Reservoir architecture is also important to consider, as having the
minimum flowing layer between the medium and high flowing layers
yields a longer system lifetime. It can therefore be argued that a reservoir
with a lower permeability zone in the middle (surrounded by more
permeable layers) would be preferable for geothermal production, as it can
deliver heat for a longer period due to greater interaction between the low
and high permeable layers of the reservoir. Compared to having the largest
flow layer at the bottom of the reservoir, which yields a higher producing
temperature, a low flowing layer in the middle acts as a heating element to
both layers above and below, therefore extending system lifetime.
Additionally, two reservoirs separated by an impermeable layer may also
exhibit a similar behaviour resulting in a longer system lifetime than one
reservoir with the stacked thickness of both reservoirs together, if the
temperature difference between the reservoirs is not too high. The use of
comparable thickness for all three reservoir layers also implies that ex-
trapolation of the results to layers of different thicknesses or different
ratios between the layer thickness may not be valid. This effect of varying
layer thickness should still be investigated.

Smaller models as used in this paper can still be used to con-
ceptually capture a certain reservoir architecture. When this is
achieved, the shorter simulation time and quantification of the impacts
can provide insights that limit the number of options considered in full
scale models. The use of homogeneous reservoir properties in all re-
servoir layers, implies that these results remain valid when lateral
permeability variation is limited. Therefore, insights from this analysis
are more applicable to alluvial-deltaic, aeolian or otherwise stratified
depositional settings with wider lateral extents, compared to strongly
channelized fluvial settings (as discussed in e.g. Babaei and Nick,
2019). For such settings further analysis should be performed.

The NPV results suggest that from an operator’s perspective the
appeal to aim for high flow rates would be very strong. The higher flow
rates dataset achieves NPV values that are never lower than the NPV
values of the full low flow rates dataset; this holds true despite the
shorter system lifetime of the high flow rate cases compared to the low
flow rate ones. Increasing the flow rate four times results an NPV in-
crease of about a factor seven for the reservoir properties considered.
However, it is important to notice that this relationship might be dif-
ferent if other reservoir properties are in place. Changes in the pressure
response of the reservoir to higher flow rates might yield different
pressure requirements and consequently NPV values. With regards to
doublet positioning with respect to faults, ensuring a distance of at least
200m would limit the effect of the fault regardless of its flow properties
to less than circa 20 % of the NPV generated when the doublet is po-
sitioned at the centre of the block. Additionally, high flow rates reduce
the impact of other parameters to the generated NPV compared to low
flow rates. Nonetheless, the value of the system appears to level off for
both high and low flow rates, further reducing any incentive for op-
erators to strive for extending the system lifetime. This finding possibly
hints at the presence of an optimum balance between system lifetime
and generated value, which, however, is beyond the scope of this paper.
It is worthwhile noting that the NPV results shown in this study might
be different when considering different economic input (e.g. heat and
electricity prices, discount rate, etc) than that mentioned in section
System lifetime and NPV. Notwithstanding, using the same input for the
whole factorial design enables systematic observations.

Contrary to the results regarding system lifetime, where a shorter
well spacing is less affected by the doublet proximity to faults, the NPV
generated by larger well spacing proves more resilient to doublet po-
sitioning. Even in the event of a cold water shortcut through the fault
plane the larger well spacing ensures a long enough lifetime to achieve
a higher generated value. Nonetheless, flow rate remains important;
increasing the flow rate reduces the differences between the well spa-
cing options and further amplifies the effect of the doublet being

positioned closer to the fault plane.
The achieved HIP recovery shows a similar pattern to the NPV re-

sults. High flow rates that lead to increased HIP recovery at shorter
lifetime suggest operators would be encouraged to pursue this type of
development. This remains a pertinent issue to be addressed by reg-
ulators in order to ensure the longevity of energy supply for such sys-
tems. Moreover, in a densely utilized subsurface space with multiple
competing uses (van Os et al., 2016), the growing importance of re-
gional development needs to be highlighted. Recently discussed visions
of coordinated doublet development (Willems and Nick, 2019) might
need to be enriched with insights from the interplay between structural
elements such as faults and development options such as well spacing
and positioning.

Lastly, the proximity and interaction of geothermal production to
faults might raise issues regarding seismicity. Positioning the doublet
up to 50m away from sealing faults might only reduce the generated
NPV by up to circa 30 %. However, the resulting pressure field and
lower temperature of the cold front could influence fault stability as
previously shown (Jeanne et al., 2017; Kim and Hosseini, 2015).
Especially in light of regional developments these concerns should be
addressed by ensuring that faults are not rendered unstable via the
pressure field of geothermal energy production. While this aspect was
beyond the scope of the current study, it is highly relevant to pursue
such analysis in the future.

5. Conclusions

This study aims to improve the understanding of interdependencies
between physical and operational parameters for direct use geothermal
heat. A systematic analysis utilizing a full factorial design is carried out to
identify factors that can affect the system lifetime and economic perfor-
mance of a single doublet within a faulted block. The analysis includes
2430 unique Thermal Hydraulic (TH), 3D reservoir simulations.
Considerations of physical parameters include the fault type and fault
throw, flow properties of reservoir layers and faults, while operational
parameters include well spacing, well positioning and flow rate.

The characterization of fault flow properties is more significant
compared to the fault offset. Additionally, system lifetime is less af-
fected by the presence and flow behaviour of faults when a smaller well
spacing is utilized. The fault flow properties have a significant impact to
the shape and extent of the cold plume and therefore the system life-
time. Faults that enable fluid flow lead to longer thermal breakthrough
times since part of the flow is diverted away from reaching the pro-
duction well. However, the presence of faults that enable fluid flow
increases the sensitivity of the doublet positioning to the fault location.
Contrary to this, a fault with a sealing behaviour renders the system
lifetime less sensitive to the doublet positioning.

Results suggest that operators would always opt for higher flow
rates, since the generated NPV using 400m3/h is at all times higher
than any scenario considered with a lower flow rate of 100m3/h.
Moreover, increasing the flow rate four times results in an NPV increase
of a factor seven for the considered reservoir properties. NPV’s of low
flow rates are more sensitive to other parameters in absolute terms,
while higher flow rates only appear sensitive to system lifetime. For
both flow rates the NPV demonstrate an asymptotic behaviour implying
that further extension of system lifetime does not yield additional
benefits. This finding implies the presence of an optimum in terms of
the balance between system lifetime and generated value.

Reservoir architectures with a low flowing layer in the middle, or
two individual reservoirs separated by an impermeable layer showcase
improved system lifetime and NPV generation. The presence of a less
permeable layer in the middle acts as a heating body, leading to im-
proved extraction from the production layers as well as from over- and
under- burden bodies. This result is present for both high and low flow
rates although it is more pronounced for the former.

The current influence area definition around doublets (1 ×well
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spacing times 2 × well spacing) fails to contain the resulting cold water
plume. Therefore, an improved definition of the influence area should
be developed for monitoring and planning purposes.

Results from the synthetic models shown can serve as guidelines to
reducing the considered options in full scale field models. The im-
portance and relevance of these results remains very high for layered
reservoirs with good horizontal homogeneity.
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Appendix A

Horst and graben fault types (Figs. A1 and A2 respectively) exhibit the same results as the series type faulting validating the influence of the
reservoir architecture and the qualitative effects of positioning the doublet closer to the fault.

Fig. A1. Effect of fault permeability, reservoir architecture, doublet distance to fault and fault throw on the system lifetime for the horst fault type. A well spacing of
800m is used for all data points. Both West and East fault blocks are situated deeper compared to the central block, therefore due to symmetry, the doublet is only
moved towards the west block. The system lifetime criterion is defined in section System lifetime and NPV.
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Appendix B. Supplementary data

Supplementary material related to this article can be found, in the online version, at doi:https://doi.org/10.1016/j.geothermics.2020.101806.
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