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ARTICLE INFO ABSTRACT

Keywords: Direct Use Geothermal Systems (DUGS) are increasing their installed capacity worldwide and denser de-

Geothermal doublet interference velopments with multiple doublets are becoming more common. Interference between doublets therefore be-

;";“h comes an additional concern to subsurface uncertainties. Faults can be either barriers or conduits to flow and can

Li f;{dme affect the fluid pathways inside the reservoir. The interference between two doublets that are separated by a fault
. has not been previously studied for DUGS. In this work considering subsurface uncertainty in a full factorial

Heat in Place (HIP) recovery . R . N o

Uncertainty design using 5184 3D reservoir simulations we show that a fault can reduce the system lifetime of a two-doublet

system by more than 40 % if one doublet is at close proximity to it. Further, we identify that the fault can also
improve both the system lifetime and generated Net Present Value (NPV) with appropriate development de-
cisions. Contrary to previous results that did not consider reservoir architecture, a tramline well configuration is
preferable when the doublets have the fault in the centre, while a checkerboard configuration is preferable as the
distance to the fault decreases. The Heat In Place (HIP) recovery shows a linear relationship with flow rate and
well spacing that is not affected by the fault distance or flow properties. The dimensions of the Influence Area
(IA) previously considered are insufficient to capture the temperature drop at the producer wells and the fault
position can increase this discrepancy. Our results show the importance of fault characterisation and well
positioning with respect to a fault considering subsurface uncertainty and how this can affect denser field
development of DUGS. Our findings suggest to integrate faults and the relative positioning of well doublets with
respect to a fault more strongly in field development plans. Such considerations should also be included in future
optimization plans of multi-well geothermal systems. Moreover, the regulatory framework should be revised to
achieve a better match between the IA boundary and the production well temperature drop to enable better
planning for denser development of DUGS.

1. Introduction systems can influence the overall system lifetime and generated Net

Present Value (Willems et al., 2017b). A geothermal doublet, comprised

Direct Use Geothermal Systems (DUGS) are rapidly increasing both
in terms of installed capacity, as well as in energy generation at a global
level (Lund and Toth, 2020). This increased contribution is also moving
toward city landscapes (Yan et al., 2017), contributing to an energy
supply with a reduced carbon footprint (Anderson and Rezaie, 2019).
Countries such as the Netherlands have set ambitious plans for further
developing geothermal energy in the coming years (Schoof et al., 2018).
As the demand for renewable, low carbon energy from DUGS is
increasing, spatial coordination of the developments will be required
(Willems and Nick, 2019). In such a context, interference between
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of one injector and one producer well, is most often used as the simplest
form of deep DUGS (Barbier, 2002; Daniilidis et al., 2016; Saeid et al.,
2015). For a single doublet, proximity to faults can impact the system
lifetime, generated NPV and Heat In Place (HIP) recovery (Daniilidis
et al., 2020a).

The development and exploitation of direct use, single doublet
geothermal systems are subject to several uncertainties (Chen et al.,
2015, 2019; Hoffmann et al., 2019; Schulte et al., 2020). The impact of
uncertainties can be significant for the lifetime of a geothermal system
(Daniilidis et al., 2021, 2020a, 2017a, 2016; Saeid et al., 2020).
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Table 1
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The physical properties of the model components. The reservoir, over and underburden layers have a vertical permeability of 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 m?

Thermal conductivity (W/(m'K))

Specific heat capacity (J/(kg'’K))  Density (kg/m>)

max 4.93x 10713
mid 20 9.87 x 101 2.9
min 4.93x10°"°

Parallel to fault plane: kFaultx10
Fault 20 Normal to fault plane: kFault 29
Overburden and basement 1 9.86 x 10718 2.2

970 2200
970 2200
1100 2400

Consequently, the energy produced from the system is affected and that
can have an impact on the economic performance (Daniilidis et al.,
2017a; Willems et al., 2017a). Previous research on interference be-
tween doublets has mostly considered single layer homogeneous reser-
voir conditions (Willems et al., 2017b). Recent research however, has
shown the presence of a fault to significantly affect the system lifetime of
a single doublet (Daniilidis et al., 2020a).

For single doublet systems, extensive sensitivity studies have been
carried out on parameters such as fluid properties (Saeid et al., 2014),

reservoir heterogeneity (Crooijmans et al., 2016), seasonal fluctuations
in flow rate (Daniilidis et al., 2017b). The interference between doublets
has been previously studied for homogeneous systems, including the
arrangement of different well doublets identifying positive interferences
for a checkerboard configuration (Willems et al., 2017b). Additionally, a
doublet spacing that is equal to the well spacing between the individual
doublets has been found beneficial for interference on both homoge-
neous (Willems et al., 2017b) and heterogeneous systems (Babaei and
Nick, 2019). Nonetheless, studies on interference between doublets
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Fig. 1. Map view with the positioning of the fault (a) for a well spacing of 1000 m and the respective influence area of 2 km by 2 km; the well spacing options and the
respective sizes of the influence area of two times the well spacing (b); vertical section of the model with showcasing a fault throw of 50 m (c1), 75 m (c2) and 150 m
(c3) with the east block always displaced; tramline (d1) and checkerboard (d2) well configurations. A full list of the parameters used in the model is provided

in Table 2.
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across a fault have not yet been conducted.

As direct use geothermal systems transition towards multiple dou-
blets by a single operator (Daniilidis et al., 2020b; Willems and Nick,
2019), the interference between adjacent doublets becomes more
important. Field development decisions are made at early stages, where
uncertainties remain high and system behaviour is not fully understood.
It is pertinent to be able to assess the impact of faults as their presence
might not always be known prior to development due to, for example,
sub-seismic imaging resolution, 2D seismic data availability or the
absence of seismic data altogether (Alcalde et al., 2017; Botter et al.,
2014; Libak et al., 2017; Malz et al., 2015; Patel et al., 2008; Wang et al.,
2018). Synthetic, representative models can aid in quantifying the
interplay between these uncertainties. Such models can be easily para-
metrizable and computationally efficient allowing the simulation of a
multitude of realizations that would require unrealistically long
computation time at full scale.

The impact of large faults on the interference between adjacent
doublet systems, in terms of the evolution of the thermal breakthrough
and consequently on the system lifetime, generated economic value and
HIP recovery is not currently explored. In this work we present a
coupled, Thermal-Hydraulic (TH) model using the Finite Element
Method (FEM), that profiles a sedimentary aquifer between an imper-
meable overburden and basement in synthetic, representative models. A
full factorial study is carried out for two neighbouring doublets sepa-
rated by a single fault. The study includes an extensive sensitivity of the
fault throw, the fault permeability, the fault distance to the doublets, the
well configuration, the well spacing, the flow rate, the reservoir depth
and the sequence of the reservoir layers. A total of 5184 3D reservoir
simulations are performed. The impact of subsurface uncertainty and
operational choices on the system lifetime, produced cumulative energy,
HIP recovery, economic output and Influence Area (IA) boundary tem-
perature with respect to the wells production temperature is examined
separately for each doublet, and also on the combination of both
doublets.

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
geothermal system consisting of a single doublet within a faulted block.
A number of different parameters are considered, in order to have a
systematic overview of the interference across a fault. Design parame-
ters such as well spacing and positioning and the fault distance to the
doublets are considered. Flow properties of reservoir layers and the fault
generate a 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 5184 unique 3D reservoir simulations.

2.1. Design and inputs

The reservoir is comprised of three layers, each 50 m thick. These
dimensions are meant to capture an abstraction of reservoirs considered
as geothermal targets in sedimentary basins. 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, 2017), and the thermal recharge can
affect the system lifetime (Saeid and Barends, 2009). The confining
layers have a thickness of at least 250 m to ensure sufficient thermal
recharge over the simulation duration of 100 years.

The model includes two doublets separated by a fault. Both doublets
are produced using the same rates as the geological context is the same

Geothermics 91 (2021) 102041

Table 2

The input parameters considered in the analysis. All parameter combinations are
considered in an experimental design that results in a dataset of 5184 3D
reservoir simulations.

Parameter

Fault Throw (m)
Fault Permeability (m?)

0, 50, 75, 150

Sealing (9.86 x 10~ '8), Transparent (4.93 x 1013),
Conduit (9.86 x 10™%)

W50, W100, W200, centre

Tram, Checkerboard

1000, 800, 600

100, 250, 400

2000, 2500

min/mid/max, max/min/mid, min/max/mid

Fault distance (m)

Well configuration

Well Spacing (m)

Flow rate (m®/h)

Top reservoir depth (m)

Reservoir architecture (top
to bottom)

and it is reasonable to expect comparable flow properties on both sides
of the fault. The model domain is 3000 m by 3000 m while the spacing of
the wells is varied between 600 m and 1000 m. The wells of each doublet
are parallel to the fault which is aligned along the N-S axis; one doublet
is positioned in the western part and one in the eastern part of the
domain. The analysis considers the options that each block is developed
by an individual developer (west and east) or by a single developer. In
the first case each doublet has an individual analysis of production
temperature and NPV, while in the latter case the mean temperature of
the two doublets is considered and the NPV is computed accordingly.

The fault plane itself has a thickness of 10 m, is vertical and extends
throughout the whole length of the domain. The top of the reservoir
remains constant for the west part (footwall) and is positioned at depths
of 2km and 2.5 km. The east part is offset by the fault throw (hanging
wall). The fault throw considers only having a discontinuous surface but
no offset (0 m throw), bringing two consecutive reservoir layers aligned
across the fault surface (50 m throw), having an overlap between two
layers on each side of the fault (75m throw) and having a complete
disconnection of the reservoir layers across the fault surface (150 m
throw) (Fig. 1c). The fault position is varied at distances of 50 m (W50),
100 m (W100) and 200 m (W200) from the west doublet (Fig. 1a). When
the fault is positioned at the centre between the two doublets, its dis-
tance to both doublets is a function of the well spacing used.

An IA is assigned with dimensions of the well spacing by two times
the well spacing, as shown in Figure 1a&b. The dimensions of the IA are
according to the considerations of the production license boundary in
the Netherlands (TNO-AGE, 2014). Since the doublet spacing (along the
easting) is always equal to the well spacing (along the northing) the
combined influence area is a square (Fig. 1b). It should be noted that
regardless of the fault position, the IA for each doublet is only a function
of the well spacing (Fig. 1b).

The properties of the different model layers are listed in Table 1. 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 x 10~ 13 mz), mid (9.87 x 10~ *m?) and min
(4.93 x 10> m?). Reservoir permeability is isotropic on the horizontal
plane, while the vertical permeability is an order of magnitude lower.

The fault permeability is isotropic along the fault plane (model y-
axis/northing and elevation axes), while the permeability of the normal
to the fault plane (model x-axis/easting) is an order of magnitude lower
(Table 2 and Table 1), following observations from previous research
(Faulkner and Rutter, 2001). 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) transparent, 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
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Table 3
Inputs used in the economic calculations.

Geothermics 91 (2021) 102041

Load factor Heat price Pump cost Pump lifetime Pump efficiency OpEx % of CapEx Annual Discount rate Electricity price
(%) (€/MWh) (k€) (yrs) (%) (%) (%) (€/MWh)
90 60 500 5 60 5 7 100

overburden and basement layers (1 % and 9.86 x 10 8m?
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 coupled Thermal-Hydraulic (TH) model is built in COMSOL Mul-
tiphysics (version 5.3a, build: 275). The simulator is selected due to its
ability to accurately model all relevant physics processes, its flexibility
in defining and adjusting the system geometry and controlling the mesh
quality using a single software. Simulators that are specifically devel-
oped for subsurface 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).

2.2.1. Initial conditions
The initial reservoir temperature is a function of depth and it is
computed according to:

T= Tref - Tgradz (€D)
where Ty is the reference temperature (°C) at surface conditions (taken
here as 10 °C) and Tgqq is the temperature gradient (taken here as 31 °C/
km according to (Bonté et al., 2012)).

Initial pressure in the reservoir is a function of depth and is computed
according to:

P= pref - pgradz (2)

where p, is the reference pressure (MPa) at surface conditions (taken
here as 0.1 MPa), pgrqq is the pressure gradient (considered hydrostatic)
and z is depth (m).

2.2.2. Governing equations
The Energy Balance describes the heat transfer in the model as fol-
lows:

JaT

C
pdt

+p;crqVT — V.(AVT)=0 3)
in which T (K) is the temperature, p the mass density (kg/m3), c (J/(kg
K)) the specific heat capacity, A (W/(m K)) the thermal conductivity, q
(m/s) the Darcy velocity and suffixes ¢ 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 respective fluid and
rock values separately according to:

A= (1= @)+ ok )
and
pC= (1—9)pe.+opd )

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

op;

(pR-FV.(pfq):O (6)
where the flux q (m/s) is defined by Darcy’s law:

k
q= _E (VP - pngz) 7

in which k is the intrinsic porous medium permeability (m?), i the dy-
namic viscosity of the fluid (Pa-s), g the acceleration of gravity (m/s),
P the hydraulic pressure (Pa) and z is the depth (m). Fluid flow and
energy balance are fully coupled in the model for the reservoir, wells,
fault, overburden and underburden domains. Gravity effects are also
considered throughout.

The fluid density (kg/m3) and viscosity (Pa-s) are a function of
temperature according to:

py = 838.466135 + 1.40050603T — 0.0030112376T? + 3.71822313

x 107773 €3)

b 0

Fig. 2. Angled view of the meshed reservoir model (a), shown here for a well spacing of 600 m. The influence area with a size of two times the well spacing on the
long side and one time the well spacing on the short side is highlighted (b), view of the higher mesh resolution around the wells and inside the influence area, with
the overburdern removed (c). The number of elements ranges from 179k to 321k depending on the geometry configuration.
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i = 13799566804 — 0.021224019151T + 1.3604562827 x 107*T? ensemble. The model is meshed using a higher number of tetrahedral
elements inside the reservoir layers, where flow is taking place (Fig. 2a).
An additional refinement is performed around the wells where the
x 1071T% + 3.8457331488 x 1071°T° higher flow velocities occur (Fig. 2b). Moreover, within the subdomain

(C)] area (see Fig. 2) a further refinement is applied ensuring a minimum of
three vertical cells per reservoir layer. The minimum element size inside
the reservoir domain is 5m and the maximum is 70 m. A mesh analysis
study was performed to confirm that the chosen mesh sizes provide
sufficient accuracy of model results.

— 4.6454090319 x 107"T> + 8.9042735735 x 1071°T* — 9.0790692686

The discrepancy between the pressure solution from eq 2 and eq 8 is
resolved within the first timesteps of the simulation.

2.2.3. Mesh
The consideration for the mesh was to enable high enough result
accuracy while maintaining a reasonable run time for the simulation
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Fig. 3. Horizontal section of the flow field at the base of the reservoir for a fault distance of 300 m (al) and 50 m (a2) with a sealing fault and conduit fault
respectively (c1 and d1) and their respective fault plane plots (a2,b2, c2, d2). Data shown use a checkerboard well configuration, a well spacing of 600 m, a fault
throw of 0 m, a reservoir architecture of mid/min/max, a west reservoir top depth at 2 km and a flowrate of 400 m>/h. The dotted lines delineate the extent of the IA
as defined in Fig. 1. The respective flow field for a tramline configuration can be found in Fig. 24.
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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):

qi = <kihi/zkihi> Grotal
T

in which k; (m?) and b; (m) are the permeability and thickness of layer i
respectively, m is the total number of layers and g; and g,y are the layer
i flow rate and the total flow rate respectively. The reported well tem-
perature and pressure in the results section is the respective average
value over the height of the reservoir section. The wells are governed by
coupled fluid flow and heart transfer (section 2.2.2 Governing equa-
tions). Pressure and temperature along the wellbore to the surface is not
considered since the focus is on the reservoir performance. However,
previous studies have shown the temperature effects along the wellbore
caused by heat exchange with the surrounding rock to be negligible (less
than 1 °C) for simulation periods longer than 5 days (Saeid et al., 2015).

(10)

2.4. Initial and boundary conditions

A geothermal gradient of 31 °C/km (Bonté et al., 2012) and a hy-
drostatic pressure gradient of 10 MPa/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:

Vsubdomain

HIP = ((prerp + pycs(1 — @) ) (T = Toy)dV) an

0

The HIP is calculated before any production takes place. The lower

kRes
max/min/mid (-)

kRes

min/max/mid (-)
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bound of the temperature difference is taken as Tj,; 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 reservoir volume
outlined by the IA extent (Fig. 2).

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)

Torod, < 0.95Tpr0a,_, (12)
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. Nonethe-
less, such a normalized definition of the production temperature enables
cross-comparison between the results. The produced power used for the
calculation of income is computed according to:

Py = Qpy cp AT 13)
in which Q is the flow rate (m®/s) and AT is the temperature difference
between producer and injector wells (°C). The respective producer and
injector well temperature is the average temperature for the well over
the reservoir interval. The required pump power only considers the
pressure drop in the reservoir:

P

QAP
pump = T

14)

where AP is the pressure difference between the wells and 7 is the pump
efficiency. The respective producer and injector well pressure is the
average pressure for the well over the reservoir interval. The overall
system power is then calculated as:
Piysiem = Pett — Ppump (15)
The cost of the wells in € is computed according to (TNO, 2018):

Cyenr = 375000 + 1150Z + 0.32* 6

where Z is the measured depth. For the high flow rate cases that utilize a
larger production diameter, the above calculated well cost is increased

kRes
min/mid/max (-)
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Fig. 4. Reservoir temperature on a vertical section along the South set of wells for the different reservoir architectures and fault permeability values, after 50 years of
production. Data shown use a checkerboard well configuration, a well spacing of 800 m, the fault positioned 50 m away from the west injector, a fault throw of
150 m, a west reservoir top depth at 2.5km and a flowrate of 400 m3/h. The dotted lines delineate the extent of the IA as defined in Fig. 1, while the lime coloured

line outlines a 1 °C temperature drop.
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Fig. 5. Horizontal section of the reservoir at the base of the west reservoir layers (depth of 2650 m), for the different reservoir architecture and fault permeability
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by 25 %. The NPV is then calculated as:

n

NPV ="

=0

CF,
(1+7r)

a7

Where CF is the cashflow, r the discount rate, n is the project years and t.
the time intervals. 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.

Three different options are consider when computing the NPV: a)
each doublet is operated by an individual developer (east, west), b) both
doublets are operated by a single developer and the production

temperature is the mean of the both doublets and c) both doublets are
operated by a single developer but are kept separate, so each doublet has
its own lifetime and NPV.

3. Results
3.1. Flow field

Fault permeability and fault proximity to the west doublet signifi-
cantly affect the flow field (Fig. 3). The flow pattern inside the reservoir
is stronger in between the wells of each doublet and becomes weaker
closer to the domain boundaries for all cases. A conduit fault allows flow
perpendicular to the fault plane (Fig. 3¢ & d), connecting the two fault
sides. For a conduit flow and a fault distance of 50 m from the west
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doublet the flow pattern is stronger in the area between the two wells,
but also extends towards the edges of the domain. For a sealing fault
(Fig. 3a and b) a sharp boundary in the direction of the flow field along
the fault plane is observed (Fig. 3al & b1). With the fault at the centre
between the two wells (a2 and c¢2), flow inside the fault plane is limited
to the reservoir depth and is stronger at the reservoir depth corre-
sponding to the highest permeability. Close proximity to the west
doublet results in flow over the whole height of the fault (b2, d2).

3.2. Cold water front

3.2.1. Checkerboard well configuration

An increased interference between the two doublets is observed as
the fault permeability is increasing for the checkerboard well configu-
ration (Fig. 4). For a sealing fault and regardless of the reservoir archi-
tecture we observe limited temperature interreference between the west
and east block, limited only to conductive heat transport since there is
no hydraulic connection between the blocks (Fig. 4, top row). With
increasing fault permeability, the two blocks are hydraulically con-
nected and the cold plume from the western block connects to the
producer well from the east block (Fig. 4, middle row). Additionally, the
area around the fault also exhibits a temperature drop since cold water
now circulates through the fault surface. The propagation of the cold
front is more prominent in the high permeability reservoir layer. A
conduit fault does not show significant differences in the shape of the
cold front compared to the transparent fault (Fig. 4, bottom row). The
1 °C temperature drop always exceeds the influence area boundary, but
the sealing fault amplifies the distance of the temperature drop with
respect to injection well of the west block.

The map view of the base of the west reservoir for the well config-
uration shown in Fig. 4 shows the differences in the lateral extent of the
cold water plume (Fig. 5). When the fault is sealing the interaction
across the two blocks is limited to the flow of cold water along the fault
surface on either side on the respective production well part and only to
conduction effects on each side on the respective production well part
(Fig. 5, top row). The shape and size of the cold plume on each side is
proportional to the respective reservoir layer permeability (see also
Fig. 4), with larger sizes and sharply defined edges being the result of
higher layers permeability. For a transparent fault permeability (Fig. 5,
middle row) the two blocks are hydraulically connected and cold water
from both injectors connects to the producer of the other block and the
lateral extent of each cold plume is reduced compared to the sealing
fault. For the lower permeability layers, the cold water plume extends

further across the fault as it is diverted along the fault plane. The
permeability contrast encountered across the fault dictates if the plume
is narrowed (moving from higher to lower permeability) or widened
(moving from lower to higher permeability). The extent of the cold
water plume with respect to the IA is further discussed in section 3.6.

3.2.2. Tramline configuration

Similar to the checkerboard configuration, the tramline configura-
tion exhibits wider lateral extents in the west block of the cold front and
1 °C temperature drop when the fault is sealing (Fig. 6, top row). With a
transparent and conduit fault (Fig. 6, middle and bottom row respec-
tively) interference increases and lower temperature is also observed
along the fault direction. However, no distinction can be observed be-
tween the two fault permeabilities or the reservoir architectures in terms
of the interferences between the two blocks.

For the tramline well configuration with the injector wells being in
the south part of both the east and west block the cold plume does not
extend beyond the producer wells to the north of the domain when the
fault is sealing (Fig. 7, top row). With a fault transparent permeability
the cold water flows through the fault plane, creating a shortcut between
the injection and production wells (Fig. 7, middle row) and also
extending the 1 °C temperature drop to the south along the fault plane.
However, the latter extents of the cold plume are not significantly
different compared to the sealing fault. On the north part of the domain
and around the fault a slight increase in temperature can be observed
which could be the result of a forced convection cell on the fault plane.
No significant differences are observed between the transparent and
conduit fault (Fig. 7, bottom row).

3.2.3. Flow rate and fault position

With increasing flow rate, the interference between the east and west
block increases accordingly (Fig. 8, top row). With a flow rate of
100 m3/h the 1°C temperature drop of the two blocks only starts to
connect when the fault is 200 m or more away from the west injector
well. With the fault positioned in the middle between the two blocks
only the lower part of the fault reaches a 1 °C temperature drop, while
the top part is not influenced by the cold plume. At 250 m3/h the 1°C
temperature drop is already present at both the top and base of the fault
and it is connected between the two blocks regardless of the fault po-
sition (Fig. 8, middle column). With the exception of the fault being in
the centre between the two blocks, the connection of the west and east
parts is centred around the high permeable layer. With the highest rate
of 400m>/h the connection between the two blocks is slightly more
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pronounced, even though a localization around the most permeably
reservoir layers is still present (Fig. 8, right column).

For the high flow rate of 400 m®/h the system lifetime, calculated
from the mean temperature of both production wells on either side of the
fault, assuming a single operation on both sides is shown in Fig. 9. When
the fault is 50 m away from the west doublet (top row) the system life-
time decreases as the fault permeability increases from sealing, to
transparent to conduit respectively. This is due to a hydraulic shortcut
that allows the cold plume to reach the west producer via the fault, as
the fault permeability increases, thus reducing the system lifetime.
Along each individual column, with the fault position moving towards
the centre of the block, the system lifetime is increasing respectively.
When the fault is positioned in the middle of the block, a conduit fault
exhibits the longest lifetime, since now the cold plume that enters the

fault plane is diverted away from both producers, thus extending system
lifetime. At a distance of 200 m away from the west doublet, a trans-
parent of conduit fault permeability leads to longer lifetimes compared
to a sealing fault. Therefore, the position of the fault becomes important
in defining if the fault connects the wells of a single doublet, creating a
shortcut, or if it acts as a diverting path that extends lifetime. For all data
shown in Fig. 9 the 1 °C drop extends beyond the boundaries of the IA
laterally, an aspect further discussed in section Influence area.

3.3. Fault distance, throw and reservoir architecture effect on system
lifetime

The interference of the fault with geothermal operations on either
side increases with proximity to the fault, but it varies greatly depending
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on the hydraulic properties of the fault itself and on fault throw (Fig. 10).
If the fault is sealed and prevents a hydraulic connection between the
western and the eastern parts of the reservoir, the only major effect it has
is the effective limitation of reservoir size, depending on the distance of
the fault to the wells, with a corresponding effect on the lifetime. If the
fault is in the centre between the two well doublets, both systems have
identical lifetimes (Fig. 10, top row). Note that lifetimes are calculated
for each side of the fault separately, assuming two independent opera-
tions on either side.

If the fault is not sealing, the fault throw has a clear effect on the
expected lifetime. For a fault throw of 0 m, the lifetime on the eastern
side is longer the closer the fault is to the western well doublet, with a
correspondingly shorter lifetime on the western side. When the fault is in
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the centre, lifetime for both sides is identical, as the reservoir layer
properties on both sides are identical and homogeneous. With a fault
throw of 150m, the difference in lifetime between the Eastern and
Western sides is smaller than for no offset, but they are never identical,
even when the fault is in the centre. There is also an obvious difference
between a transparent and a fully permeable fault (Fig. 10 middle and
bottom rows, respectively). In the transparent fault scenario, a fault
throw of 150 m generally leads to a higher lifetime on both sides of the
fault compared to fault throw of 0 m, while in the conduit fault scenario
the reservoir architecture has a much greater influence on how much the
fault throw affects the life time: the lifetimes on both sides are longest
when the top layer is the most permeable of the stack (Fig. 10 middle
column) and the shortest when the most permeable layer is in the middle
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(Fig. 10, right column)

With a fault throw of 150 m, the difference between the Eastern and
Western sides for both, the transparent and conduit fault scenarios,
depends largely on the reservoir architecture. When the most permeable
layer is at the bottom of the reservoir sequence (Fig. 10, left column),
lifetime on the Eastern side is larger when the fault is closer to the
Western well doublet, but moving the fault further towards the centre
increases the lifetime on the Western side greatly. The differences for the
two sides become much smaller and are even reversed when the fault is
in the centre, such that the lifetime on the Western side is slightly longer
than on the Eastern side. For the other reservoir architectures investi-
gated here, with the most permeable layer in the middle or on top of the
stack, lifetimes on both sides of the fault are similar, independent of the
relative distance to the fault, with a slight advantage for the Western
side. For the reservoir architecture with the most permeable layer at the
bottom and the least permeably layer at the top (right column) a positive
interference is observed with the fault 200m away from the west
doublet. This can be attributed to the conductive heat exchange between
the two layers having a positive influence with respect to the convection
heat transfer (see also Fig. 13). This influence is not as significant when
the fault is closer and the west doublet starts exhibiting reduced system
lifetime. When the top layer is the most permeable and the fault is in the
centre, lifetime for both sides is higher than for a fault throw 0 m.

The spacing between production and injection well is also a major
parameter influencing lifetime. For the minimum well spacing chosen in
our study, the interference of the fault is minimal. A well spacing of
600 m on both sides of the fault leads to a relatively short lifetime of
about 10 years, in all scenarios shown in Fig. 11. Note that lifetimes are
calculated from the mean temperature of both production wells on
either side of the fault, assuming a single operation on both sides. For
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larger well spacing, the interference of the fault becomes more evident.
The reservoir architecture has a strong impact on how the fault prox-
imity influences lifetime by controlling the juxtaposition of the layers
across the fault. For the sealing fault, lifetimes increase as the fault
moves away from the western wells towards the centre, for a well
spacing of 800m and 1000 m and the results are identical for both
tramline and checkerboard well configurations.

For the non-sealing fault scenarios, the effect of well spacing depends
also on the configuration of the wells, the tramline vs. the checkerboard
configuration. The checkerboard configuration has been found favour-
able in terms of lifetime in geothermal systems without a fault sepa-
rating the wells (Willems et al., 2017b). Our analysis shows that the
checkerboard is only favourable when the fault is close to one well pair,
while the tram line configuration clearly leads to longer lifetimes when
the fault is in the centre. This effect is most pronounced for the largest
well spacing. The well spacing of each doublet is the same as the distance
between the two doublets at all times (see also Fig. 1b).

The distance from the fault at which the tramline leads to longer
lifetimes compared to the checkerboard configuration depends also on
the reservoir architecture. If the most permeable layer is on the top of
the reservoir unit (Fig. 11, left column), the tram line configuration is
more favourable, especially for a larger well spacing, even if the fault is
relatively close to the western wells. In this scenario, the most permeable
layer on the eastern side of the fault communicates with the medium
permeable layer on the western side. If the most permeable layer is at the
bottom of the stack (Fig. 11, right column), the tramline configuration is
only favourable when the fault is close to the centre between the two
well doublets.

In general, the lifetime of the system depends on the hydraulic
connectivity across the fault. For the tramline configuration, lifetimes
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Fig. 11. System lifetime against fault position for a single developer (mean temperature of both production wells) for all the reservoir architectures and fault
permeability values, coloured by the well spacing and marked for the different well configurations. Data shown use a fault throw of 150 m, top west reservoir depth of

2.5km and a production rate of 400m®/h.

are generally higher the better the hydraulic connection between the
two sides is. It is therefore highest for the reservoir architecture with the
most permeable layer on the top (Fig. 11, left column), which then
connects with the medium permeable layer in the footwall (Fig. 1 ¢3).
The lowest hydraulic connectivity is reached if the least permeable layer
is on top of the reservoir unit, and the medium permeable layer at the
bottom (Fig. 11, central column). This also leads to the overall lowest
lifetimes with the tram line configuration. For the checker board, such a
clear dependency is not obvious.

If the fault is fully permeable, its influence on reservoir performance
strongly depends on the distance of the wells to the fault, but also on
well spacing and injection rate (Fig. 12). Reservoir architecture does not
play a major role, only the lifetime is slightly longer in most scenarios
when the most permeable layer is on top. Generally, the effect of the
fault distance is most pronounced if the well spacing is small and the
flow rate is low or if the well spacing is large and the flow rate is fast. For
the relatively large well spacing of 1000 m and flow rates of 100 m°/h
the effect of the fault distance becomes negligible, and also for the
smallest well spacing of 600 m in combination with large flow rates, the
effect is relatively small. This coupling of the effect of flow rate and well
spacing also affects the influence of the well configuration. Generally,
the lifetime of the system using a tramline configuration is much more
strongly affected by fault distance than the checkerboard configuration.
While the checkerboard configuration seems to be favourable for small
fault distances, for larger fault distances the tram line configuration is
better. This effect is most strongly observed for low flow rates when the
well spacing is small, and only minor for the fastest flow rates of 400 m3/
h; in contrast, for the largest well spacing, well configuration has no
effect for slow flow rates, while it has a strong effect at fast flow rates.

The change in system lifetime for a single developer with respect to

12

the fault positioned at the centre shows a clear preference of the
checkerboard configuration (Fig. 13). A tramline configuration always
results in a reduction of system lifetime with respect to the fault posi-
tioned at the centre. For the high flow rate of 400 m®/h this reduction
can be more than 40 % when the fault is 50 m away from the west
doublet (e.g. Fig. 13 left column, bottom row). Notably, an increase in
system lifetime is observed for the reservoir architecture with the
maximum producing layer on the bottom and the minimum producing
layer on the top (right column). This increase is more significant for
lower rates (100 and 250 m>/h) up to a well spacing of 800 m. The larger
well spacing of 1000 m combined with a checkerboard configuration
shows and low and medium rates shows no negative lifetime effects
when the fault is moving from the centre up to 50 m away from the west
doublet. On the contrary, for a well spacing of 1000m the highest
positive interference occurs at a fault distance of 200 m for the highest
flow rate of 400 m®/h and results in a lifetime increase of more than 20
%.

3.4. Lifetime and NPV

The generated NPV is primarily dependent on the used rate and on a
second level on the reservoir depth that results in an increasing pro-
duction temperature and therefore energy production (Fig. 14). A flow
rate increase of by a factor four between 100 m®/h and 400 m>/h results
in a five-fold increase in NPV. For a rate of 100 m®/h no significant NPV
gains are observed for producing more than 5TWh and therefore
extending the system lifetime beyond 30 years does not yield any eco-
nomic benefits despite the additional produced energy. Increasing the
rate to 250 m>/h a lifetime of more than 15 years already yields higher
NPV compared to that produced with a rate of 100m®/h with any
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Fig. 12. System lifetime against fault position for a single developer (mean temperature of both production wells) for all the reservoir architectures and well spacing
values, coloured by the production rate and marked for the different well configurations. Data shown use a conduit fault permeability, a fault throw of 150 m and a
top west reservoir depth of 2.5 km. See supplementary information for a plot of the generated energy.

lifetime. Beyond the production of 12.5 TWh for the shallower (2 km)
and 15 TW h for the deeper (2.5 km) reservoir depth no significant gains
in terms of NPV can be seen. Further increasing the rate to 400 m®/h
shows that despite the shorter lifetime and lower amount of produced
power, the shallower reservoir (2000 m) yields comparable NPV to the
deeper reservoir produced with 250 m3/h. The deeper reservoir (2.5 km)
produces yet higher NPV for a comparable amount of generated power
when produced at 400 m®/h rates compared to the 250 m®/h rates deep
reservoir. Therefore, shorter lifetime is offset by the higher energy
production of the higher rates resulting in comparable amounts of en-
ergy produced. The dataset for the higher rates does not show any sign of
asymptotic behaviour suggesting that further increase of NPV can be
achieved with prolonged system lifetime.

The fault position can have both positive and negative effects on the
generated NPV (Fig. 15). A tramline configuration always leads to an
NPV decrease as the fault moves closer to the west doublet. This
decrease is more significant as flow rate is increasing. Contrary to this, a
checkerboard configuration only reduces the generated NPV by less than
10 % in for the shorter well spacing and a distance of 50 m between the
fault and the west doublet. The combination of well spacing and fault
distance can even yield positive NPV effects, most prominently for a
distance of 200 m and the larger well spacings of 800 m and 1000 m.
These positive effects are larger when the minimum reservoir layer is at
the top of the stack, favouring heat exchange across the two blocks with
reduced convective losses.

3.4.1. Single vs individual developers

Shorter system lifetimes yield increasing NPV benefits when higher
rates are used (see also Fig. 14) and the difference between the indi-
vidual developers (west, east doublets) and the single developer (mean)
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increases with increasing rates (Fig. 16). For the low rates and for both
considered depths the differences between the single developer (mean)
are only attributed to the lifetimes of the individual doublets (west or
east) respectively. No distinction can be made between a single devel-
oper (mean) and the single developer (separate) NPV. With a rate of
250 m3/h and a depth of 200 m the individual developers (west & east)
show again minor differences only attributed to the respective lifetime.
The single developer (mean) results in both higher and lower NPV
compared to the single developer (separate) case. This can be attributed
to the cases where significant differences are present between the two
individual doublets, as then the single developer (separate) would uti-
lize the maximum lifetime for each system. When the lifetimes of both
systems are close, the single developer (mean) results in higher NPV due
to the higher revenues during the first years. At a depth of 2500 m the
individual developers have reached their asymptotic NPV value while
the single developer (mean) still increases slightly with longer system
lifetime. With the highest rate of 400 m>/h we see the difference be-
tween the single the individual developers further increasing with sys-
tem lifetime and this effect is further amplified with a depth of 2500 m
for the top of the reservoir. At the same time the discrepancy between
the single developer and the single developer (separate) also increases
with higher rates and deeper systems.

The generated NPV with respect to the fault positioning for the west,
east or a single developer shows that a checkerboard configuration is
increasingly beneficial for the west and single developer as the fault is
closer to the west doublet (Fig. 17). When a flow rate of 100 m®/h is used
difference for all three development options are negligible. Increasing
the production rate to 250 m>/h leads to differences of circa 20 M€ for
the west and circa 25ME€ for the single developer when the fault position
is closer than 200 m from the west doublet. The east developer is not
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affected by the fault position since the only impact is the slightly larger configuration when the fault is positioned less than 200 m from the west
reservoir volume available. Further increasing the rate to 400 m®/h doublet to circa 35 M€ and circa 50 M€ for the west and single developer
accentuates the difference between the tramline and checkerboard well accordingly.
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A single developer operating the doublets separately benefits
compared to a single developer using the mean temperature of both
doublets when the high rate of 400 m3/h is used (Fig. 19). With the fault
positioned at the centre between the two doublets, the benefit is mostly
in terms of NPV, as changes in lifetime are negligible. A sealing fault
causes only minimal lifetime changes even as the west doublet is posi-
tioned closer to the fault. These positive changes are most pronounced
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for the large well spacing of 1000 m. With a transparent fault perme-
ability and a distance of the west doublet to the fault less than 200 m
changes in lifetime of more than 25 % are observed. The changes further
increase with a conduit fault permeability. At the distance of 50 m from
the west doublet a tramline configuration results in both higher lifetimes
and NPV compared to the checkerboard configuration. Additionally, a
shorter well spacing of 600 m achieves higher NPV changes despite the
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Fig. 17. Generated NPV for different developers and well configurations. Data shown use a well spacing of 800 m, a conduit fault permeability, a fault throw of
150 m, a top west reservoir depth of 2.5km and a reservoir architecture of max/min/mid.

lower lifetime changes with respect to the large well spacing of 1000 m.
3.5. Energy recovery

The recovery of the HIP within the IA shows a perfectly linear
behaviour that is a function of the production rate and the well spacing,
with no influence from other parameters (Fig. 20). The production rate
defines the speed of the recovery (see Fig. 20, secondary x-axis), while
the well spacing affects both the speed but also the IA and therefore the
areal extent over which recovery is calculated (see also Fig. 1b). For all
rates, a shorter well spacing leads to higher energy recovery despite the
shorter system lifetimes. With a rate of 100 m>/h the system lifetime for
the well spacing of 1000 m is in some cases longer than the 100 years of
the simulation. For this rate, the highest HIP recovery of circa 43 % is
achieved with a well spacing of 800 m. Some small deviations around
the fit curve are observed for the low rates but as the rates are increased
the fit becomes better. For the rate of 250 m>/h and a well spacing of
600 m all simulations reach the system lifetime before 20 years but the
highest recovery drops by circa 6% and it is notably faster compared to
the rate of 100m®3/h. All simulations with a rate of 250 m®/h reach
system lifetime within the 100 years of simulation and therefore the
highest recovery of about 47 % is achieved with the well spacing of
1000 m. Increasing the rate to 400 m>/h further shortens the system
lifetime and increases the recovery rate, also leading to small decreases
of the maximum achieved recovery for all three well spacings.

3.6. Influence area

Fig. 21 shows the temperature profiles while the 1 °C temperature
drop reaches the IA boundary in the reservoir layer with the highest
permeability for cases containing sealing faults, with various fault dis-
tance and flow rate values. For the rate of 100 m®/h a minimum of 14
years of production takes place before the IA boundary is influenced by
the cold front for a fault distance of 50 m and it increases to 25 years
when the fault is in the centre of the two blocks. With a rate of 250 m®/h,
6 and 10 years are needed respectively before the cold plume affects the
IA boundary for a fault distance of 50 and 500 m respectively. These
values are less than half compared to the lower rate of 100 mS/h. A
further decrease occurs with a rate of 400 m/h reducing the production
time to less than a third compared to the respective values for the rate of
100 m3/h. Consistently in all data shown in Fig. 21 the IA boundary is
influenced by the cold water plume before any of the production wells is
influenced.

The influence of the fault permeability to the 1 °C temperature drop
is shown in Fig. 22 for the lowest rate of 100 m®/h. A transparent fault
permeability allows the cold front to reach the IA boundary at 11 years
and a conduit fault at 8 years of production time. This further shortening
of the production time before the IA boundary is influenced leads to an
increased difference between the influence at the IA boundary and any
of the production wells.

The discrepancy between the 1°C temperature drop at the IA
boundary and the production temperature of the single developer over
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the whole dataset suggests that the definition of the IA boundary is not
suitable to link the temperature drop at the producer with that of the
boundary (Fig. 23). For a rate of 100 m®/h and short system lifetimes the
discrepancy is small but increases substantially when longer system
lifetimes are encountered reaching a maximum value of 86 years. For
the rate of 250 m®/h the discrepancy between the IA boundary and the
production temperature is smaller for short system lifetimes and in-
creases with longer system lifetimes up to circa 25 years. For the highest
rate of 400 m%/h and short system lifetime the discrepancy is further
reduced and only reaches circa 17 years for the longest system lifetimes.
Consistently throughout the dataset the ideal ratio of 1:1 between the IA
boundary and the production temperature drop of 1 °C is not reached.

4. Discussion

In contrast to previously published work (Willems et al., 2017b),
results herein show that for two doublets separated by a fault, with a
doublet distance equal to the well spacing of both doublets a tramline
configuration leads to longer lifetime for both doublets with the fault
positioned at the centre. Previous results used a homogeneous reservoir
and no fault was present between the two doublets, while in this study a
layered reservoir with three layers is used and the two doublets are
separated by a fault. Therefore, these different results in terms of well
configuration could be attributed to either the reservoir layer properties
or the fault presence. Longer lifetime however does not translate to
improved NPV; these longer lifetimes are encountered beyond 30 years
and therefore the time value of money minimizes the revenues from
additional energy generation (see also Fig. 15).

Similar to our previous work for the effect of fault permeability and
distance on a single doublet (Daniilidis et al., 2020a), also for interfer-
ence between two doublets we observe significant effects when the
doublet is positioned closer than 200 m from the fault. These effects are
important for both the single and individual developers with the doublet
closer to the fault being the most affected.

In agreement with previous research (Babaei and Nick, 2019), a well
spacing of 1000 m is found to provide system lifetimes above 20 years in
most cases, even when a high flow rate of 400 m®/h is used. Reaching 30
or more years of system lifetime remains attainable, depending on the
well configuration and reservoir architecture for a well spacing of
1000 m and 400 m®/h. Notably, lifetimes above 20 years can also be
achieved with a well spacing of 800m and flow rate of 250 m%/h or
lower. Since typical projects span over some 30 years, current practice in
terms of well spacing (circa 1.5 km, see also Table 1 in Willems and Nick,
2019) does not aid in the optimal use of the subsurface and could hinder
the denser development required to increase DUGS contribution to the
energy mix.

For the low rate of 100 m3/h the NPV generated does not increase
significantly when lifetime is extended beyond 30 years. A four-fold
increase of rate to 400 m>/h can result in an NPV increase of 5 times
if sufficient lifetime is achieved. For the higher rates, no asymptotic
behaviour is observed on the NPV meaning that further extending the
lifetime will still yield economic benefit for the operator.
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of 2500 m.
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For a single developer using the mean temperature of both doublets
always yields a higher NPV compared to operating the doublets sepa-
rately for low rates. As the rates increase, operating the doublets sepa-
rately can generate a higher combined NPV and longer systems lifetime;
both NPV and lifetime benefits are increasing with lower well spacing
and proximity to the fault. This can be attributed to the increasing
discrepancy between the two doublets; the closer the west doublet is to
the fault the earlier the thermal breakthrough and the lower its NPV will
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be. Therefore, a single developer using the mean temperature of both
doublets will suffer from the earlier breakthrough of the west doublet
being shorter. Operating the doublets separately is beneficial in this case
as the maximum lifetime of each can be achieved. However, the draw-
back is that the power capacity of the system is limited to almost half
once the west doublet has reached the end of its lifetime. Consequently,
a regulator would prefer to steer development towards systems with
multiple end-users to align with the increased economic value generated
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from a single developer operating the doublets separately. Contrary to
this, for a single developer with low rates (100 m3/h) combining dou-
blets to a system with higher capacity yields more profit (see also
Fig. 18). The impact of the different development strategies for a single
developer could be further explored considering options such as a staged
addition of more doublets and a larger number of doublets overall. This
however exceeds the scope of this work.

While proximity of the one doublet to the fault can reduce its life-
time, there are also positive effects that a permeable fault can have on
both the lifetime and the NPV. This is also exemplified by the extensive
flow field over the whole domain of the fault plane with a distance of
50 m to the west doublet for non-sealing fault behaviour (see also section
3.1 Flow field). Therefore, the distance to the fault plane can become a
consideration in optimizing a development plan as it can result in life-
time increase of 20 % and an NPV increase of 5% in some cases (well
spacing 1000 m, rate 400 m°/h and maximum producing layer at the
bottom, see Fig. 15).

In accordance with previously published work on the effect of fault
proximity on a single doublet (Daniilidis et al., 2020a), the hydraulic
effect of a fault is key for the interference between adjacent doublets.
The fault hydraulic properties can have a decisive impact on the shape of
the cold plume. The flow field shows a direct interaction between the
two fault blocks when the fault acts as a conduit and a contribution from
the whole fault extent, both vertically and laterally (see also section 3.1
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Flow field). However, under all considered parameters, a checkerboard
configuration is less affected by the fault behaviour compared to the
tramline when all other parameters remain the same.

Considering field development and robustness, maintaining a dis-
tance of 200 m or more to the fault limits the fault effect to less than 20
% for the system lifetime and 5% of the NPV. Nonetheless, the check-
erboard configuration is preferable when one doublet is closer to the
fault and it is therefore preferable to use it in order to reduce the impact
of the fault if the fault properties are not known.

Shorter well spacing results in better HIP recovery and the speed of
the recovery is conditioned only to the well spacing and the production
rate in a linear relationship. The well spacing plays a role since it defines
the IA and therefore conditions the volume over which HIP recovery is
calculated. It might therefore be worthwhile to examine if HIP recovery
maintains such a linear relationship with respect to a different shape and
dimensions of the IA. Regardless of the size and shape of the IA,
decreasing the well spacing becomes increasingly important when dense
development takes place and sweep efficiency is relevant. This is not
only the case from the developer’s point of view but also with respect to
the efficient use of the subsurface resource.

Mechanical effects on the fault resulting from changes in both
pressure and temperature around and inside the fault are not considered
in this study. While this goes beyond the scope of this paper, preliminary
results show that close proximity of the doublet to a fault can affect fault
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flow field for a tramline configuration can be found in Fig. 24.

stability (Zaal et al., 2021). Previous work has shown the temperature
and pressure effects in lower dimension discontinuities such as fractures
(Salimzadeh et al., 2019; Salimzadeh and Nick, 2019; Vik et al., 2018)
also with the use of THM models (Li et al., 2019; Salimzadeh et al.,
2018a). Thermal and hydraulic effects on open fractures have been
shown to reduce fracture contact area and trigger fracture reactivation
(Salimzadeh et al., 2018b). Moreover, coupled THM models have been
used for high-enthalpy geothermal systems (Parisio et al., 2019; Wata-
nabe et al., 2020). However, further research is to better constrain the
mechanical effects of large faults in low-enthalpy, conduction domi-
nated settings. Limited work has been directed to the combined analysis
of the fault stability and field development in this context and this will

20

gain increasing attention as denser developments materialize and
interaction with faults becomes more frequent.

Discrepancy between IA temperature drop and drop at the producer
wells increases with lower rates and longer system lifetimes. These
findings are in accordance with Babaei and Nick (2019) where the IA
needed to be expanded to capture the producer temperature drop. A
different IA boundary needs to be designed as the production tempera-
ture is the only temperature that can be confidently measured in the
field (IA temperature can only be simulated). An ideal IA would achieve
1:1 ratio between the IA boundary and the production temperature
under all conditions, including heterogeneity at the reservoir, well
spacing and the presence of a fault. This is a point for further study that
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could enable a better planning and licensing of the subsurface for
geothermal activities. A new IA should also be checked against the HIP
recovery, which might change as the IA shape and dimensions change
and constitutes a strong point for improvement of planning and
regulation.

5. Conclusions

In this work a full factorial design was carried out to analyse the
interference of two geothermal doublets across a fault using 5184 3D
reservoir simulations. A synthetic, parametrizable model was used that
considered subsurface parameters such as reservoir architecture, fault
permeability, fault throw, fault distance to doublet and reservoir depth
and development options such as well spacing, well configuration and
flow rate. The system lifetime, generated energy, NPV, HIP recovery and
IA boundary temperature were analysed for a single and individual
developers. Based on the analysis the following conclusions can be
drawn:

Interference between doublets is affected primarily by the fault
permeability and distance to fault and less so from the fault throw
Interference of two doublets across a fault is minimized with the use
of a checkerboard configuration. The benefits of the checkerboard
configuration increase with fault proximity.

Interference can conditionally be positive therefore the distance to
fault should be included in field development optimization routines.
Conditionality is subject to reservoir architecture, fault position and
well spacing.

A distance of at least 200 m from the fault ensures a lifetime change
within 20 % and an NPV change within 5% compared to the fault at
the centre between the two doublets.

HIP recovery shows a linear relation with flow rate and well spacing.
Higher rates and shorter well spacing result in faster HIP recovery.
Shorter well spacing results in better HIP recovery and is therefore
more effective for dense developments.

A single developer of two doublets operating with mean temperature
of both doublets can achieve approximately 5 times higher NPV for 4
times higher flow rate for similar amounts of produced energy
compared to two individual developers, despite the lower system
lifetime.

Individual developers generate higher aggregated NPV compared to
a single developer when the rates are 250 m®/h or higher. This holds
for both tramline and checkerboard configurations.

A lifetime of more than 20 years can be attained with a well spacing
of 1000 m and rate of 400 m®/h; and for a well spacing of 800 m and
arate of 250 m>/h or lower and the distance to the fault is larger than
200 m.

The current definition of the IA is insufficient to capture the tem-
perature drop at the producer wells. The discrepancy between the IA
and the producer wells increases as system lifetimes become larger
and as the fault permeability increases.
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Appendix A

The main difference of the flow field with a tramline configuration
with respect to a checkerboard configuration (Fig. 3) is the direction of
the flow paths being parallel across the two sides of the fault plane.

Fig. 24
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