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The Netherlands aims to be CO2 neutral by 2050, aligning with the Paris Agreement. To achieve this, it is
crucial to increase the contribution of geothermal energy to renewable energy sources, necessitating large-
scale exploitation to speed up the energy transition. Only small-scale (1-2 km) geothermal field developments
exist in the Netherlands primarily for heating. Expanding to extensive geothermal fields (>10 km length)
requires a strategic approach to well placement and consideration of the economic constraints associated with
geothermal projects. The heterogeneity of the subsurface is a critical factor in developing large-scale geothermal
reservoirs. This study introduces an innovative approach to optimising well placement based on geological
trends, using a well-density function as a proof of concept. Implementing and optimising flexible well patterns
for large-scale geothermal developments significantly enhances profitability compared to conventional oil and
gas industry methods. Optimised flexible well patterns favour a long-term utilisation of energy recovered,
minimise pressure extrema in the reservoir, and improve sweep efficiency. However, their application depends
on reservoir operational decisions. The optimisation process ensures economic viability, even with lower heat
prices. Broadly, this methodology could be key to scaling up geothermal developments to meet the objectives
of the Paris Agreement.

1. Introduction the heterogeneity of the subsurface, by tuning well spacing through
injector-producer placement to those large-scale heterogeneities [11,
The Netherlands, among other countries, has set goals to increase 12]. Roberts et al. [13] showcased the large-scale geological charac-
the contribution of geothermal energy from 0.5% of the total national
heat production to 5% by 2030 [1]. So far the contribution has been
achieved through the deployment of small-scale geothermal projects
using well doublets [2]. Several authors have suggested geothermal
field development with repeated doublets to upscale geothermal op-
erations [3-7]. Upscaling operations from individual well doublets to

multiple wells increases the density of wells for a given reservoir unit,

ter of spatially heterogeneous geological formations, demonstrating a
geological model with a large-scale linear trend observed in porosity
or thickness. Willems et al. [14] discussed the large-scale reservoir
nature of the West Netherlands Basin with a channel belt of 10 km.
Moreover, several researchers [15,16] have discussed the large-scale
heterogeneous nature of fluvial systems and the impact of heterogeneity

leading to an optimised use of the subsurface. Thus, a higher density of
operations can lead to greater energy efficiency of the systems. Previous
research suggested that an extension of doublets to well patterns used
in oil and gas field development is necessary to upscale geothermal
field developments [8]. Well patterns discussed in previous studies
were usually derived from oil and gas development like line-drive and
5-spot [9,10].

One of the many purposes of well patterns developed for oil and
gas was to improve economic constraints that partially stem from

* Corresponding author.
E-mail address: E.Kane@tudelft.nl (E. Kane).

https://doi.org/10.1016/j.renene.2025.122494

on the cold front position. The heterogeneous character of geological
formations motivates the adoption of a collective and coordinated
approach, leading to the optimal recovery of heat.

There are several studies on the concept of optimisation of indi-
vidual well locations in oil and gas field developments [9,12,17-20].
The concept of optimisation of individual well locations on small-scale
geothermal fields has already been discussed for the Netherlands [5,6].
Several authors have captured the concept of optimisation of individual

Received 3 September 2024; Received in revised form 20 January 2025; Accepted 22 January 2025

Available online 30 January 2025

0960-1481/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://www.elsevier.com/locate/renene
https://www.elsevier.com/locate/renene
mailto:E.Kane@tudelft.nl
https://doi.org/10.1016/j.renene.2025.122494
https://doi.org/10.1016/j.renene.2025.122494
http://creativecommons.org/licenses/by/4.0/

E. Kane et al. Renewable Energy 243 (2025) 122494

1. Input 2. Simulation and economics
=  1.Geological setting DARTS — Energy recovered
o
] 2. Regular well patterns +
L 3. Resizing operator Economic model

Numerical optimisation of re
1. Input 2. Simulation and economics
o 1. Geological setting DARTS — Energy recovered
a
° 2. Regular well patterns +
] Economic model

3. Resizing operator

3. Output 4. Analytical search

Optimal regular

well patterns

3. Output 4. Numerical optimisation

Optimal regular well
patterns

Numerical optimisation of flexi

1. Input

1. Geological setting

2. Modelling of property trend
3. Well density function
(Flexible Well Patterns)

Step 2

2. Simulation and economics
DARTS — Energy recovered

Economic model

3. Output

4. Numerical optimisation

Optimal flexible
well patterns

4

Fig. 1. Visual representation of the workflow adopted for the current research. The process includes three different optimisation routines on the same geological setting and the

results will be compared in the end to infer the optimal development strategy.

geothermal well placement or doublets [21-23]. Olwunalu et al. [9,24]
have extensively studied well pattern operators that distort the shape,
size, orientation, type, and well locations. Zhang et al. [25] suggested a
method of large-scale optimisation of geothermal fields; however, the
methodology did not consider flexibility on well placement based on
geological heterogeneities and did not include economic constraints.

The research above covers a rather localised approach in well
placement rather than a collective approach. This study demonstrates
the possibility and benefits of adapting and optimising well pattern
parameters that control well density to reflect trends in geological prop-
erties. A literature gap exists in translating large-scale geological trends
into a numerically optimised well placement problem. Furthermore,
individual well location optimisation is a computationally challenging
problem. Nasir et al. [26] proved that the number of optimisation
variables scales with the maximum number of wells considered.

In this study, we attempt to close the abovementioned gap with
a concept for large-scale geothermal field development to cover the
heat demand in the Netherlands and beyond. We suggest a proof of
concept of an innovative approach of flexible well patterns where we
model well placement according to a large-scale trend of geological
property. The applied methodology aims to reduce the number of
optimised control variables in well placement, considering a trend in
well placement or spacing across a defined direction. The optimisation
targets economic factors as in previous studies [27,28].

2. Methodology
2.1. Workflow

We present the workflow we followed to infer the optimal develop-
ment strategies for the tested geological scenarios. Fig. 1 demonstrates
the steps of the process. The components of each step will be further
analysed in the following sections. We adopted a 3-step strategy where
each step targets to deliver the optimal development strategy for each
geological setting with the assigned well pattern and optimisation
strategy. At the end of the process, we compare the results of each
well pattern and optimisation method to address the most profitable
scenarios and further discuss the energy recovered.

2.2. Geothermal geological models

This chapter describes the different synthetic geological models
we created to test the proposed field development approach. The
necessity of large-scale heterogeneous geological models motivated the
construction of synthetic models instead of using real case studies.

We considered two common types of heterogeneity encountered
in the subsurface, namely large-scale trends (10 % 10 km) resulting
for example from the presence of river systems and associated with
channel features, as proof of concept. The synthetic geological models
with different properties were described with a trend. These trends
represented lithological variations of the geological formations such
as a large-scale channel belt [14] and transitioning from shale to
sand-dominated formations [13].

We created two models, one with a linear trend and one with
a Gaussian trend in a chosen geological property, p. In this case,
we modelled porosity. The geological model with a linear trend in
porosity represents a transition from porous sandstones to a shally-
dominating formation and has been discussed by [13]. The Gaussian
trend describes a large-scale channel occurring from the sediments
deposited in old river systems. All geological properties were adopted
from geological settings in the Dutch subsurface [14,29]. The lower
porosity corresponds to the lithology of shale and areas with higher
porosity to sandstone.

The models are three-dimensional (x, y, z). However, only two di-
mensions (x, y) contributed to fluid and heat flow to establish that the
2-dimensional change of well location can lead to optimal heat re-
covery. The third dimension (z; thickness), only minimally contributes
to flow compared to the other two directions to eliminate depth-
dependent preferential pathways for fluid and heat flow, adding more
complexity to the optimisation process. The z-dimension solely added a
numerical volume to the numerical cells, which consisted of part of the
simulation set-up. We modelled the porosity, permeability, bulk heat
capacity, and bulk conductivity of the reservoir according to Egs. (1),
(2) for the linear and Gaussian geological models, respectively.

p=-—-ax+b (@)

where a = 221, p = p, and nx is the reservoir length. p; and p, stand
for the values of the properties we modelled: porosity, permeability,
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Fig. 2. Visual representation of porosity, permeability in x-y directions, bulk heat capacity, and bulk heat conductivity of the geological model with a linear trend in the x-direction.
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Fig. 3. Visual representation of porosity, permeability in x-y directions, bulk heat capacity, and bulk heat conductivity of the geological model with a Gaussian trend in the

x-direction.

Table 1

Constant parameters used in geological modelling with a linear and Gaussian trend.
Property (p) Annotation p; Value p, Value Untits (SI)
Porosity ¢ 0.10 0.20 -
Permeability in x-direction ky 10 1000 mD
Permeability in y-direction k, 10 1000 mD
Permeability in z-direction k., 10 10 mD
Bulk heat capacity ¢y 2300 2450 mi‘iK
Bulk heat conductivity Ay 0.190 0.260 K

mday+K

bulk heat capacity, and conductivity. The p, and p, values of the
modelled properties are presented in Table 1.

p=a+be<_(x;7;)2> (2)

where a = p;, b are the fractional addition to the minimum property
value in the x-direction, c is the location in the x-direction, where the
maximum value of the modelled property occurred (i.e., the Gaussian
peak) and d = p, — p; represents the width of the Gaussian trend. Here
we opted for a = p;, b= p, — p;, ¢ =125, d = 40.

The geological models establish spatial heterogeneity in a selected
property with a trend. The heterogeneity translated to different abso-
lute values of reservoir properties. Table 1 presents all the properties
used for geothermal reservoir modelling. The visual representation of
porosity, permeability in x — y directions, bulk heat capacity, and bulk
heat conductivity of the two geothermal models are shown in Figs. 2,3.

2.3. Well density function

2.3.1. From regular to flexible well patterns

In this study, we propose using well patterns typical for oil and
gas field development for geothermal field development. We experi-
mented with a line-drive well pattern, a large-scale extension of doublet
wells [7,30]. We also tested 5-spot patterns, consisting of an injection
well in the centre and four surrounding producer wells. Onwunalu
et al. [9,24] have extensively studied well pattern operators that distort
the shape, size, orientation, type, and well locations. Here, we aim to
use regular well patterns as introduced by Onwunalu et al. [9], like
line-drive and 5-spot and distort their shape by resizing them. The
arguments of the resizing operator were the horizontal/lateral (PS,, y)
distance between two injectors. A regular pattern denoted a globally
constant (PS, = PSy) injector-to-injector distance in the reservoir
domain.

For the development of heterogeneous reservoirs, we suggest proof
of concept of a flexible well placement strategy. The heterogeneity
refers to the porosity, permeability, heat capacity, and conductivity
of the reservoir in different directions. We opted to model a property
with a function as discussed in the Geothermal Geological Models.
We considered a well-density function that directly responds to the
1-dimensional geological trends.

2.3.2. Well density function
We propose two flexible well pattern scenarios, described with
Egs. (3),(4) for the linear and the Gaussian trend, respectively.

WDF,.. = ax+b 3)

_(x,,,,)2>
W DFgayssian = € + cde< 7 (€)]
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Fig. 4. Boundary conditions of well placement based on well density functions presented in Egs. (3), (4). We note injectors in blue and producers in red. Parameters a, and c that
define the offset or distance from the left or right field boundary are explained in Egs. (3), (4) respectively.

In Eq. (3), a is the fractional reduction of pattern size from its
initial size b, measured in grid blocks. In Eq. (4), ¢ is the normal
or maximum pattern size in the x-direction, ¢ * d is the fractional
increase or reduction of pattern size in the x-direction from the normal
pattern size ¢, m is the location in the x-direction where the channel
peak is encountered, and f represents the width of the Gaussian curve.
¢,d,m, f are measured in grid blocks, and ¢ * d takes values between 0
and 1.

Well placement (Fig. 4) was initialised with an injection well at
an offset from the origin of the x-axis, which is a/2 and ¢/2 for the
linear and Gaussian well patterns, respectively. The offset for both well
patterns ensures a commensurate field area for optimisation for both
geological models. The x-location value of the second injector (x;,;,¢+1))
occurred from the addition of the absolute value of the x-location of
the first injector to the x-location of the first injector. The process
continued until an injector location fell out of the field boundaries
minus a minimal distance of a/2 and ¢/2 for linear and Gaussian well-
density functions, respectively. Production wells were placed in the
middle of the distance of two injectors based on Eq. (5).

Xiviniy + Xipio(i
xpmd(i) — inje(i) > inje(i+1) (5)

We ensured that one producer was always placed between two
injectors. If the last producer was placed outside the field boundaries,
we did not consider it in the development strategy (Eq. (6)). We utilised
the resizing well-shape operator to assign the y-location of injectors and
producers with equidistant spacing.

Xinje(i)

(6)

Xprod(i) = Xinje() = (Xinje(+1) = Xinje(i)) *
prod(i nje(l nje(l nje(l xinje(i) +X,-,,jc,(,-+1)

2.4. Objective function and optimisation

2.4.1. Delft Advanced Research Terra Simulator (DARTS)

We carried out the simulations with the Delft Advanced Research
Terra Simulator (DARTS), developed at Delft University of Technol-
ogy [31,32]. Furthermore, linearisation in DARTS was implemented
using the Operator-Based Linearisation approach (OBL) [33-36]. The
successful application of OBL in flow simulations has been demon-
strated by several researchers [33-37]. Geothermal reservoir simu-
lations included conservation of mass, conservation of energy, and
Darcy’s Law for fluid flow in porous media [38].

2.4.2. Reservoir simulation

The geothermal reservoir simulations require the geology of the
simulated field and the well density function as input. Additionally, we
present the set-up of the simulations in Table 2. We imposed a fixed vol-
umetric rate control on the wells and not bottom hole pressure (BHP)
constraints, to balance the injected and produced volume of geothermal
fluid, which is a regulation in geothermal operations to maintain mass
balance in the reservoir after extracting the heat from the fluid. We
used different injection rates adapted to the two geological models, as
well, due to the convergence restrictions of the simulator. Furthermore,

Table 2
Constant parameters used as simulation inputs, in reservoir models.

Constant Annotation Value Unit (SI)
Reservoir x,y-discretisation nx, ny 250 Grid blocks
Reservoir z-discretisation nz 1 Grid blocks
Grid x,y-dimension dx, dy 40 m
Grid z-dimension dz 50 m
Reservoir top depth iy 2200 m
Reservoir bottom depth dyortom 2250 m
Initial reservoir temperature T, 349.15 K
Initial reservoir pressure P 24.2 MPa
Injection temperature T, 308.15 K
Injection rate;,,,,, 0, 3000 "]"T)
Injection rateg,,;q, 0, 2000 W
Injection/Production well depth din /prod 2225 m
Project lifetime t 30 years
Fluid density I 1000 %
Fluid heat capacity ¢ 4200 mfiK

. . 9]
Fluid heat conductivity Ay 0.730 ik
Boundary cell volume inflation factor v 100 -

large-volume boundary cells are used at the edge of the domain to
imitate an open-to-flow reservoir.

We calculate the energy produced/injected per well (E,,,/;,;) and
net energy recovered (E,) with Egs. (7),(8) where t stands for the
evaluation interval of the simulation, 4r is the project lifetime and N is
the number of wells. Note that we do not consider any pressure-related
energy consumption, unlike Zaal et al. [28].

Epm/irlj(l + 1) - Epm/irlj(l)

Epro/inj = At @)
At N N

E,=Z<ZEP,OM—ZE,.,,1*¢> ®)
=0 \n=0 n=0

2.4.3. Economic model

The economic modelling of geothermal developments under Dutch
fiscal conditions has been extensively studied in the past [1,28,39,40].
Drilling costs generally account for a significant part of expenditure
on geothermal projects. In this study, we included only these ex-
penses to simplify the calculations, operational costs (OpEx) are not
included. Drilling costs vary for each well depending on the depth,
given in Eq. (9) [41], in which d is the measured depth in meters
(m) and the well costs are in Euros (€). The output of the equation
is the well and installation costs of a single well multiplied by the
total number of wells and accounts for the total Capital Expenditures
(CapEx).

CapEx = C,, = N,, * (375000 + 1150d + 0.3d%) ©)]

Revenues generated from heat recovered (E,) contribute to the
income of geothermal projects. The economic model is built based on
the heat price P derived from [42] for the year 2020 ( Table 3). We
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Table 3

Constant parameters used as simulation inputs, in reservoir models.
Constant Annotation Value Unit (SI)
Heat price,,, p 51.8 €/MWh
Heat price,,, p 30 €/MWh
Project lifetime At 30 Years

calculate the undiscounted cash flow (CF,) from Eq. (10) derived from
Zaal et al. [28]. We note cashflow as CF, (€), 4t is the project lifetime
in years:
At
CF,= ) CF 10)
=0

Zhang et al. [27] established the cashflow calculation with Eq. (11),
where E, are the heat revenues and CapEx are the capital expenditures:

CF =E,—CapEx an

2.4.4. Optimisation

We utilised the Simplicial Homology Global Optimisation (SHGO)
algorithm [43-45] to optimise cashflow using the pattern size or the
well density function as an input for the objective function. SHGO is ap-
propriate for solving global and derivative-free, black-box optimisation
problems. The algorithm is specialised in finding all the local minima
of non-smooth objective functions with expensive function evaluations
efficiently, which is especially suitable in our research given the non-
smooth nature of the objective function presented in Fig. 5. Please refer
to Table 4 for all the parameters used in the optimisation process for
both geological models and well density function. The stopping criteria
of the optimisation were the maximum number of iterations stated
in Table 4. The convergence criteria utilised the default setup of the
optimiser, which balanced computational efficiency and accuracy.

2.4.5. Thermal recovery

The energy present in the reservoir fluid of the geothermal models
refers to a temperate difference between the initial reservoir (fluid
and rock) temperature and injection fluid temperature [46]. In this
case, it is AT=51 °C, and we accounted only for the energy stored in
the reservoir fluid. We did not consider the thermal recharge of the
reservoir by the over and underburden. The energy stored in the fluid
is calculated based on Eq. (12)

E;=AT % C; %V, 12)
where E is the energy of the fluid stored in the reservoir measured in

GJ, C; is the volumetric heat capacity of the fluid measured in m';ZK
and V, is the volume of the fluid noted in m3.

3. Results and discussion
3.1. Geological model with Gaussian trend

3.1.1. Analytical search of optimal regular well pattern

We performed a manual search of all well pattern sizes with integer
pattern size values to find the optimum regular well patterns with
two development scenarios: a regular line-drive and a regular 5-spot
well pattern. The manual process included a grid block-by-grid block
evaluation of the objective function and not assigning decimal numbers,
leading to a step-wise gap of 40 m that was not evaluated.

The minimum pattern size applied to this geological model was 5
grid blocks, which correspond to 200 m. Fig. 5 illustrates the response
curves of the search for the development scenarios. The optimal de-
velopment strategy of regular well patterns is the 5-spot well pattern,
which delivers the most profitable development. The optimised pattern
size is 320 m (nx = ny = 8 grid blocks). Furthermore, we observe
the non-smooth nature of the objective function, which stems from the
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We note the non-smooth nature of the objective function.
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Fig. 6. Optimisation results per development strategy with a regular well pattern. The
optimal pattern size per development scenario is noted in the plot with a star.

number of injectors and producers. Specifically, the smaller the pattern
size, the more rows of injectors and producers fitted in the simulated
reservoir. The small pattern sizes impact the CapEx negatively and the
energy produced positively, leading to an irregular behaviour of the
response function.

3.1.2. Numerical optimisation with regular well patterns

We numerically optimised the same geological model with a reg-
ular line-drive and 5-spot well pattern. The optimised development
strategies suggest that a regular 5-spot well pattern delivered the
highest NPV. Fig. 6 delineates the optimisation result per development
scenario. The optimal pattern size is 340 m injector to injector distance
or nx = ny = 8.5 grid blocks.

After 30 years of production, almost all the reservoir cools down
close to the injection temperature. A rim of unswept hot water is
present on the north and east sides due to boundary conditions applied
in well placement that do not allow more wells to be placed in those ar-
eas. Additionally, we have imposed inflation of the fluid volume present



E. Kane et al.

Renewable Energy 243 (2025) 122494

Table 4
Numerical and field values of optimisation parameters.
Annotation Numerical value Unit Field value Unit
a [3, 120] Grid blocks [120, 4800] m
b [3, 120] Grid blocks [120, 4800] m
c [5, 55] Grid blocks [200, 2200] m
crd [0, 1] - [0, 1] -
m [80, 170] Grid blocks [320, 6800] m
f [10, 70] Grid blocks [400, 2800] m
PS, - linear [3, 60] Grid blocks [120, 2400] m
PS, - Gaussian [5, 55] Grid blocks [200, 2200] m
iterations - linear 300
sampling points - linear 50
iterations - Gaussian 900
sampling points - Gaussian 200
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Fig. 7. Numerically optimised development strategy with a regular 5-spot well pattern for the geological model with the Gaussian trend. Left: Field temperature distribution after
30 years of production. Right: Pressure offset of BHP from initial reservoir top pressure = 24.2 MPa after 30 years of production.
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Fig. 9. Optimisation results for the development strategies with a flexible well pattern.
The optimal pattern size per development scenario and geological model are noted in
the plot.

at the boundaries of the reservoir hence the production wells present
there will exhibit non-realistic time-series of production temperature
profile. Fig. 8 shows that a group of production wells encounter a
cold front of 35-45 °C after ten years of production. In contrast, the
rest stabilise at a temperature range of 60-80° C after 15 years of
production, given that they are placed close to the boundaries where
the volume of the hot reservoir fluid is inflated, therefore the cooling
effects are masked. All well temperature profiles stabilise after 15 years
of production.

Pressure field data confirm that the areas with low porosity-
permeability experience the most significant pressure offset from the
initial reservoir top pressure (Fig. 7). The bottom hole pressure time
series suggests a significant pressure offset for both injectors and
producers. The pressure offset for the injection wells stabilises at
similar times, however at different pressure values. Production wells
exhibit values lower than the initial reservoir pressure and appear to
stabilise each at different times. After 10 years of production bottom
hole pressure reaches a plateau for all wells. We also observe the
clustering of production wells based on temperature both after 15 years
of production.

3.1.3. Numerical optimisation with flexible well patterns
We numerically optimised the objective function for this geological
model with a flexible line-drive and 5-spot well pattern. The optimised
development strategies suggested that the line-drive well pattern re-
turns the highest cashflow in contrast to the previous setup, where the
5-spot exhibited better performance. For the Gaussian model, the well-
density function describing the optimal pattern size (in km) distribution
in the x-direction is described with Eq. (13). The optimal pattern size
for the y-direction is 128 m (ny = 3.2 grid blocks). See Table 2 for
nx and dx values. Fig. 9 shows the optimisation results for the flexible
well patterns. The development scenario with line-drive well patterns
outperforms the 5-spot when numerically optimised.
(7 (x=5.428) )
Fuod gaussoy = 2-032 % (1 +0.1225) x e\ 095
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Fig. 10 shows the thermally unswept areas at the west and east
sides of the reservoir after 30 years of production as a result of
well placement boundary conditions. Fig. 11 presents that temperature
breakthrough starts between 5-10 years of production. We observe
a clustering of wells where breakthroughs start after five years of
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production, associated with high permeability areas, but the temper-
ature did not drop below 60 °C after 30 years of production, due to
the boundary conditions. The wells that experience the breakthrough
between 10-15 years encounter temperatures up to 35 °C after 30 years
of production and represent the areas with lower permeability.
Reservoir top pressure offsets negatively around injection well and
positively on production wells. Note that the areas where the boundary
producers lay have low porosity and permeability hence pressure ele-
vates. We observe minimal pressure offset around the producers that lie
in the middle of the reservoir where there is substantial permeability.
We observe a drop in the bottom hole pressure profile in all wells
that instantly initiates upon production and stabilises after 15 years of
production. After that, BHP stabilises, though there is a clustering of the
final BHP value due to the well location and boundary reservoir con-
ditions. We also observe a variable behaviour of clustered production
wells with varying temperature breakthroughs of 0, 5, and 15 years.

3.2. Geological model with linear trend

3.2.1. Analytical search of optimal regular well pattern

Similar to the description in the methodology for the geological
model with the Gaussian trend, we performed a manual search to find
the optimum regular well patterns with two development scenarios:
a regular line-drive and a regular 5-spot well pattern. The optimum
pattern size found is 3 grid blocks, translating to 120 m of injector-to-
injector distance in both x- and y-direction for this geological model.
Fig. 12 illustrates the response curves of the exhaustive search. The
optimal development strategy was the 5-spot well pattern, which is the
most profitable, with the optimised pattern size being 240 m (nx = ny =
6 grid blocks) injector to injector (x,y directions) distance.

3.2.2. Numerical optimisation with regular well patterns

We numerically optimised the same geological model with a regular
line-drive and 5-spot well pattern. The optimised development strate-
gies suggest that a regular 5-spot well pattern delivered the highest
cashflow. Fig. 13 delivers the optimisation result per development
scenario. The optimal pattern size for the linear model is 236 m injector
to injector distance (nx = ny = 5.9 grid blocks) for the linear model.

After 30 years of production, only the north and east boundaries of
the reservoir remain thermally unswept due to the boundary conditions
applied in well placement. Fig. 15 shows that thermal breakthrough
occurs instantaneously after the beginning of the production a tem-
perature stabilises between 5-10 years. However, one group of wells
encounters a 35-40 °C thermal front and the second a temperature
range of 60-80 °C front.

Pressure field data suggest that the eastern part of the reservoir,
with its low porosity-permeability, experiences the greatest pressure
increase from the initial reservoir pressure (Fig. 14). However, given
that part of the reservoir is subject to fluid volume inflation we do
not consider this as a realistic reservoir response to fluid injection. The
bottom hole pressure profile exhibits a variable response as well with
a great range of pressures. Interestingly all pressure values stabilise
after 5 years of production. Finally, we observe clustered production
wells where temperature breakthroughs occur right after production
and settle after 5 years at different temperatures.

3.2.3. Numerical optimisation with flexible well patterns

We numerically optimised both geological models with a flexible
line-drive and 5-spot well pattern. The optimised development strate-
gies suggest that the line-drive well pattern returns the highest cashflow
(Fig. 16). The well-density function describing the optimal pattern size
(km) distribution in the x-direction is described with Eq. (14) for the
linear model. The optimal pattern size for the y-direction is 128 m
(ny = 3.2 grid blocks). See Table 2 for nx and dx values.

4409 40977 (14)
nx % dx

Swd tin =
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Fig. 10. Optimised development strategy with a flexible line-drive well pattern for the geological model with the Gaussian trend. Left: Field temperature distribution after 30 years
of production. Right: Pressure offset of BHP from initial reservoir top pressure = 24.2 MPa after 30 years of production.
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series per well. Red curves correspond to production wells and blue to injection.

After 30 years of production, the most porous and permeable part
of the reservoir is cooled down by the injected water. We observe
thermally unswept areas at the west and east sides of the reservoir due
to the well placement restrictions at the reservoir boundaries (Fig. 17).
Temperature breakthrough occurs irregularly between different wells,
depending on their location (Fig. 18). There is a distinct clustering of
wells based on the thermal time-series profile as well. The thermal
front profile does not settle until 15 years of production. After that,
we observe temperature variability from the reservoir temperature to

the actual injection temperature. Several wells do not drop below 60
°C after 30 years of production.

Field pressure data suggest that the eastern and least porous-
permeable parts of the reservoir exhibit the highest pressure offset from
the initial reservoir pressure. The mass of the fluid that circulates in
those low permeability areas to be produced potentially perturbed the
pressure field. The bottom hole pressure time series (Fig. 18) suggests
that production pressure deviates after 5 years of production for all
wells and settles after 15 years of production. There is variability
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Fig. 13. Optimisation results of both geological models and development strategies
with a regular well pattern. The optimal pattern size per development scenario and
geological model are noted in the plot.

between the BHP values for all wells depending on their location and
reservoir porosity and permeability values.We additionally observe a
variable behaviour of clustered production wells with varying temper-
ature breakthroughs of 0, 5, and 15 years. Each cluster stabilises at
different temperatures.

3.2.4. Implications of lower heat price on optimised, flexible well patterns

We set up the optimised development strategies with a heat price
valid for 2020 [42]. A reassessment of the optimisation performance
of flexible line-drive well patterns with a heat price of 30 €/MWh
demonstrates that a 42% reduction in heat price introduces a 46% drop-
down in the cashflow of the development (Fig. 19). Therefore, a lower
heat price than the already applied reduces the economic performance
but still yields a profitable development of flexible well patterns than
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Table 5
Discrepancies in stored energy in the fluid [in PJ] for both geological models, between
the cases of the boundary cells are inflated in volume by a factor of 10° or not.

Linear trend Gaussian trend

Fluid energy [PJ] 160 145

the regular line-drive well pattern. Subsequently, geothermal develop-
ments with flexible well patterns are favourable under lower heat price
than the invesigated one. We suggest further investigation to identify
the minimum required heat price that would yield the developments
profietable as well as accounting for heat price uncertainty.

3.3. Energy recovered

The total energy stored in the pore fluid of each reservoir model
is illustrated in Fig. 20. Note that we inflated the volume of the grid
cells at the rim of the reservoir by a factor of 10°, introducing volume
inflation of the fluid present in those cells ( Table 5). Fig. 20 does not
include the inflated numerical cells so we can clearly visualise the 2D
lateral variation of the energy stored in the reservoir. The energy stored
in the fluid of the geological model with a linear trend is 160 PJ, and
in the geological model with a Gaussian trend, it is 145 PJ, when we
do not include those boundary cells. Most of the energy is stored in the
high porosity areas for both reservoir models. The recovered energy of
the optimised development strategies per geological model is presented
in Table 5. The application of an optimised, flexible line-drive pattern
increases the energy recovered for the geological model with the linear
trend. In contrast, the application of flexible well patterns in the
geological model with a Gaussian trend does not guarantee the optimal
energy recovered even though it improves cashflow (Fig. 21).

3.4. Comparison of optimised regular and flexible well patterns

The results present a consecutive improvement in cashflow from the
manual search to numerically optimised regular well patterns and to
numerically optimised flexible well patterns. The manual search for the
response of the objective function delivers the least profitable develop-
ment scenarios with regular 5-spot well patterns for both geological
models. The numerical optimisation method with regular well patterns
improves the cashflow compared to the manually found optimum solu-
tion but suggested the 5-spot as the optimal decision for both geological
realisations. The difference in cashflow between the numerical and
analytical methods is minimal (Fig. 22). The numerical method could
capture a better optimum than the analytical search as it assigned
decimals in the parameter search space instead of only integers.

The numerically optimised flexible well pattern methodology suc-
cessfully adapts the pattern size based on the underlying heterogeneity
of the subsurface. The optimised pattern sizes in areas with the highest
porosity values in the developed field exhibit higher values compared to
regions with low porosity. Additionally, the optimised, flexible well pat-
terns not only significantly increase the cashflow but also introduce that
the line-drive pattern is the optimal development in contrast to what
optimised regular well patterns suggested. However, the difference was
insignificant (Fig. 22).

3.5. Discussion of optimised development strategies

3.5.1. Temperature and pressure

For the geological model with a Gaussian trend, pressure field data
after 30 years of production indicate that the optimised, flexible line-
drive well pattern induces a lower negative pressure offset concerning
the area where injection wells were located, compared to the regular
5-spot. The area with production wells experiences approximately the
same pressure decrease for both optimised regular 5-spot and flexible
line-drive well patterns. We conclude that flexible well patterns induce
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a narrower pressure deviation range than the regular 5-spot. We explain
this observation with a lower number of wells in the field developed
with a flexible well pattern compared to the regular well pattern.
Temperature-wise, the optimised 5-spot partially thermally sweeps the
reservoir after the first ten years of production. The optimised flexible
line-drive pattern imposes a temporal delay on the arrival of the cold
front on the production wells, which favour a longer-term energy
utilisation.

Field pressure data for the geological model with a linear trend,
optimised with a flexible line-drive well pattern, indicate that the
injection wells not surrounded by producers increase the pressure field
around them, compared to the optimised regular 5-spot. Consequently,
when injectors are placed alone regionally, they increase the reservoir
pressure since they locally introduce more fluid in the subsurface. The
pressure drop around production wells does not vary significantly for
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both geological models. Flexible well patterns impose smaller extrema
on bottom hole pressure than the regular well patterns. The tempera-
ture time series of flexible line-drive show a cold front breakthrough
postponed by at least ten years compared to the regular 5-spot and
simultaneously increased cashflow.

The application of the flexible well patterns for both geological
realisations suggests smaller extrema in the pressure offset from the
initial reservoir pressure in combination with a temporal delay of the
thermal breakthrough, compared to the regular well patterns. More-
over, flexible well patterns are a promising approach for operations
with geomechanical constraints since they prove the ability to limit
pressure variations after 30 years of production. It is worth mentioning
that the presence of a pressure offset from the initial reservoir pressure
accentuates the necessity of investigating potential geomechanical con-
straints in the context of induced seismicity in geothermal operations.
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Fig. 17. Optimised development strategy with a flexible line-drive well pattern for the geological model with the linear trend. Left: Field temperature distribution after 30 years
of production. Right: Pressure offset from initial reservoir top pressure = 24.2 MPa after 30 years of production.

Subsequently, including BHP constraints in the optimisation process
(similar to [47]) in large-scale developments would further bring the
research concept into a realistic perspective. Hence, we suggest nu-
merically optimised flexible well patterns for large-scale geothermal
exploitation if the operators target a long-term utilisation of the energy
recovered combined with cashflow improvement, which aligns with the
finding presented by Daniilidis et al. [47].

3.5.2. Energy recovered and cashflow

The energy recovered, evaluated in this study, refers to the energy
recovered from the reservoir pore fluid for a given temperature differ-
ence between the reservoir and the injection fluid. For the geological
model with a linear trend, the results support the initial hypothesis that
the flexible well patterns directly increase the energy recovered from
the geothermal development, which aligns with an increase in cash-
flow. The application of flexible well patterns on the geological model
with the Gaussian trend inhibits the improvement of energy recovered.
However, cashflow results suggest that the most profitable development
does not necessarily produce the greatest amount of energy. This ob-
servation demonstrates that an objective function targeting optimised
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profitability is preferred over energy recovered in geothermal field
development scenarios.

It is worth noting that the adopted geological models have different
operational constraints. Specifically, the linear model uses a constant
injection-production flow rate of 3000 :’—;y. The Gaussian model is

operated with a flow rate of 2000 d’"—;y. We imposed different flow
rates per geological model because the forward simulations fail when
high flow rates operate in a low transmissivity reservoir. Subsequently,
we speculate that the lower flow rates directly relate to the sub-
optimal behaviour of thermal recovery with flexible well patterns in
the Gaussian geological model.

3.5.3. Beyond the proof of concept

We consider the current work as a proof of concept and we tested it
on synthetic geological scenarios. We made specific choices regarding
setting up realistic reservoir conditions, injection and production op-
erational strategies, well patterns, well placement strategy, economic
modelling and optimisation strategy to prove that flexible well patterns
are more profitable than regular ones.
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Concerning the geological test cases, we opted for two models
that capture subsurface heterogeneities at least in 1 direction. The
development of the synthetic geological scenarios was motivated by
literature as described in the Methodology section. We recommend
that this work be extrapolated to realistic geological models where
property trends can be captured with a function. Furthermore, we
set up realistic reservoir conditions similar to the ones encountered
in the main geothermal matrix-flow-dominated reservoirs encountered
in the Dutch subsurface [8]. We propose a follow-up on imposing
different reservoir flow and thermal properties, (i.e. fracture-dominated
flow), accounting for the thermal recharging of the reservoir from
adjacent layers, incorporating faults in the reservoir, geomechanical
constraints or geological uncertainty. When it comes to operational
strategies we proposed and adopted specific injection and production
strategies that are followed by Dutch geothermal operators [48]. We
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suggest a relevant adaption to the necessities of the local end-users, for
example incorporating seasonal production of hot water depending on
the demand of the market. Concerning the applied well patterns, there
are numerous options for follow-up research similar to [24,49,50]. The
application of well pattern operators (WPO) as discussed by Onwunalu
et al. [49], could be a potential direction on a realistic test case as well.
Here we selected the use of just two patterns and a single well pattern
operator to capture and demonstrate the feasibility of the synthetic
case study. The economic modelling is a crucial part of this study as
well. We opted for a simplistic approach and incorporated only the
well costs at the beginning of the geothermal field developments to
generate cashflow on the geothermal development. Hence we kept a
low-fidelity economic model for a proof of concept that could capture
the necessary concepts without adding complexity to the results and
their interpretations. For future work and realistic development sce-
narios, we recommend adding Operational Expenditures (OpEx) and
Abandonment Expenditures (AbEx) to the model. That could be as a
percentage of the CapEx or annually including different types of costs
like maintenance of the facilities (wells, pipes, heat pump), permitting,
water treatment etc. Additionally, the timing of the drilling of the
wells could be step-wise and not instantaneous. Additionally, we would
recommend discounting all expenditures and translating the investment
to NPV. Also, we suggest that the optimisation target of cashflow trans-
lates to NPV. It would be beneficial to tune production and optimise
it based on the seasonal demands and needs of the market. Finally,
another potential direction that would promote research towards min-
imising the risk of induced seismicity in geothermal reservoirs, would
be to create production and injection pressure constraints to avoid
significantly perturbing the geomechanical balance of the subsurface.

4. Conclusions

This study first demonstrated that a spatial trend in a geological
property was feasible to translate to a well density function that al-
lowed the tuning of well placement. Additionally, it determined that
optimal well placement is subject to the heterogeneity of the subsur-
face. Flexible well patterns are the result of this process. We optimised
flexible well patterns that target the cashflow of geothermal develop-
ments, demonstrating improved profitability compared to regular oil
and gas well patterns. The main findings from this research are:
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» The application of optimised 5-spot and line-drive field devel-
opment well patterns in large-scale synthetic geothermal field
developments proved profitable for the tested geological models
under the imposed operational and economic constraints.

The optimal regular well development strategy for both geological
models was the 5-spot pattern.

Modelling well placement with a well density function, derived

from a trend in a large-scale geological property, proved feasible
and almost doubled the profitability by up to 70% and energy by
10%, depending on the geological scenarios.
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Regular 5 spot

Flexible linedrive

Fig. 21. Comparison of energy recovered and cashflow from the fluid recovered of optimised development strategies per optimisation methodology and geological model applied.
When adopting flexible well patterns, the optimised cashflow does not necessarily coincide with optimal energy recovered.

» The application of flexible well patterns suggests that line-drive
well placement is the most financially profitable large-scale
geothermal field development strategy, unlike the adoption of
regular well patterns.

Cashflow improves with the application of flexible well patterns,

in contrast to the energy recovered which is conditional to the
geological setting.
Flexible well patterns allow constrained pressure during produc-

tion by up to 10 MPa and impose a temporal delay in the arrival
of the cold front by approximately 10-20 years on the production
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Fig. 22. Comparison of the different numerical and analytical methods used combined with flexible or regular well patterns that deliver the optimal cashflow for both geological
models. Numerical methods require more iterations to converge to the optimum cashflow. Flexible linedrive well pattern are the most profitable for both geological scenarios.

wells depending on the geological setting. They favour a longer-
term utilisation of the recovered heat assuming the undiscounted
cashflow concept in this model.

Future recommendations for our research include the utilisation of
realistic geology or even the introduction of uncertainty in geological
realisations. Moreover, improving forward simulations by geomechan-
ical and thermal constraints is necessary to comply with regulations
for minimising the risk of induced seismicity. Multi-objective optimi-
sation dealing with synchronously tuning flow rates, cashflow, sweep
efficiency, pressure constraints, or even energy demand could benefit
the application of the methodology and present the trade-off between
these objectives.
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