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a b s t r a c t

A realistic deep low-enthalpy geothermal reservoir based on real data with high detail and complicated
sedimentary structure is utilized to perform sensitivity analyses of the geological features influencing
reservoir properties. We perform simulations using the Delft Advanced Research Terra Simulator
(DARTS). Compelling numerical performance of DARTS makes it suitable for handling a large ensemble of
models including efficient sensitivity and uncertainty analyses. The major finding is that shale facies,
generally ignored in hydrocarbon reservoir simulations, can significantly extend the predictive lifetime of
geothermal reservoirs exploited by deep well doublets. It is important to accurately account for the shale
facies in the simulation, though with an additional computational overhead. The overburden layers can
improve doublet performance, but the impact depends on reservoir heterogeneity. In addition, hetero-
geneity will also divert the flow path with even a minor shift in the well placement. The discharge rate,
an essential parameter of geothermal operation strategy, inversely corresponds to the doublet lifetime
but positively correlates with the energy production for studied parameter ranges. Low sensitivity of
doublet lifetime to vertical-horizontal permeability ratio and permeability-porosity correlation is
observed. All these systematic findings for a realistic geothermal field with characterization at unprec-
edented level of detail can help to provide a general guideline for forward simulation and farther
improve the profitability of geothermal energy production in realistic deep geothermal reservoirs
through computer-assisted modeling and optimization.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

In the context of global warming and the consequent strife to
control greenhouse gas (GHG) emissions, deep geothermal energy
in the subsurface, long overlooked in many parts of the world, has
started to attract increased attention [1], since GHG emissions
during its life cycle are low [2]. Besides, the worldwide distribution
[3] and astonishing subsurface reserves [4] make deep geothermal
energy promising and potentially competitive to other low-carbon
energy resources. The global installed geothermal energy capacity
has reached 13 GWe by the end of 2018 [5] and increases rapidly. In
particular cases, the development of geothermal energy can take
advantage of depleted oil-gas fields [6e8] to reduce early-stage
ring and Geosciences, Delft
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investment, e.g., for drilling a pair of deep geothermal wells or
synergy potential with oil exploitation [9] to maximize the Net
Present Value (NPV).

Although deep geothermal energy is an attractive resource, the
uncertainty in size and properties of subsurface geothermal reser-
voirs directly impacts the technical and economic feasibility of
geothermal projects [10]. The lifetime of deep geothermal wells and
heat recovery rate of the reservoir often vary a lot with both
reservoir parameters and operational management [11].

Shale facies are generally regarded as flow barriers due to their
low permeability. In isothermal simulations, the shale facies are
often removed from the reservoir characterization to reduce the
model size. However, for geothermal reservoirs, this simplified
treatment will introduce inaccuracy to the simulation results. Since
heat transport depends on both thermal convective and conductive
effects, the impermeable shale facies still impact the heat transfer
process via conduction. With process-based realizations, Crooij-
mans et al. [12] found that shale facies play an important role in
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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doublet performance when the net-to-gross ratio is less than 50%.
But the utilized reservoir parameters are based on conceptual
estimation. How the effects of the shale facies will play out in
realistic geothermal reservoirs, where detailed geological infor-
mation is necessarily constrained to the measurements (e.g., log
and core data), remains an open question. Once the realistic impact
of shale is clarified, more advanced or optimized operational stra-
tegies can therefore be proposed to improve the development
performance. In this study, the impact of shale facies to low-
enthalpy geothermal development is sufficiently considered and
studied with the utilized realistic geological model.

Besides the sealing effect to trap heat and fluid [13], the burden
layers in geothermal reservoirs can also provide thermal recharge
to the payzone [14]. However, inconsistent treatment and recog-
nition of burden layers still exist in the previous studies. In several
studies, the burden layers are either taken as non-conductive (i.e.,
thermal insulation [15]) or found to have a weak impact on doublet
performance (e.g., with synthetic process-based heterogeneous
models [16]). In contrast, Willems et al. [17] and de Bruijn et al. [18]
found the burden layers have a positive impact on heat production
by charging the target aquifer based on a simplified homogeneous
model. In reality, however, heterogeneity is a ubiquitous feature of
subsurface systems [19e21]. It becomes more meaningful and
representative to investigate the influence of burden layers in
realistic contexts. One point to mention is that sufficient charac-
teristic resolution is also important for the investigation. Over-
simplification or coarser representation of burden layers will
weaken, or even ignore their influence on geothermal doublet
performance. Taking all of the above into account, the sensitivity of
the geothermal production to overburdern layers with the presence
of realistic heterogeneity is studied in this work.

Reasonable operational strategies are also essential for the
success of a geothermal project with the existence of subsurface
uncertainties. For example, the discharge rate directly impacts the
thermal propagation and energy output [22,23]. Saeid et al. [24]
found a higher discharge rate results in shorter doublet lifetime,
sharper thermal front and less energy extraction. In addition, well
interference in a multi-well system can influence doublet lifetime
by changing the development of the cold water plume. To maxi-
mize the doublet lifetime, an optimized doublet configuration and
well spacing are generally needed [17,25]. Daniilidis et al. [26]
performed systematic sensitivity analyses of doublet performance
to operational parameters and doublet configuration within a
faulted reservoir, highlighting the importance of the well place-
ment strategy for profitability of geothermal projects. Furthermore,
Shetty et al. [16] concluded that a variation of up to 50% in lifetime
can be achieved by a variation of less than 50m in doublet location
after a set of systematic studies on the influence of doublet position
on project lifetime. However, these findings are based on concep-
tual synthetic models. The doublet performance and reservoir
feedback to different operational strategies with realistic geological
structures can be very different, therefore special interests exist
and new findings are expected in realistic reservoirs, like the one
used in this study.

To analyse and investigate the influence of different parameters
on geothermal energy production, numerical simulation has been
widely employed for sensitivity analysis and optimization. Several
simulators have been used for geothermal applications [27].
However, the physical complexity and large size of realistic models
often challenge conventional simulation techniques. To be more
specific, the complicated physical processes (e.g., multi-phase flow
[28,29] or multi-component reactive transport [30]) encountered
in geothermal applications require robust, flexible, and efficient
solutions. In addition, large models with multi-million computa-
tional cells [31,32] are often needed to characterize and predict the
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behavior of a geothermal reservoir, which slows down the simu-
lation process. Furthermore, to quantify uncertainties and optimize
development strategies [33], a large ensemble of models are
necessary to cover the wide range of parameter settings, which
requires high-performance and reliability of forward simulations.

In this study, we utilize the Delft Advanced Research Terra
Simulator (DARTS), developed for modelling of various industrial
applications [34]. DARTS provides a unified framework for simu-
lating various types of flow and transport processes for both for-
ward and inverse problems in porous media [35], including the
isothermal formulation mostly used for hydrocarbon reservoirs
[36] and a thermal-compositional simulation used for geothermal
applications. To solve highly nonlinear problems, the Operator-
Based Linearization (OBL) approach [37] is employed in DARTS.
The OBL approach has been proposed for multi-phase flow and
transport applications and aims to improve the simulation perfor-
mance [38]. For spatial and temporal discretization, the finite-
volume fully-implicit method in combination with a two-point
flux approximation on unstructured grids is implemented in
DARTS. Besides conventional temporal and spatial discretizations,
our framework also utilizes discretization in physical space with
the OBL approach. Owing to this approach, DARTS can achieve fast
simulation, and the capacity of it to simulate geothermal applica-
tions has been verified with systematic benchmark tests [39]. The
integrated framework of DARTS [34] helps to implement and
investigate the designed scenarios on sensitivity analyses, for
example, deactivating and activating specific regions of the
reservoir.

DARTS is therefore ideally suited as a tool to address the primary
objective of this work: analysing the influence of different param-
eters on the lifetime of realistic geothermal projects. In this study, a
realistic geothermal reservoir based on real data with an unprec-
edented detailed geological characterization is utilized in the
simulation study. The impact of shale facies on the production of a
realistic geothermal field is clearly identified. The sensitivity study
demonstrates that the presence of realistic heterogeneity generates
large variations in geothermal production while varying different
parameters (e.g., overburden layers, well placement, etc.), which
has not been revealed in previous studies. These new findings
suggest that an accurate uncertainty analysis for low-enthalpy
geothermal applications should be performed based on highly
detailed reservoir models to account for a realistic variability in
energy production.

The rest of this paper is organized as follows. First, we introduce
the governing equations and correlations used tomodel the system.
Then, a set of forward simulations are deployed and sensitivity
analyses of different parameters (e.g., facies, overburden layer,
discharge rate, well placement, etc.) to doublet performance is
evaluated. The results of this study introduce the basis for a detailed
discussion of these influential factors, which can provide guidance
and instruction for future geothermal field operations around the
world.
2. Methodology

The target geothermal reservoir is at low-enthalpy conditions.
For low-enthalpy geothermal systems, liquid water is generally
selected as the main working fluid with several additional chem-
icals. Without loss of generality, only reservoir brine with fixed
composition is included in the studied system. The governing
equations and nonlinear formulations describe the geothermal
system as follows:
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v

vt
ð4rf Þ � divðrf uf Þ þ rf ~qf ¼ 0; (1)

v

vt
ð4Uf þð1�4ÞUrÞ � divðhf rf uf Þ þ divðkVTÞ þ hf rf ~qf ¼ 0;

(2)

where Eq. (1) is the mass conservation equation and Eq. (2) is the
energy conservation equation. Here 4 is the porosity, rf is the fluid
density [kg/m3], uf is the fluid flow velocity [m/s], ~qf is the fluid
source/sink term per volume [s�1], Uf is the fluid internal energy
[kJ/m3], Ur is the rock internal energy [kJ/m3], hf is the fluid
enthalpy [kJ/kg], and k is the thermal conductivity [kJ , (m day
K)�1].

The different quantities in Eqs. (1) and (2) are defined as follows:

C The fluid internal energy per volume is expressed as:

Uf ¼ rf hf � p (3)
C The rock internal energy per volume is expressed as:

Ur ¼ CrðT � Tref Þ (4)

where Cr is the volumetric heat capacity of rock [kJ ,m�3 ,K�1], Tref
is the reference temperature [K], which can be selected based on
user's preference, e.g., the freezing point of the working fluid.

C The rock is compressible, which is reflected by the change of
porosity through:

4 ¼ 40ð1þ crðp�pref ÞÞ (5)

where 40 is the initial porosity, cr is the rock compressibility
[bars�1] and pref is the reference pressure [bars], which can be
selected based on user's preference, e.g., atmospheric pressure.

C In addition, Darcy's law is used to describe the fluid flow in
the reservoir,

uf ¼ �K
mf

ðVpf �gVDÞ (6)

where: K is the permeability [mD], mf is the fluid viscosity [Pa ,s], pf
is the fluid pressure [bars], g is the fluid specific weight [N/m3], D is
the depth [m].

A finite-volume approach is taken in spatial discretization on a
general unstructured grid, and backward Euler approximation is
applied for time discretization.

The discretized mass conservation equation is

V
��

4rf

�nþ1 �
�
4rf

�n �� Dt
X
l

rlfG
lDjl þ rf qfDt ¼ 0: (7)

The discretized energy conservation equation is

V
��

4Uf þ ð1� 4ÞUr

�nþ1 �
�
4Uf þ ð1� 4ÞUr

�n �

� Dt
X
l

�
hlf r

l
fG

lDjl þ Gl
cDT

l
�
þ hf rf qfDt

¼ 0: (8)

Here V is the control volume [m3], j is the phase potential [bars],
qf ¼ ~qf V is the fluid source/sink term [m3/s], Gl is the convective
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transmissibility which approximates the divergence term in the

computational grids, Gl
c is the conductive transmissibility which is

expressed with the help of geometrical shape coefficient (Gl
g) as:

Gl
c ¼ Gl

g

h
4kf þ ð1�4Þkr

i
(9)

The set of equations above is solved in fully-coupled fully-im-
plicit manner in the DARTS framework utilizing the OBL approach
[37]. In DARTS, the molar nonlinear formulation [28,40] is taken,
where pressure and enthalpy are selected as primary variables for
geothermal simulation. The Newton-Raphson approach is adopted
to linearize the nonlinear formulation. The linear system of equa-
tions on each nonlinear iteration can be expressed in the following
form:

JðukÞðukþ1 �ukÞ þ rðukÞ ¼ 0; (10)

where J and r are the Jacobian matrix and residual defined at the
kth nonlinear iteration respectively,u denotes the physical state (in
this study, pressure and enthalpy) of all grid blocks.

The linearization approach requires an ensemble of the Jacobian
matrix that contains the derivatives of different terms of the dis-
cretized governing equations with respect to primary variables.
Conventional linearization includes accurate evaluation of fluid and
rock properties and requires the solution of a highly nonlinear
system of equations using the chain rule and inverse theorem [41].
Therefore, a nonlinear solver often performs extra iterations to
capture small variations in properties, which are sometimes
negligible because of the uncertainties in property evaluation and
numerical nature of their representation.

In the OBL approach, a mesh is introduced in the space of
nonlinear unknowns, and conventional property evaluations are
only performed at the vertices of the mesh, namely the “supporting
points”. Various physical properties involved in discrete approxi-
mation of governing equations and dependent on state variables
(nonlinear unknowns) are combined in state operators. Continuous
physical description between supporting points is introduced
through multilinear interpolation of operator values calculated in
mesh points. The nonlinear physics of the original problem is
represented by a piece-wise linear approximation, which often
helps the nonlinear solver to converge faster during the simulation
depending on the introduced physical mesh resolution [38]. A more
detailed description of the OBL approach can be found in Ref. [37].

3. Sensitivity analysis using a geothermal reservoir case study

The development of a geothermal project can be impacted by a
lot of factors from various aspects. In this section, we perform
sensitivity analyses using a realistic geological model of a highly
heterogeneous low-enthalpy geothermal field. Simulation studies
performed on such a highly detailed geological model are not yet
common for geothermal applications. Many studies conducted for
hydrocarbon reservoirs are often misleading due to the specifics of
energy flow. The influence of reservoir geological (e.g., facies,
overburden layer, etc.) and operational (e.g., well placement,
discharge rate, etc.) parameters on the doublet lifetime is analyzed
below.

3.1. Reservoir description

The research area is located in the West Netherlands Basin
(WNB), which is an inverted rift basin in the Netherlands. Sedi-
ments of this basin range in age from Jurassic to recent time and are
overlying Triassic and older sediments. The Upper Jurassic and
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Lower Cretaceous start with the continental sediments of the
Nieuwerkerk Formation. These sediments were deposited in sub-
siding half-grabens, while adjacent highs were subjected to
erosion. In the Nieuwerkerk Formation, the Delft Sandstone has in
general good reservoir properties [11,17,25].

“The Delft Sandstone is interpreted to be deposited as stacked
distributary-channel deposits in a lower coastal plain setting
resulting in massive sandstone sequences.” [42] The thickness of
the Delft Sandstone is influenced by the syn-rift deposition of the
sediments and therefore it is of variable width with a thickness up
to 130 m. The sandstone consists of fine- to coarse-grained sand
bodies, and their lateral continuity is difficult to predict. The Berkel
Sandstone Member and Berkel Sands-Claystone Member have a
shallow marine depositional setting. The facies range from upper
shoreface to lower shoreface of a coastal-barrier system. Fig. 1 and
Fig. 2 show the modelled porosity distribution of the target
reservoir.

Owing to the detailed exploration data and recorded geological
statistics from previous hydrocarbon extraction in the region,
higher-fidelity data interpretation and geological modeling are
enabled for the target reservoir in comparison with what is typi-
cally available and used for modelling low-enthalpy geothermal
reservoirs. Furthermore, based on completeness of the funda-
mental data sets, it will be much easier to implement different
realizations for sensitivity analysis in DARTS, which can be
observed in the following investigations.
3.2. Numerical model description

The model extends by 9000 m � 4200 m in the horizontal
dimension. Two doublets were placed in the reservoir and operated
with constant rate control. Since it is difficult to predict the lateral
continuity, the reservoir boundary condition is defined as no-flow.
Table 1 provides the parameter settings for the base case. As is
shown, a permeability contrast by five orders of magnitude is
present in the reservoir. With the water cycling in the system, we
try to observe the evolution of the thermal plume in the reservoir
and production temperature of both doublets by varying reservoir
parameters and operational schemes. The project lifetime in this
study has been defined as a drop of the production temperature to
335 K.
Fig. 1. Porosity distribution of the target geothermal reservoir. In both doublets, the
injection wells are shown by blue and the productionwells by red. The well trajectories
are connecting the following blocks in top and bottom layers respectively: I1 (51, 58) -
(48, 50); P1 (76, 53) - (82, 49); I2 (94, 44) - (111, 37); P2 (124, 39) - (144, 30).
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3.3. Sensitivity analysis

The sensitivity analysis is performed below for various reservoir
parameters and operational management schemes.

3.3.1. Shale layers
The model includes intersecting sandstone and shale facies. The

facies distribution (Fig. 3) corresponds to circa 0.8 million grid
blocks for the sandstone (Fig. 4a) and 2.4 million blocks for shale
facies (Fig. 4b). To evaluate the impact of the shales on thermal
breakthrough, two scenarios are simulated: including and
excluding the shale grid blocks. The production temperature of
each doublet is depicted in Fig. 5.

The decline of production temperature becomes mild when the
shale layers are included in the model, and therefore the lifetime of
both doublets is significantly extended. This observation demon-
strates that the shale facies should be sufficiently considered in the
simulation and prediction of real geothermal projects. In addition,
to what extent the shale facies will impact the lifetime of a
geothermal project can hardly be quantified lacking forward nu-
merical simulations with a detailed geological characterization. The
presence of the shale layers in the simulation also allows the use of
higher discharge rates that result in higher energy production for
an equivalent system lifetime.

A considerable difference in the shape of the thermal plume is
evident with and without shale layers (Fig. 6). The cold front
propagation is more restricted due to the conductive thermal
recharge when the shales are included. As the injected cold water
transports through the sandstone layers, it is re-heated, extracting
energy from the sandstone layers. As time evolves, a temperature
gradient is built up between the sandstone bodies and the neigh-
boring shale layers with the shales providing thermal recharge by
heat conduction. The spatial intercalation of the sandstone and
shale facies increases the contact area between them and amplifies
the effect of the thermal recharge. The difference in the shape of the
thermal plume becomes more pronounced with longer simulation
time. The large impact of shale facies on thermal propagation also
reveals the importance of geothermal modeling at sufficient
geological resolution.

3.3.2. Overburden layer
To investigate the impact of overburden layer on heat produc-

tion, ghost impermeable layers are placed on top of the reservoir to
mimic the overburden. The underburden layers are contained in
the geological model; therefore their influence is inherent and not
considered as a factor here. No convective flow is assumed inside
the overburden layer because of its low permeability. The over-
burden affects the thermal recharge in the reservoir only through
heat conduction. For an accurate representation of overburden in
the model, we used a detailed conformal grid resolving the scale of
reservoir layers. The production temperature of each doublet in
presence and absence of the overburden layer is shown in Fig. 7.

The lifetime of two doublets displays different sensitivity to
inclusion of the overburden layer: the lifetime of doublet 1 is
extended (Fig. 7a) while the lifetime of doublet 2 is not impacted at
all (Fig. 7b). The reservoir heterogeneity plays an essential role in
the extent that overburden layers can take effect. The high-
permeable region in the top layers around the production well of
doublet 1 (see Fig. 2) benefits from the thermal recharge of the
overburden, dalaying the cold front. With cold front propagation,
the temperature difference is built up between the overburden and
permeable layers. Since heat conduction is proportional to the
temperature gradient and contact area, the impact of heat con-
duction on heat propagation increases during the development
process. The heat conduction of the overburden layer recharges the



Fig. 2. Porosity distribution in the target geothermal reservoir from a cross section view to show the connectivity and payzone between injection and production wells of the
doublets.

Table 1
Parameter settings for base case.

Parameters Value

Depth, m 1117 ~ 1965
Pressure, bar 200
Temperature, K 348.15
Porosity 10�5 ~ 0.256
Permeability, mD 0.004 ~ 1308
Shale volumetric heat capacity, kJ ,m�3 ,K�1 2300
Sand volumetric heat capacity, kJ ,m�3 ,K�1 2450
Shale thermal conductivity, kJ , (m day K)�1 190
Sand thermal conductivity, kJ , (m day K)�1 260
k � 4 correlation Model 1
Rate (doublet 1), m3/day 7500
Rate (doublet 2), m3/day 10000

Fig. 3. Facies distribution of the target geothermal reservoir from cross section view -
(1: shale, 2: sandstone).
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cold water and delays the thermal breakthrough on the top layers.
Therefore, compared to the case without overburden, the lifetime is
extended. This observation on the positive effect of overburden
Fig. 4. Overview of the facies distribution in the reservoir. The number of grid cells utilized
the higher volume of shale facies contained in the reservoir than the sandstone facies.
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layers on heat production is similar to previous studies [17,18].
Doublet 2 mainly targets the Delft Sandstone (bottom reservoir

layers). The production well of doublet 2 does not pass highly
permeable layers on top of the reservoir, as is displayed in Fig. 2.
The overburden layer is regarded as “non-conductive” in this case
since no temperature gradient is actually built up between the
overburden and its adjacent layers. Therefore, the thermal recharge
from the overburden layer does not affect thermal breakthrough of
doublet 2. Notice that the different conclusions on the impact of
overburden layers on geothermal production can only be made
based on detailed modeling of a geothermal field.
3.3.3. Well placement
Local changes in well placement can impact the flow path and

sweep area of the doublet, consequently influencing doublet per-
formance and lifetime. Shetty et al. [16] already examined the
impact of the well location on the production temperature of a
doublet based on a synthetic geological model and found a large
variation in lifetime with such changes. As shown in Shetty et al.
[16], the fluid streamlines and flow paths can change significantly,
although the doublet was only re-located locally (less than 50 m)
around the reference position. In this section, we follow a similar
workflow and investigate the influence of the well placement on
lifetime in the realistic geothermal reservoir.

The schematic for well placement is depicted in Fig. 8. Besides
the reference locations, neighboring grid cells are also considered
as the possible doublet locations, which corresponds to approxi-
mately 50 m variation in space. In each sensitivity study, both wells
of one doublet are simultaneously moved in the lateral direction.
For each simulation, only the position of one doublet is changed,
while the other doublet remains at its initial location. The simula-
tion results are displayed in Fig. 9 for each doublet.

As shown in Fig. 9, the well location can significantly influence
to depict shale facies (b) is circa 3 times that of the sandstone facies (a), which reflects



Fig. 5. Production temperature of each doublet with and without shale layers. Here P1 is the production well of doublet 1, P2 is the production well of doublet 2.

Fig. 6. Thermal plume propagation inside the reservoir (a slice along horizontal direction) with (left column) and without (right column) shale layers at different development time:
10, 50 and 100 years. The production wells are marked by red dots while the injection wells by black dots.

Fig. 7. Production temperature of each doublet with and without overburden layer. Here P1 is the production well of doublet 1, P2 is the production well of doublet 2.

Y. Wang, D. Voskov, M. Khait et al. Renewable Energy 179 (2021) 641e651
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Fig. 8. Schematic for the selected doublet positions in this section. The cells marked by ‘C’ denote the reference position of the wells. These cells represent the computational grids
used to describe the reservoir and run the simulations. The grid sizes along x and y directions are around 50 m.

Fig. 9. Production temperature of each doublet for different doublet positions. Here P1 is the production well of doublet 1, P2 is the production well of doublet 2.
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the doublet lifetime of the geothermal reservoir. For doublet 1
(Fig. 9a), the lower and upper limits of doublet lifetime are reached
at the South (S) and the North-East (NE) locations respectively. The
well location selected at the North-East can extend the doublet
lifetime by around 10 years compared to the South position which
accounts for around 20% variation in the lifetime. For doublet 2
(Fig. 9b), the lower and upper limits of doublet lifetime are ach-
ieved at the East (E) and the South-West (SW) locations respec-
tively. Approximately 24 years of lifetime of the doublet can be
gained when its location is changed from the worst to the best case
(only by circa 50 m), which is more than a 25% variation.

This confirms the conclusion of Shetty et al. [16], which was just
based on an unconstrained conceptual geological model. The
finding demonstrates the necessity to perform uncertainty analyses
based on the existing geological knowledge leading to a more
robust evaluation and reduction of the risk of earlier thermal
breakthrough, while the heat recovery of geothermal fields can be
robustly optimized.

3.3.4. Discharge rate
The development scheme directly impacts the lifetime and heat

production of geothermal reservoirs. Besides, heat production can
also be affected by doublet interference. In this study, both doublets
are operated with flow rate control, which is the operation scheme
usually applied in industrial practice. Here, only the injection and
production rate of doublet 1 are tuned while the production tem-
perature and energy production of both doublets are recorded to
evaluate heat production from doublet 1 and its interference to
doublet 2.
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The production temperature of doublet 1 varies a lot with the
rate changes (Fig. 10a). A shorter doublet lifetime is observed with
the increase of discharge rate, which happenes because larger
discharge rates accelerate the propagation of the cold front
resulting in an earlier thermal breakthrough. The lifetime of
doublet 1 is extended by 43 years with a 3 times reduction in in-
jection and production rate. It is obvious that the lower rate gives
slower propagation of the cold front and elongates the lifetime.
However, Fig. 10b shows that the total energy production decreases
with the rate reduction, although the lifetime is extended which is
happening due to a reduction in swept region of the reservoir.

Notice that the input energy needed to maintain a higher pro-
duction rate is also expected to be larger. The required pressure
differences for these 3 production schemes are 22.4, 44.7 and
67.2 bars for production rates varying from 2500 m3/d to 7500 m3/
d. A quick evaluation of the required pump energy can be expressed
as the function of pressure difference (DP) and discharge rate (Q):

Epump ¼ DP,Q
h

; (11)

where h denotes the pump efficiency. Detailed economical analysis
(including factors related to NPV) is hence required before a final
decision about the preferred discharge rate can be made [43e45].

The production temperature of doublet 2 (Fig. 11a) does not
change with the variation in the rate of doublet 1, which demon-
strates that production in doublet 2 is not impacted by doublet 1.
The energy production in Fig. 11b also states that doublet 2 is not
influenced by varying the production rate of doublet 1. This can be



Fig. 10. Production temperature (a) and cumulative energy production (b) of doublet 1 for different discharge rates of doublet 1.

Fig. 11. Production temperature (a) and cumulative energy production (b) of doublet 2 for different discharge rates of doublet 1.
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explained by the fact that the two doublets target different parts of
the reservoir in the neighbourhood of each other: doublet 1 targets
the upper parts of the reservoir, while doublet 2 more focuses on
the bottom reservoir layers, which can be seen by their different
responses to overburden layers. This is an important observation
for a typical sedimentary environment of low-enthalpy geothermal
systems. The two doublets located next to each other can be
operated independently.
3.3.5. Vertical-horizontal permeability ratio
The permeability ratio between vertical and horizontal di-

rections varies with the geological and sedimentary process and
can influence the direction of fluid flow among layers, which in turn
influences the thermal propagation in the geothermal reservoir. In
this section, the influence of vertical and horizontal permeability
ratio to production temperature is investigated. Three permeability
ratios are selected: kv/kh ¼ 0.01, 0.1 and 1 which indicates changes
in vertical permeability while horizontal permeability remains
fixed. The production temperature of both doublets is depicted in
Fig. 12.

The lifetime of doublet 1 is slightly influenced by the perme-
ability ratio (Fig. 12a). With the increase in permeability ratio, the
lifetime is slightly extended, which means more heat is swept. In
contrast, the inter-layer communication is reduced and the diver-
sion of flow between layers is restricted for lower permeability
ratios. Therefore, a lower permeability ratio will lead to earlier
thermal breakthrough, and the total heat sweep efficiency of the
reservoir decreases.

In Fig. 12b, the lifetime of doublet 2 seems insensitive to the
permeability ratio. Due to the complexity of geological formations
in the reservoir, this doublet may be drilled through multiple
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impermeable layers, which already separate the fluid and heat flow
in the vertical direction as barriers. Therefore, even if the perme-
ability ratio is adjusted for different simulation runs, the influence
of permeability ratio to flow does not take effect.

In addition, the flow along the horizontal (x) direction is much
larger than that along the vertical (z) direction for permeable
sandstone layers (Fig. 13). When a smaller vertical-horizontal
permeability ratio is selected, the connectivity in vertical direc-
tion will become worse, which will give rise to even weaker flow
between inter-layers. Therefore, the variation of permeability ratio
does not significantly impact the production temperature even
when high-resolution geological realism is involved in the model.
3.3.6. Permeability-porosity correlations
The permeability-porosity correlation is another source of un-

certainty in the geothermal reservoir. Here, we use two different
permeability-porosity (k � 4) relations (Fig. 14) based on the cor-
relations from TNO-AGE [46] for the typical sandstones of theWNB.

As displayed in Fig.15a, the production temperature of doublet 1
is only insignificantly affected by the change of correlation. As
doublet 1 mainly targets the top Berkel Sandstone, the preferential
channels inside the control area of doublet 1 are associated with
high porosity (Fig. 2). Two k � 4 correlations generate similar
permeability distribution in the high porosity values which is quite
typical for sandstones. Therefore, the convective flow of doublet 1
only slightly varies between the two scenarios using different
correlations.

However, a more pronounced difference is observed in the
production temperature of doublet 2 (in Fig. 15b), where the life-
time is noticeably extended with correlation 1. This can be
explained by the existence of an evenly distributed permeability



Fig. 12. Production temperature of each doublet for different kv/kh values. Here P1 is the production well of doublet 1, P2 is the production well of doublet 2.

Fig. 13. The flux ratio between x and z directions of each grid block under vertical-horizontal permeability ratio of 1 at 100 years.

Fig. 14. Permeability-porosity correlations generated from TNO-AGE [46].
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field within the control area of doublet 2. With correlation 1, the
number of flow paths in doublet 2 is increased with an improved
k � 4 correlation (compared to correlation 2). In this scenario, the
injected cold water sweeps a larger area of the reservoir and the
thermal breakthrough is delayed. This difference can only be
observed with modeling at high-resolution geological accuracy.
4. Discussion and conclusions

In this study, an extensive investigation is performed based on a
realistic heterogeneous reservoir model at geological-scale reso-
lution utilizing the open-source Delft Advanced Research Terra
Simulator (DARTS). Detailed sensitivity analysis in this work shows
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the importance of full uncertainty quantification for meaningful
optimization of geothermal development.

C Shale layers should always be considered when modeling
fluid flow in geothermal reservoirs. The energy stored in
shales can be exploited through heat conduction with the
neighboring high-permeable layers. Besides, the intersecting
distribution of shales and sandstones is also essential for the
efficient exploitation of energy stored in shale layers. The
inclusion of the shale layers in the simulation can have one of
two results: extend the predicted system lifetime due to
thermal recharge (more than 70% extension for the lifetime
of one of the doublets in this study), or enable the use of
higher rate controls and therefore higher energy production
for a similar system lifetime.

C Overburden can recharge its adjacent high-permeable layers
by heat conduction. As observed in this study, the influence
of overburden layers to doublet lifetime is different at two
doublets locations inside the same geological formation (i.e.,
more than 50% extension for the lifetime for one doublet
while almost no extension for another). Due to the limited
working distance, heat conduction only impacts several
layers close to it. Besides, the influence of the overburden to
production temperature closely correlates to the contribu-
tion of adjacent layers to the total fluid production (i.e., the
reservoir heterogeneity). This finding attributes to the real-
istic high-resolution geological representation, which is hard
to achieve in conceptual models unconstrained to real
observations.

C Due to the reservoir heterogeneity, the flow path varies
significantly with local well positioning. In the studied real-
istic reservoir model, a synchronous minor location shift of
both wells by approximately 50 m horizontally leads to a
variation of lifetime of more than 25%. This indicates the



Fig. 15. Production temperature of each doublet for different k � 4 correlations. Here P1 is the production well of doublet 1, P2 is the production well of doublet 2.
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necessity to perform an uncertainty analysis of well place-
ment based on detailed geological characterization. A strik-
ing extension in the lifetime of geothermal projects may be
expected after the optimization of well positions in the
presence of uncertainties.

C Higher discharge rates yield faster thermal breakthrough and
shorten the doublet lifetime. On the other hand, the cumu-
lative energy production increases with the production rate,
which indicates that a longer lifetime does not mean better
heat recovery. Larger rates can extract more heat to the
surface in a shorter time, which is attractive for industrial
operators. Certainly, the energy investment to achieve a
larger rate is higher as well. The optimized development
scheme should take into account energy cost, financial in-
vestment and operational scheme comprehensively to
maximize the NPV.

C The interference between well doublets in realistic
geothermal production scenarios is not necessarily directly
related to their relative position. The performance of doublet
2 in our study is not influenced by the rate variation in
doublet 1, reflecting the weak interference between these
two doublets in the range of selected operation strategies.
These findings support current technological practice with
doublet-based development of low-enthalpy geothermal
reservoirs. However, only a detailed uncertainty quantifica-
tion can directly evaluate the risk of reduction in the energy
production due to geothermal doublets interference.

C The influence of vertical-horizontal permeability ratio on the
temperature profile is relatively minor in the studied sce-
nario for both doublets, which is related to the property
distribution of the reservoir. However, the permeability ratio
is still a factor worth checking for the development of a
geothermal reservoir because of its influence to the propa-
gation of cold front and heat sweep efficiency.

C The in-situ porosity distribution is essential for the k � 4

correlation and has a noticeable effect on the doublet life-
time. We demonstrate that the influence of k � 4 correlation
to doublet lifetime varies within the same model. If a pref-
erential channelized porosity distribution exists between
injection and production well, the variation of k � 4 corre-
lation will not largely impact the heat production with fixed
rate control. It is important to mention that the given cor-
relations are based on the same facies distribution. The in-
fluence of k � 4 correlation can vary to different extent with
different facies interpretation in the geological model.

C Thanks to the high performance of DARTS framework, the set
of simulation runs was completed in a limited computational
time. Besides, the flexibility of DARTS makes it convenient to
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adjust different parameters in the sensitivity study, such as
activation and deactivation of shale layers and the over-
burden, based on the realistic data set. This provides a
generic and robust framework for the sensitivity analysis of
practical geothermal projects.
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