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ABSTRACT 

In this work an ensemble of synthetic Hydraulic-

Thermal (HT) reservoir simulations is carried out. 

Different development strategies are analysed in terms 

of well placement and operational parameters. At the 

same time, geologic heterogeneity is addressed in the 

form of fault transmissivity and throw, as well as 

layered reservoir flow properties. The geothermal 

system lifetime and economic performance are 

examined as output. 

1. INTRODUCTION 

The increasing demand for renewable energy supply 

requires a more substantial contribution from 

geothermal sources. In the finite subsurface space of the 

Netherlands, this implies a better utilization of existing 

licence areas and producing geothermal fields.  

Additional complexity is encountered due to the 

marginal profits of direct heat geothermal energy in 

conductive dominated geological settings (Daniilidis, 

Alpsoy and Herber, 2017). The presence of spatial 

heterogeneity in a geothermal reservoir may reduce the 

effective volume of reservoir and the lifetime of the 

project  (Vogt et al., 2013; Crooijmans et al., 2016; 

Nick et al., 2016). Moreover, as the density of 

geothermal systems is increasing interference might 

arise as a problem (Willems et al., 2017).  

Transitioning to geothermal fields with improved 

energy extraction and a better economic output requires 

the understanding of the complex interactions between 

the two. As a prior step to the optimization of an 

existing field, further development strategies need to be 

envisioned. 

This work explores the interdependency between 

geologic heterogeneity and development strategies. 

These inputs are analysed with respect to the resulting 

energy generation and economic.  

2. METHODS 

A coupled Hydraulic-Thermal (HT) model was 

developed in the COMSOL Multiphysics® software.  

2.1 Reservoir model 

The Energy Balance describes the heat flow in the 

model as follows: 

𝜌𝐶
𝜕𝑇

𝜕𝑡
+ 𝜌𝑓𝐶𝑓q∇𝑇 − ∇(𝜆∇𝑇) = 0  [1] 

in which T (K) is the temperature, 𝜌 the mass density 

(kg/m3), 𝐶 (J/(kg∙K)) the specific heat capacity,  

(W/(m∙K)) the thermal conductivity q (m/s) the Darcy 

velocity and suffixes f and s refer to the fluid and the 

solid matrix respectively. The thermal conductivity and 

volumetric heat capacity of the system is computed 

based on the respective fluid and rock values separately 

according to: 

λ = (1 − φ)λs + φλf   [2] 

and   

𝜌𝐶 =  (1 − 𝜑) 𝜌𝑠𝐶𝑠 + 𝜑𝜌𝑓𝐶𝑓   [3] 

in which φ is rock porosity. The pressure field is 

computed based on the continuity equation according 

to: 

φ
∂ρf

∂t
+ ∇. (ρf q) = 0   [4] 

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

q = −
k

μ
(∇P − ρfg∇z)   [5] 
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in which k is the intrinsic porous medium permeability 

(m2), μ the dynamic viscosity of the fluid (Pa∙s), g the 

acceleration of gravity (m/s2) and P the hydraulic 

pressure (Pa). 

The fluid density and viscosity are a function of 

temperature according to: 

𝜌𝑇 =  838.466135 + 1.40050603 ∙ T −
0.0030112376 ∙ T2 + 3.71822313 ∙ 10−7 ∙ T3

 [6] 

𝜇𝑇 =  1.3799566804 − 0.021224019151 ∙ T +
1.3604562827 ∙ 10−4 ∙ T2 − 4.6454090319 ∙ 10−7 ∙
T3 + 8.9042735735 ∙ 10−10 ∙ T4 − 9.0790692686 ∙

10−13 ∙ T5 + 3.8457331488 ∙ 10−16 ∙ T6  [7] 

The system lifetime is calculated when the condition  

Tprodt
≤  0.95 ∙ Tprodt=0

    [8] 

is met. The produced power is computed according to: 

𝑃𝑤𝑒𝑙𝑙 = 𝑄𝜌𝑓 𝐶𝑓 ∆𝑇   [9] 

in which 𝑄 is the flow rate (m3/s) and ΔT is the 

temperature difference between producer and injector 

wells (K). The pump power only considers the pressure 

drop in the reservoir: 

𝑃𝑝𝑢𝑚𝑝 =
∆𝑃∙Q

𝜂
     [11] 

where ∆𝑃 is the pressure difference between the wells 

and 𝜂 is the pump efficiency. The overall system power 

is then calculated as: 

𝑃𝑠𝑦𝑠𝑡𝑒𝑚 = 𝑃𝑤𝑒𝑙𝑙 − 𝑃𝑝𝑢𝑚𝑝  [10] 

The cost of the wells is computed according to (van 

Wees et al., 2012): 

𝐶𝑤𝑒𝑙𝑙 = 𝑠(0.2𝑍2 + 700𝑍 + 25000)  [12] 

where 𝑠 is a cost scalling factor taken here to be 1.7 and 

𝑍 is the measured depth. The NPV is then calculated as: 

𝑁𝑃𝑉 =  ∑
𝐶𝐹𝑡

(1+𝑟)𝑡
𝑛
𝑡=0     [13] 

Where 𝐶𝐹 is the cashflow, 𝑟 thediscount rate and 𝑡 the 
time. 

2.2 Model geometry 

The model considers a reservoir domain with a 

thickness of 150 m, comprised of three individual flow 

layers of 50 m thickness each, with homogenous flow 

properties. The top of the west part of the reservoir is 

situated at 2000 m depth. Over- and under-burden 

layers have a minimum thickness of 250 m. The whole 

domain (reservoir and over/under burden) is offset at 

the middle by a fault. The fault is a planar, vertical 

surface that extends 50 m above and below the reservoir 

layers (Figure 1). The throw of the fault takes different 

values (Table 2).  

 

Figure 1: Overview of the synthetic model geometry. 

 

 

Figure 2: The meshed geometry. Total element 

count is ~100k depending on the parameter 

combination. 

Table 1: Layer flow properties. 

Layer Permeability (m2) Porosity (%) 

min 4.94×10-15 17.2 

mid 9.87×10-14 18.5 

max 4.93×10-13 19.1 

over-&   

under-burden 
9.87×10-18 1.0 

Two doublets are positioned in the system, one in the 

west and one in the east block of the model (Figure 2). 

The well spacing of the wells in a single doublet is 600 

m and equals the spacing between the doublets, as this 

has been shown to be the most beneficial configuration 

for lifetime and NPV (Willems et al., 2017). The 

doublets are oriented along the N-S direction. The west 

doublet has the producer on the north and injector on 

the south, while the east doublet has either the same 
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(tram) or the opposite configuration (checkerboard) 

(Table 2). 

2.2 Simulations 

The model is run for all the parameter combinations 

presented in Table 2. Each simulations spans over 50 

years. It is assumed that both doublets are controlled by 

a single operator. Therefore, the breakthrough 

condition of eq [8] is applied to the mean production 

temperature of both doublets. 

Table 2: Simulation input parameters and their 

respective values. All combination parameters are 

simulated, resulting in 32 unique simulations. 

Parameter Values Units 

Fault throw 50, 75 m 

Fault 

permeability 
9.87×10-18, 4.93×10-13 m2 

Reservoir layers 

(top to bottom) 

min/mid/max, 

min/max/mid 
- 

Well 

configuration 
Tram, Checkerboard - 

Flow rate 100, 250 m3/h 

3. RESULTS 

The considered scenarios could result in a system 

lifetime that is below 20 years for some scenarios with 

a flow rate of 250 m3/h. This might mean that a well 

spacing of 600 m as used in the simulations is short for 

such high flow rates and might not be a feasible solution 

for field development (Figure 3). The implication to 

this is that the NPV of the system is also reduced 

compared to the lower flow rate of 100 m3/h. The lower 

flow rate allows the system to remain longer in 

production, thus generating a higher profit. 

With regards to the well configuration, checkerboard is 

always preferable to a tram configuration of the 

doublets. In all scenarios the checkerboard 

configuration leads to a longer system lifetime and 

improved NPV (Figure 3). 

Additionally, the reservoir layer flow properties also 

have an effect. When the maximum flowing layer is the 

deeper one, the system exhibits a longer lifetime and 

also a higher NPV. Lastly, a higher fault throw seems 

to be beneficial for both the system lifetime and NPV 

(Figure 3). Similar NPV can be achieved with different 

system lifetimes. It is therefore important to consider 

this trade-off at the policy level.  

Figure 4 depicts the cumulative generated energy by the 

system. The steepness highlights that lower flow rates 

need longer lifetime and therefore produced energy to 

generate increased NPV. Figure 5 summarizes the 

sensitivity of each parameter and its respective values 

to the system lifetime. 

 

 

Figure 3: System lifetime and mean NPV for the combined system of two doublets, colour coded according to 

well configuration and marked according to reservoir layer properties. 



Daniilidis, Nick and Bruhn 

4 

 

 

Figure 4: System cumulative produced energy and mean NPV for the combined system of two doublets, colour 

coded according to well configuration and marked according to reservoir layer properties. 

 

 

Figure 5:Overview of the system lifetime based on each parameter value considered. 

 

3. CONCLUSIONS 

It can be concluded that flow rate remains the most 

dominant parameter influencing system lifetime for the 

studied scenarios. Nonetheless, a higher flow rate might 

not necessarily lead to better NPV values. The well 

spacing of 600 m considered in this analysis might be 

small for long-term developments as system lifetime 

might drop below 15 years in some cases. 

With regards to development strategies, a checkerboard 

configurations proves beneficial under all parameter 

combinations presented in this work. The inclusion of 

additional uncertainties and development scenarios 

could deepen the understanding of the 

interdependencies presented and further expand the 

relevance of the proposed methodology. 
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