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ABSTRACT
Enhanced geothermal system (EGS) reservoirs are artificial deep reservoirs designed to exploit
geothermal power accumulated within hot dry rocks in order to generate electricity. EGS
reservoirs have large potential to be exploited as a renewable source of energy. However,
currently commercial exploitation is still not feasible and despite research that has attempted
to achieve a cost-effective EGS reservoir design with high performance over long periods of
exploitation. Previous studies have focused on investigating the impact of single or multi
design parameters on EGS reservoir performance without considering their interdependency
during heat extraction processes and impacts on reservoir total cost associated with creation
and operation costs. This research has conducted an optimisation assessment taking into
consideration many design parameters and their interdependency during optimisation process.
The key contribution of the research is associated with the development of numerical analysis
for both doublet and multi-wells reservoirs integrated with an artificial intelligence application,
generated from genetic algorithm GA. During parametric study of doublet well reservoirs,
results revealed that the maximum mass flow rate production was 30 kg/s, and this value was
achieved during the parametric study of injection pressure and reservoir permeability. It was
also observed that different designs of doublet well EGS reservoirs still could not maintain
commercial mass flow rate (80 kg/s). However, commercial mass flow rate was achieved with
multi wells reservoir through increasing injection pressure and number of wells. The results of
two optimisation scenarios (with and without improving reservoir permeability) of doublet
EGS reservoirs revealed that the permeability of the reservoir has a significant influence on
selecting the other artificial design parameters. The proposed methodology established in this
research can be used to transform the way EGS reservoirs are currently designed to be exploited
leading to a cost-effective power source. In addition, the methodology has the flexibility and
potential to be adapted during and post design of EGS reservoirs.
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Chapter One: Introduction

CHAPTER ONE
1
1.1

INTRODUCTION

Background

Geothermal power has been used for many centuries for different purposes, such as cooking,
bathing and as space heating, mostly extracted from shallow sources and natural hot springs
(Grant, 2013). Since the last century and particularly in 1904, electrical power generation
started from geothermal sources, which the first instance was in Italy at Larderello site
(Dickson and Fanelli, 2001). However, the majority of the generated power from geothermal
sources are limited to conventional geothermal systems (hydrothermal), which is found within
limited locations of the crust layer of the earth (Li, 2015). It is only recently that the technology
to exploit hot dry rock (HDR) geothermal has advanced.
In 1974, the first HDR deep geothermal reservoir in Los Alamos was developed, where the
heat of the subsurface at the depth of between 4 to 5 kilometres was extracted to generate
electricity (Olasolo et al., 2016a). This was followed by trials of the technology in the UK at
the Rosemanowes Quarry between 1977-1980 (Kolditz and Clauser, 1998).
The modern process of extracting heat from a geothermal reservoir has been used since 1990s.
In this method, hot dry rock matrix is stimulated using hydraulic fracturing, at depths of over
2.5 kilometres, where temperature is at a range of 150-200 oC, producing energy in the form of
hot fluid or steam, this process is known as Enhanced Geothermal System (EGS) (Duchane
and Brown, 2000). There are 18 existing, under-development and operating of EGS sites
around the world (Lu, 2018) and their locations are presented in Figure 1-1.
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Figure 1-1. Global map of EGS (Lu, 2018)

In general, geothermal energy, due to its nature, is much more predictable than other renewable
sources of energy such as wind or solar, hence it is a popular option in many countries (BP,
2015). For example, in China it is predicted that geothermal has the potential to produce enough
energy for over 5000 years of China’s annual total energy consumption of 95.2×1018J at 2010
if just 2% of the country’s EGS resources is recovered (Wang et al., 2013). However, due to
technological and economical challenges, as well as uncertainties that exist at the high depths
(DECC, 2013, GEA, 2013), EGS is still considered to be at the ‘proof of concept’ stage
(Rybach, 2010a). For example, the Bad Urach project started 1977 in Germany and it was
abandoned in 1981 because of the financial problems (DiPippo, 2012). The Basel project
started 2006 in Switzerland and it is abandoned in 2009 due to inducing seismic events
(Giardini, 2009).
Compared with other renewable energy sources, the growth rate of geothermal power is low,
see Figure 1-2, yet if technology and understanding of EGS improves, it has the potential to
grow exponentially (Li et al., 2015).
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Growth rate through 2008-2013
Solar (PV)

Wind

5%

Hydro

Geothermal

4%

25%

66%

Figure 1-2. Average annual growth rates of energy capacity for different renewable sources, 2008–2013 (After
Li et al. (2015)

Due to the high costs involved in field trials of HDR reservoirs, computational modelling of a
reservoir is often used (Lu, 2018). This enables researchers to investigate different
permutations of the use of EGS.
A comprehensive study conducted by Mudunuru et al. (2016) on numerical modelling of EGS
reservoirs, using parallel reactive flow and transport model PFLOTRAN, indicated that, in
general, numerical modelling can be divided into three different categories in terms of the
performance of EGS reservoirs as follows:


The first relates to improving the efficiency of heat extraction technologies for different
rock deposits considering a wide range of useful temperatures;



The second category aims to evaluate the commercial feasibility of the extracted
thermal energy at various stages in the development of prospective resources;



And the third aspect estimates the life span of existing and future potential EGS
reservoirs based on the initial thermal energy extraction rate (Mudunuru et al., 2016).
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In recent decades, different researchers have proposed a variety of numerical modelling
strategies to obtain an understanding of EGS performance and to explore potential trade-offs
relating to the above three key performance objectives (He et al., 2011, Kruger and Robinson,
1994, McClure and Horne, 2014, Robinson and Tester, 1984). Each of these studies offered
useful understanding, interpretation and insights into the complex processes taking place in
specific EGS reservoirs. However, these studies did not probe directly key site-specific factors
that influence the long-term performance of the underlying field-scale problems (Mudunuru et
al., 2016).
Recently, several studies used different optimisation approaches in order to achieve efficiency
in one or more aspects of EGS performance (see the review paper of Olasolo et al. (2016a)).
This showed that the designs proposed have limited focus on integrating both engineering and
management models in terms of multi-variables multi-objectives, including heat production
and efficiency performance in a single optimisation model taking into consideration the thermal
production power and economic analysis altogether.
For a commercial EGS, it is important to develop a thermo-economic model to compile both
engineering and management models together (Kong et al., 2014), in which the proposed model
involves many contribution parameters such as distance between wells; depth of reservoirs;
number of wells; permeability and porosity of reservoirs; and temperature and pressure of
injection fluid. The contributed design parameters are shown in Figure 1-3.
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Power plant

k
Hot stimulated rocks

Geothermal gradient (Tg)

Production well

Dh

d

Injection well

Pinj

Hot impermeable rocks

Figure 1-3. Presentation of contributed design parameters in an EGS reservoir; where, d is distance between
injection and production wells, Dh is reservoir depth, k is reservoir permeability, Pinj is fluid injection pressure,
and geothermal gradient Tg.

Thus, in this research a novel methodology has been developed to optimise the management
and design of EGS reservoirs using a hybrid optimisation technique. This study integrates finite
element (FE) analysis with artificial intelligence applications using genetic algorithm (GA) to
evaluate the influence of contributed parameters and their interdependency in EGS reservoirs.
Using this approach, an optimum EGS reservoir design has been facilitated, considering
various key parameters as input variables, with respect to extraction efficiency, commercial
feasibility and reservoir long life span for both EGS doublet and multi-wells reservoirs.
1.2

Problem Statement

Geothermal energy is a renewable energy source that has provided commercial baseload
electricity around the world since the last century (Huenges et al., 2013, Pang et al., 2015).
However, most of it is associated with hydrothermal systems and exists in the hot spot
geologies meaning its distribution in the world is too limited to make a significant impact on
energy supply (Tester et al., 2006).
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EGS is assumed as another type of geothermal system, it has a widespread distribution, small
footprint, and low emissions; it is a promising alternative power source. Nevertheless, it needs
more investigations to achieve cost-effective production over long periods (Rybach, 2010a).
EGS reservoirs involve drilling of one or more wells in high temperature rocks at depth more
than 2500 m. In addition, it requires stimulation of the HDR matrix to provide flow path for
the injection fluid to the production well (Doughty et al., 2018); and this experimental approach
requires high capital costs (Jing et al., 2000). Therefore, the field experiments of the EGS
reservoirs are not a favourable option to understand the enhancement of the long-term
performance of EGS reservoirs. Subsequently, numerical modelling have been widely used for
the last three decades (Lu, 2018). Thus, establishing a new procedure framework of
optimisation techniques for numerical modelling is important to identify the most effective
characteristics of such reservoirs during operation process.
Generally, a cost-effective production is a crucial target to achieve an economical energy
power. Compared to the intensive numerical simulations and large number of research
assessing the long-term performance of EGS reservoirs; the significant point seems rather to
be why commercial feasibility of EGS is not yet achieved. Hence, investigating new
optimisation techniques to find designs with optimum thermal-economic performance is of
vital importance.
1.3

Aim and Objectives

Aim
In this research, the main aim is to develop an interconnection of design parameters of EGS
reservoirs to define their impacts on both thermal power and financial consideration over long
periods of heat exploitation. This was achieved through developing a combination of
computational mechanics of EGS reservoir models (namely finite element) with artificial
intelligence-based optimisation technique (namely genetic algorithm).
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Objectives
The research objectives are as below:
1. To identify the criteria and targets for the long-term performance of EGS reservoirs to
set the fitness function for the optimisation model, see Section 2.4 in Chapter Two.
2. To identify the critical design parameters that have influences on the thermal and
hydraulic breakthrough of production wells of EGS reservoirs over long periods of heat
exploitation (see Chapter Two).
3. To develop and validate a finite element (FE) model of fully thermal- hydro (TH)
coupled process of EGS reservoirs to establish an accurate platform for the numerical
simulations to explore the interconnectivity of several design parameters (see Chapter
Four).
4. To investigate the sensitivity of EGS reservoirs performance to the design parameters
and their impacts on the long-term performance of reservoirs (see Chapter Four).
5. To investigate the optimum design of a doublet EGS reservoir alongside with the
optimum management of a better thermal power production (see Chapter Five).
6. To investigate the optimum well numbers of EGS multi-well reservoirs using multiobjectives optimisation (see Chapter Six).
7. To develop an integrated thermal-economy model for the long-term performance of
EGS multi-wells reservoirs to achieve a full understanding of interconnections of
reservoir design parameters including numbers of wells (see Chapter Seven).
1.4

Novelty and Contribution to Knowledge

The key contribution of the research is the consideration of the interconnectivity of several
design parameters of EGS reservoirs and its impact on the long-term performance of the
system. The novelty has been achieved through the development of a hybrid optimisation
technique that integrates the power of artificial intelligence (AI) algorithms with a finite
7
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element technique. The use of AI allows to capture the interdependency and complex
relationship of contributing parameters to the long–term performance of reservoirs, which
otherwise was not feasible using conventional modelling techniques. The contribution to the
knowledge is presented in details as follows:


Develop a full interaction of the design, management and economic models in one
optimisation process for a doublet well reservoir design.



Establish a method to define the interdependency of the design parameters and their
resulting impacts on the long-term performance of EGS reservoirs at the end of
reservoir service life, which considers the accumulative thermal power at the
breakthrough time of the reservoir.



The development of a hybrid optimisation technique via integration of FE models with
a multi-variable and multi-objectives GA optimisation technique in doublet well
reservoirs.



The interrelating of the number of wells, design parameters, configuration of wells,
boundary conditions and the economy analysis of EGS multi-wells in a single
optimisation technique.

1.5

Thesis Outline

The structure of this thesis consists of eight chapters. Chapter One, presents the background,
problem statement, aim and objectives. Chapter Two presents a comprehensive literature
review of geothermal reservoirs, their development trend, challenges and the long-term
performance characterisation of EGS reservoirs. The previous numerical modelling and
optimisation techniques used to investigate optimum solutions of EGS reservoirs are also
described in this chapter. Chapter Three describes the methodology have been used to develop
the finite element model and the GA optimisation technique used in this research. Chapter Four
presents the development of FE model for a doublet well reservoir. It also demonstrates the
8
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parametric study of design parameters of EGS reservoirs. In this Chapter, the complex
interrelation between design parameters and its impact on inducing challenges during
optimisations are presented. Chapter Five demonstrates optimisation of doublet EGS
reservoirs. Integration of FE models and GA correspondingly is presented and the
understanding of the enhancement of long-term performance of EGS doublet reservoir is
presented likewise. Chapter Six deals with the sensitivity analysis of the number of production
wells in a multi-well EGS reservoir. Chapter Seven demonstrates the optimisation of EGS
multi-well reservoirs in a novel method. This Chapter presents the number of production wells
within the GA technique additionally to other design parameters as variables. Chapter Eight
contains the conclusions and recommendations derived from the research project undertaken
herein. Appendices are placed at the end of the thesis presenting the use of COMSOL
Multiphysics code to develop the finite element models (both doublet and multi-wells designs)
and the programing code that was used for the optimisation process.
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CHAPTER TWO
2
2.1

LITERATURE REVIEW

Introduction

This chapter provides a critical review of the relevant literature related to the long-term
performance of an enhanced geothermal system (EGS). This chapter reviews numerical
methods for determining responses including: thermal energy, commercial feasibility, thermal
and hydraulic breakthrough time and reservoir service life.
2.2

Background

The word “Geothermal” was originally derived from two Greek words (Geo and thermόs),
which means the earth and heat (Fytikas et al., 2005). The heat of the earth is stored in the
subsurface, where the temperature rises with the depth towards the core of the earth, as can be
seen in Figure 2-1. The core of the earth is located at a depth of over 6000 km and its
temperature is estimated to be more than 5000 °C (Böttcher et al., 2015). The temperature of
the earth’s core is maintained by the slow decay of radioactive particles, which generates
thermal energy continuously heating of the earth’s core. The earth’s core is surrounded by the
Mantle layer (see Figure 2-2), which is a thick layer forming about 82% of the total size of the
earth (Omer, 2008). According to the second law of thermodynamics, heat tends to move from
high to low temperature regions (Schroeder, 1999). Therefore, the heat of the earth transfers
from the core towards the surface at an average heat flux of 0.08 W/m2 depending on the
geology of the area and the tectonic characteristics of the region (Pollack et al., 1993).
The following subsections (Section 2.2.1 below) describes the methods of heat transfer
mechanisms from the earth.
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Figure 2-1. The heat of the earth (Omer, 2008)

Radiation

Conduction

Convection

Figure 2-2. The layers of earth with showing the locations of heat transfer methods (after Dickson and Fanelli
(2001))

11

Chapter Two: Literature review
2.2.1 Earth Heat transfer:
There are three main mechanisms of heat transfer from a heat source. These are conduction,
convection and radiation (Böttcher et al., 2015).
2.2.1.1 Conduction

Conduction is the process by which heat is transferred in the form of molecular activity and is
calculated using Fourier's law (Banks, 2012). In the case of the earth’s heat transfer, the heat is
conducted from the interior of the mantle layer of the earth to its exterior (i.e. heat transfers
from the surface of the outer core to the mantle layer), see Figure 2-2. This process produces a
geothermal gradient. According to Barbier (2002), the average geothermal gradient is 30 0C/km
and this varies within the earth, depending on the geology of the area.
2.2.1.2 Convection

Convection is heat transfer between fluids and solids with different temperatures and it is
calculated using Newton's law of cooling (Banks, 2012). In the case of the earth’s heat transfer
via convection, heat is transferred through subsurface fluid motion in the inner and outer core
layer of the earth, see Figure 2-2. And convection could take place in porous medium and is
calculated using Darcy’s velocity multiplied by the volumetric heat capacity of the fluid as
suggested by De Marsily (1986).
2.2.1.3 Radiation

Radiation is a heat transfer method, by which heat is transferred in the form of electromagnetic
waves through the space between surfaces, or through a medium (Varzina, 2015). In the case
of earth’s heat transfer through radiation, heat transfers through the ground to the environment,
see Figure 2-2. Heat transfer during extraction process of geothermal reservoirs usually ignored
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radiation method due to its insignificant effects on the reservoir production compared to
convection and conduction (Lam et al., 1988).
2.2.2 Mechanisms in Geothermal Reservoirs
In geothermal reservoirs, heat will be transferred in the reservoir through the rock matrix via
conduction and to the injected cold fluid via convection and this lead to increase the
temperature of the injected fluid during heat extraction process. However, compared to
conduction and convection, heat transfer via radiation requires a longer time than the other two
mechanisms. Accordingly, radiation has the lowest impact on EGS efficiency during extraction
process. Thus, in this thesis, the effect of radiation heat flow in geothermal reservoirs is
neglected.
2.3

Geothermal System

For over 2000 years, geothermal sources have been used for different purposes, such as the use
of geothermal water for cooking, bathing and as space heating by many nations e.g. Romans,
Icelanders, Japanese, Turks, the Maori of New Zealand and Central Europeans (Lund, 2007).
However, it was at the beginning of the last century (in 1904) that the first instance of
geothermally generated power, in Italy (at Larderello site using the steam of hot springs to turn
small turbines), was demonstrated (Dickson and Fanelli, 2001). This technological
breakthrough was further developed to build the first geothermal power station in 1911 and
was followed by the first geothermal wells in Japan (1919) and the United States (1921).
Subsequently, in 1942, the globally installed geothermal power capacity reached 127.65kW;
while the first geothermal power plants were installed in 1958 and 1959 in New Zealand and
Mexico respectively (Dickson and Fanelli, 2001).
The term geothermal system is a combination of all the previously mentioned development
stages including the heat source (reservoir), drillied wells and power plants. The definition of
13
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a geothermal system, by Grant (2013), is “the total subsurface hydrologic system associated
with a geothermal field. This includes all parts of the flow path, from the original cold source
water, its path down to a heat source, and finally its path back up to the surface”.
Dispite the long history of the use of geothermal as a power source, still its installtion capacity
and its installed capacity is very low compared to other sources of renewable energy such as
solar, wind, bio and hydro power (Li et al., 2015). In general there are two types of deep
geothermal reservoirs in terms of heat availability, in-situ permeability and existing fluid (Lu,
2018). These two types are presented in the following sections.
2.3.1 Different Types of Deep Geothermal Systems
There are mainly two types of deep geothermal systems, based on the heat exploitation process:
conventional geothermal (hydrothermal) and unconventional geothermal (enhanced
geothermal) (Lu, 2018), as shown in Figure 2-3. Both systems are briefly discussed in the

Depth (km)

proceeding sub-sections:

Hot permeable
Volcanic rocks

Hot permeable
Sedimentary rocks

Hot but low permeable Igneous
rocks (require stimulation)

Hydrothermal

EGS

Figure 2-3. Deep geothermal system types (a) hydrothermal reservoirs and (b) EGS reservoirs
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2.3.1.1 Hydrothermal System (Conventional)

Hydrothermal systems have been developed for approximately 100 years and thus have mature
power generation techniques (Lu, 2018). This source of heat is located at depths between 1 and
4 km and contains fluid in the form of liquid water or steam at a temperature higher than 350
o

C (Mock et al., 1997). Hydrothermal systems can be divided into two categories: Liquid

dominated system (where the system lifts water to the surface) and vapour dominated system
(where the collected steam is conducted by pipeline from various wells to a power generating
plant). Compared to the liquid dominated systems, the vapour-dominated systems are the rarer
type. However, the liquid dominated systems are still limited to recent active volcanic
geologies or tectonic plate boundaries (Mock et al., 1997). According to Fridleifsson et al.
(2008), Roney (2014) and Li et al. (2015) 11,700 MW of electricity was provided by
geothermal sources across 23 countries in the world. Moreover, it is anticipated that geothermal
sources (hydrothermal and EGS) have the potential to provide the global world target of 140
GWe by 2050, see Figure 2-4.
80000
(a) 85% Probability for
EGS to reach 70 GWe
(b) Mineable hydrothermal
by existing tech:70GWe

Installed capacity (MW)
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60000

Hydrothermal
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(b) Insheim 4MWe
(c) Pohang 1.5MWe
(d) Desert Peak 1.7MWe

40000
30000

EGS:
(a) Landau 2.9MWe
(b) Soultz 1.5MWe
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0
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Figure 2-4. Global installed geothermal capacity (After Lu (2018))
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However, the growth rate of geothermal power is low as compared to other renewable energy
sources such as solar, wind and hydro power because it is limited to conventional geothermal
systems (hydrothermal), which is found within the limit of the earth crust layer. To overcome
these limitations, EGS can be used, which has the potential to grow energy geothermal sources
exponentially (Li, 2015).
2.3.1.2 Enhanced Geothermal System (Unconventional)

The deep hot dry rock (HDR) has a vast storage of heat beneath the ground and is worldwide
distributed such as Rosemanowes quarry in Cornwell in the UK, see Figure 2-5.
However, it has insufficient in-situ permeability to allow fluid flow during the heat extraction
process and it requires enhancing the permeability to increase its potential for sufficient fluid
flow (Tester et al., 2006). Therefore, the modern process of extracting heat from a deep
geothermal reservoir stems from developments in the 1990s. Here, an HDR matrix is stimulated
using hydraulic fracturing at depths over 2.5 kilometres where temperatures of 150-200 °C
exist. This results in the development of the so called Enhanced Geothermal System (EGS),
where energy in the form of hot fluid or steam can be produced (Duchane and Brown, 2000).
The experimental work of EGS initially began at Fenton Hill, New Mexico USA (in the late
1970s), using HDR to explore the potential of exploiting geothermal energy for EGS (Duffield
and Sass, 2003). Later, many other sites worldwide were selected to carry out field experiments
such as Rosemanowes quarry in the UK, Spa Urach in Germany, Soultz in France, Basel project
in Swaziland and Ougashi in Japan (Olasolo et al., 2016a). However, it has insufficient in-situ
permeability to allow fluid flow during the heat extraction process and it requires enhancing
the permeability to increase its potential for sufficient fluid flow (Tester et al., 2006).
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(a)

Rosemanowes
Quarry in
Cornwall

(b)

Figure 2-5. Geothermal resources of the UK; (a) Heat flow map and (b) Locations of sedimentary and granite
geology (DECC, 2013).
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Therefore, the modern process of extracting heat from a deep geothermal reservoir stems from
developments in the 1990s. Here, an HDR matrix is subjected to hydraulic fracturing to
stimulate the rock at depths over 2.5 kilometres, where temperatures of more than 150 °C exist.
This results in the development of the so called Enhanced Geothermal System (EGS), where
energy is extracted in the form of hot fluid or steam (Duchane and Brown, 2000).
The experimental work of EGS initially began at Fenton Hill, New Mexico USA (in the late
1970s), using HDR to explore the potential of exploiting geothermal energy for EGS (Duffield
and Sass, 2003). Later, many other sites worldwide were selected to carry out field experiments
such as Rosemanowes quarry in the UK, Spa Urach in Germany, Soultz in France, Basel project
in Swaziland and Ougashi in Japan (Olasolo et al., 2016a).
EGS is a popular option in many countries due to its nature, which is weather dependent, and
it is therefore more predictable than other renewable sources of energy (BP, 2015). For
example, theoretically estimated that EGS have the potential to produce enough energy for over
5000 years of China’s annual total energy consumption (i.e. 95.2×1018 Joules in 2010) if just
2% of its EGS resources are recovered (Wang et al., 2013). However, EGS requires advanced
technology and high costs, which results in complex challenges for such power source (DECC,
2013, GEA, 2013), and it is therefore still considered to be at the ‘proof of concept’ stage
(Rybach, 2010b).
These challenges have resulted in abandonment of many geothermal projects, e.g. the Spa
Urach project, Germany, which started in 1977 but was abandoned in 1981 due to financial
problems (DiPippo, 2012). Other examples include the Basel Project in Switzerland and
Southeast Geysers in the USA, where the EGS were abandoned due to technical difficulties
(see Giardini (2009) and Breede et al. (2013)).
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Another key challenge that faces EGS reservoirs is the time taken for the cold fluid front to
reach the production well; known as the thermal breakthrough (Gringarten and Sauty, 1975).
This problem was first identified by Gringarten and Sauty (1975) during development of an
analytical model for a sedimentary reservoir to optimise the distance between the injection and
production wells in a doublet system with a constant heat for long-term production.
The thermal breakthrough of the reservoir has been observed in several projects such as the
geothermal reservoir in the UK at Rosemanowes Quarry in Cornwell (MacDonald et al., 1992)
and the Hijiori hot dry reservoir in Japan (Tenma et al., 2008), which led to the abandonment
of both projects. Therefore, extensive research has been conducted to understand and develop
methods to overcome the challenges facing the development of EGS reservoirs, by
understanding the long-term performance of such systems.
The concept of EGS is based on stimulating a controlled fracture, to facilitate the circulation
of fluid through rock in order to extract the heat in the form of hot water or steam. This process
involves two stages. The first stage is the hydraulic stimulation of the rock matrix to enhance
the permeability to be sufficient for fluid flow as well as to create a man-made reservoir. The
second stage is the heat extraction through fluid circulation (i.e. injecting over-pressurised fluid
into the injection well and circulating through the engineered reservoir into the production
wells) to recover the heated production fluid. Then, after heat conduction in the heat exchanger,
the cold fluid recirculates into the reservoir to extract more heat from the engineered reservoir.
These experiments are, however, expensive and not viable to be repeated for the same wells
due to the progression of irreversible changes in the engineered reservoir and its stimulated
fracture system (Jing et al., 2000).
In addition, according to Jelacic et al. (2008), US$300 million to US$400 million is required
to invest over 15 years, to test substantial reservoirs in different geothermal environments.
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Therefore, for a foreseeable future, numerical analysis is the preferable choice to provide
methods to assess and understand the long-term performance of EGS reservoirs under different
conditions (Jing et al., 2000).
2.4

Reservoir Heat Production Performance

Even though HDR contains huge thermal storage, EGS is still economically not viable due to
the high costs for creation and exploitation processes (Lu, 2018). In addition, the short life span
of EGS reservoirs, when the cold front reaches production wells in early stages of the heat
exploitation process (Gringarten and Sauty, 1975) and the pressure drop of the reservoir due to
the injection of high over-pressurised fluid (Richards et al., 1994), represent further challenges
which prevent EGS from being an economically viable alternative renewable energy source.
Thus, long-term performance of EGS has been the key point of investigation for researchers
over the last three decades (Lu, 2018).
The proceeding sections will present the characteristics and criteria of long-term performance
of EGS reservoirs and the developed numerical models of previous research.
2.4.1 Long-Term Performance Characteristics
The long-term performance of EGS reservoirs has been set (based on the experimental data of
the Rosemanowes quarry, Cornwall UK) as three characteristics including thermal
performance, hydraulic impedance and the ratio of the water loss for long-term production
(Richards et al., 1994). Therefore, the performance of an HDR geothermal reservoir has many
criteria, based on the aforementioned characteristics (see Sections 2.4.1.1 to 2.4.1.3)
2.4.1.1 Thermal Performance (Thermal Drawdown)

During the heat extraction process, EGS reservoirs are subject to the circulation of injected
cold fluid in a closed loop resulting in drop in reservoir temperature per unit time. This
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temperature declination is calculated through the production fluid temperature using Equation
2.1 (Gringarten and Sauty, 1975):
𝑇𝐷 =

𝑇𝑜 −𝑇𝑝𝑟𝑜
𝑇𝑜 −𝑇𝑖𝑛𝑗

(2.1)

where, TD is thermal drawdown. To, Tpro and Tinj are initial, production and injection fluid
temperatures respectively (K). The performance criterion of thermal drawdown is 0.1, which
refers to the reach of fluid’s cold front within the production well. This value has been set by
Tester et.al. (2006) to be 0.1 TD is a thermal breakthrough point of an EGS reservoir.
2.4.1.2 Hydraulic Performance (Hydraulic Impedance)

Due to the injection of over-pressurised injection fluid, the reservoir is subsequently subject to
a pressure drop as stated by Tester et.al. (2006). This results in development of hydraulic
impedance within the reservoir, which is defined as, “the difference between inlet and outlet
pressure divided by the flow rate at the outlet”, and it is calculated using Equation 2.2 (Tenzer,
2001):
𝐼𝑅 =

𝑃𝑖𝑛𝑗−𝑃𝑝𝑟𝑜
𝑞

(2.2)

where, IR is the reservoir impedance, Pinj and Ppro are the injection and production pressures
respectively (MPa) and q is the fluid discharge (l/s). This issue has also been faced by both
Rosemanowes (UK) and Fenton hill (USA) (Tester et al., 2006). For the hydraulic performance
of an EGS reservoir, the criterion for IR is set to be within the range of 0.1 to 0.3 (MPa/l/s)
(Tenzer, 2001). To overcome the high hydraulic impedance, a high pumping capacity for fluid
circulation is required (Tenzer, 2001).
2.4.1.3 Water Loss

This is a fraction of the injected fluid that is not recovered and it is a function of injection
pressure and is calculated as an absolute flow rate using Equation 2.3 (Richards et al., 1994).
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𝑄=

4𝜋𝑟𝑘𝑃
𝜇

(2.3)

where, Q is flow rate (l/s); r is radius of a spherical permeable reservoir (m); k is permeability
(m2); P is pressure (MPa) and µ is fluid dynamic viscosity (Pa. s). The performance criterion
for water loss is to not exceed 10% of the injected fluid (Richards et al., 1994).
2.4.1.4 Summary

The above aforementioned performance characteristics of EGS reservoirs are dependent on
many design parameters. Thus, it is important to investigate the design parameters that affect
the long-term performance of EGS reservoirs in order to improve the efficiency of the system.
The following sub-sections review the design factors affecting the performance characteristics
of EGS reservoirs.
2.4.2 Factors Affecting Performance Characteristics
Since long-term performance characteristics are function of many design parameters such as
reservoir permeability, reservoir initial temperature, pressure and temperature of injected fluid
and other parameters, see Equations 2.1, 2.2 and 2.3 in Section 2.4.1. Thus, many design
parameters have influences on the long-term performance of EGS reservoirs, which are
presented in the following subsections.
2.4.2.1 Reservoir Permeability

Insufficient in-situ permeability of reservoir rock is a key characterisation of any HDR system.
Consequently, HDR reservoirs require stimulation of the rock matrix to enhance the
permeability of the reservoir, using stimulation techniques to create sufficient volume reservoir
for heat extraction. Thus, guaranteeing hydraulic connections between injection and production
wells (Tester, 1990).
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The low permeability of EGS reservoirs cause pressure drop through EGS reservoirs i.e.
hydraulic impedance. Hydraulic impedance is a critical issue affecting the financial aspects of
EGS because high pumping power is required for high-pressure drop in order to overcome the
low connectivity of EGS reservoirs. Consequently, the process results in high capital cost for
the operation process. In addition, in low permeability reservoirs, to maintain the criterion of
commercial production mass flow rate of 80 kg/s, high downhole pressures are required, which
result in water losses by exceeding the runaway fracture growth (Tester et al., 2006).
2.4.2.2 Reservoir Depth

The depths of injection and production wells are significant parameters, which affect the cost
of EGS during creation process. However, and as it was reported by Breede et al. (2013), the
depth of EGS reservoirs cannot have a universal value due to the different geology and
temperature gradients of EGS reservoirs. The common accepted design parameters assume
depths more than 3km and temperature more than 150°C (Jung, 2013). Nevertheless, the
complications of the drilling process in such deep and high temperatures impose high costs.
However, prescribed fractures are important for creating a flow path between injection and
production wells with lower impedance less than 0.29MPa/l/s and a separation of wells of
around 600m (Baria et al., 2006).
2.4.2.3 Injection Pressure

Fluid injection pressure is an important factor to be considered as long as the higher pressure
increases the production mass flow rate and resulting in high generation of the power plant at
initial stages of exploitation process. However, high injection pressures need high capital cost,
in addition to its impact on accelerating temperature drawdown during heat extraction over
long periods (Tester et al., 1994).
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It has been found that the fluid injection pressure increases the fracture aperture near the
injected zone due to the high pore-water pressure (which exceeds the effective stress of the
fracture), if it is idealised to be without any flow leak-off within the reservoir. However, the
aperture of the fractures might reduce due to the flow leak off which produces pore water
pressure around the aperture. The thermal stress around the injection well and the production
well has significant effects on the aperture size and direction. In other words, the reduction in
the temperature of the rock matrix induces the compression of the rock surface due to the
cooling process. Thus, it increases the aperture of the fractures within the reservoir (Cheng et
al., 2001, Hicks et al., 1996, Lee and Ghassemi, 2010). Furthermore, in low permeability EGS
reservoirs, to maintain commercial mass flow rate with low hydraulic impedance, there is a
need for high injection pressure. However, high operation pressure requires high costs. In
addition, a high injection pressure results in accelerating thermal breakthrough of EGS
reservoirs (Polsky et al., 2008).
2.4.2.4 Injection Temperature

Temperature of the injected fluid has a significant influence on the reservoir performance
during the geochemical process. According to Seol and Lee (2007), cold water can affect the
porosity and the permeability of the reservoir because of geochemical interactions. This
interaction results in a cut off for the fluid flow due to the produced calcite in the fractures, as
a chemical deposition when the injected fluid has a small temperature value (Tester et al.,
2006). It has been reported by McDermott et al. (2006), that to reduce the geochemical
influence of the injected fluid, a minimum injection temperature of 50oC should be considered
for their research.

24

Chapter Two: Literature review
2.4.2.5 Wells Number and Configuration

There are two main designs of EGS reservoirs based on the number of wells; 1) doublet well
reservoirs and 2) multi-wells reservoirs (Chen and Jiang, 2015).
Doublet wells design has been widely used to explore the energy in EGS reservoirs (Mottaghy
et al., 2011, Pang et al., 2015). According to a report by Massachusetts Institute of Technology
(MIT), the production target for a commercial EGS reservoir needs to meet a mass flow rate of
80 (kg/s) at a 200 oC temperature (Polsky et al., 2008). In order to meet this flow rate, high
permeability of the fractured zone of the reservoir, high injection pressures (Polsky et al., 2008)
and short distances between the injection and production wells are required in a doublet EGS
reservoirs (Zimmermann et al., 2010). However, all the three design parameters can have
negative impacts on the thermal breakthrough and the hydraulic impedance of the reservoir
(Tester et al., 2006, Zimmermann et al., 2010).
It has been reported by Tester et al. (2006) that stimulation of EGS reservoirs is limited to
control permeability given its negative impact on accelerating the breakthrough time of the
thermal production. Similarly, high injection pressures result in increasing the production mass
flow rate, which also accelerates the thermal breakthrough and increases the hydraulic
impedance of the reservoir. Same argument as the above can be made for shortening well
spaces (Polsky et al., 2008). A significant amount of research has attempted to propose
techniques to overcome the problems that lead to premature breakthrough time and hydraulic
impedance such as Smit et al. (2014), Biagi et al. (2015), Sun et al. (2018) and others are
presented in Section 2.6 of this chapter.
Suggestions have focused on increasing the number of production wells to meet the commercial
target of production mass flow rate of EGS reservoirs (Chen and Jiang, 2015, Polsky et al.,
2008, Tester et al., 2006). The number of wells and their configurations can significantly
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influence the long-term performance of EGS reservoirs given their impacts during both
creation and operation processes (Tester et al., 2006). Recently, more research focus on the
understanding of the optimisation and investigation of the long-term performance of EGS
multi-well reservoirs. A number of numerical studies have been carried out to investigate the
design of EGS multi-well reservoirs (Chen and Jiang, 2015, Chen et al., 2015, Fu and Carrigan,
2014, Vörös et al., 2007, Yang and Yeh, 2009).
According to Tester et al. (2006), the rate of heat extraction from a geothermal reservoir
depends on the difference between the temperature of the rock and the circulating fluid at any
point within the reservoir. The larger this difference, the more quickly heat will move from the
rock into the injected fluid and consequently more heat is extracted. However, if the cold
injected fluid reaches the production well without being sufficiently heated, the total amount
of heat extracted from the rock will be less efficient, and the project will not achieve its
performance criteria. Nevertheless, when the extracted fluid has no temperature decline over
time, there is insufficient flow rate to extract the heat contained in the rock efficiently. In this
case, a project will not be economically optimised because less total thermal energy will be
recovered.
Ideally, it is desired to maximise the total amount of useful energy extracted from the reservoir.
According to Tester et al. (2006) for an EGS reservoir, the differences of the mass flow rate
and the specific enthalpy between injection and production fluid produce a heat extraction rate.
High mass flow rate produces a drop in fluid temperature and its specific enthalpy, thus
offsetting a potential increase in heat extraction rate. An optimal balance is accordingly
achieved between heat extraction rate and thermal drawdown rate at some mass flow rate
values. Short distances between the injection and production wells are thus required in doublet
EGS reservoirs to maintain high mass flow rate (Zimmermann et al., 2010). However, this has
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a negative impact on the thermal breakthrough of EGS reservoirs by accelerating 10% of
thermal drawdown in the early stages of the operation process.
According to Jelacic et al. (2008) and Polsky et al. (2008), a production fluid of 80 kg/s with a
temperature of 200 oC is a target for a commercial EGS to be equivalent to a commercial
conventional geothermal reservoir. Based on the experimental data, this target cannot be
achieved from a doublet well reservoir; therefore, there is a strong need to increase the number
of wells and design a multi-well reservoir to maintain the commercial mass flow rate with a
minimum temperature of 200 0C (Chen and Jiang, 2015). This research also could not achieve
a target of 80 kg/s for the production mass flow rate for a doublet well design reservoir using
numerical modelling, see Section 3-6 for further discussions. However, the main challenge that
still remains is to mitigate the thermal breakthrough and the hydraulic impedance for an optimal
design of EGS multi-wells reservoir to achieve a cost-effective generation of electricity to meet
an economic target, which is expected to reach 0.06 US$/kW by 2030 (Lu, 2018).
2.4.2.6 Spatial Distribution of Temperature (Geothermal Gradient)

According to Tester et al. (1994), the geothermal gradient of HDR reservoirs has a significant
effect on the overall cost of the heat extraction project. As can be seen in Figure 2-6, the overall
cost of the reservoir is simulated in different temperature gradient ranges 20 to 80 °C/km. With
an increase in the gradient, the cost of the drilling is decreased from 95% to 42% of the capital
cost. However, the ratio of the stimulation cost to the overall cost increased from 1 %< to 6%.
This shows that the drilling cost is most important for consideration, according to the reservoir
gradient for modelling an HDR geothermal reservoir. Because of these outputs, developing
models with less drilling costs (higher temperature gradients to a point) is significant.
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Geo-gradient at 20 oC km-1

Geo-gradient at 40 oC km-1

Geo-gradient at 80 oC km-1

Geo-gradient at 60 oC km-1
Drilling

Stimulation

Surface plant

Operating

Figure 2-6. The temperature gradient effects on the optimization cost model (Tester et al., 1994)

However, in the case of EGS reservoirs, high temperature gradient exists in very deep
reservoirs and the depth of the wells would subsequently affect the drilling cost. It has been
stated by Tester et al. (1994) that the drilling cost ranged from 42%-95% of the power plant
total cost of EGS reservoirs and was a function of the reservoir depth. Therefore, the
determination of the economic feasibility for the overall creation costs of EGS reservoirs is
mainly contributed to the cost of drilling wells.
2.4.2.7 Summary

The long-term performance of EGS reservoirs has several characteristics including reservoir
lifetime (thermal drawdown), pressure drop in the reservoir (hydraulic impedance), thermal
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energy, commercial mass flow rate and the total cost of the system. These features are affected
by many factors. However, the impact of the factors on these targets are nonlinear. Therefore,
a complex challenge arises during the decision-making process for the design parameters of
EGS reservoirs and thus many studies have attempted to find optimum designs for EGS
reservoirs.
2.5

Financial Consideration of EGS Reservoirs

The technology of EGS helps to increase the availability of geothermal power worldwide from
its rather limited existence in areas with volcanic or tectonic activities to greater depths, which
is almost available anywhere in the world (Frei et al., 2013). However, EGS technology has
not yet become commercially feasible and the existing EGS pilot plants are solely funded by
governments for trails, research and future developments (see Bertani (2012) and Horne and
Tester (2014)). Olasolo et al. (2016b) suggested essential tools to estimate and simulate costs
of EGS for a better understanding of financial consideration of such renewable source of power.
The following subsections outlines the required costs for both creation and operation processes
of an EGS system.
2.5.1 Drilling Cost
For drilling process, the total cost of well drilling comprises of steel prices and energy costs
including drilling machinery that uses diesel-fuelled and electric generators (Olasolo et al.,
2016b). According to Heidinger (2010), drilling costs exponentially increase with the reservoir
depth. As it can be seen in Figure 2-7, the cost of well drilling at a depth of 4000m is less than
half of drilling cost for a 6000m reservoir depth.
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Figure 2-7. The total drilling cost of doublet wells reservoir versus depth (adopted from Heidinger (2010))

Other studies indicate similar trends for example according to Olasolo et al. (2016b), the depth
of wells has high impacts on the drilling cost as it is estimated that the drilling cost of two wells
to a depth of 3 km would cost €6 M, while it would cost €17 M to a depth of 5 km. Furthermore,
additional costs are involved before drilling of wells including the cost of purchase and
exploration of the land, which is estimated to be €1 M, and costs of transportation and erection
of works machinery and the drilling platform, which is estimated to be €0.5 M.
2.5.2 Re-injection and Production Pumps’ Cost
In order to maintain the circulation of injected fluids, pumps are used for both injection well
(to re-inject cold fluids) and production wells to upward the heated fluids. This requires
significant amount of electricity, which is dependent on many factors, such as productivity rate,
mass flow ratios and the losses due to friction and floatability effects (Augustine et al., 2010).
The difference in densities between water columns is the main reason to make those factors
that affect the required electricity for the re-injection pressure.
In a geothermal reservoir the density of fluids are dependent on three main factors, which are
pressure, temperature and chemical composition (Champel, 2006). During thermal drawdown
30

Chapter Two: Literature review
of the reservoir, the required electricity for the re-injection pressure increases due to the drop
of the reservoir temperature (Olasolo et al., 2016b). In a similar way, changes in the other two
factors can also have impact on electricity consumption during operation.
According to Olasolo et al. (2016b), the cost of the production pumps is estimated to be €0.8
M, while reinjection pumps can cost 0.1 M. The difference of pump costs is because production
pumps are usually installed at a depth of 400 m, which is hard to be maintained. However, reinjection pumps are located at the surface and hence easier to be maintained.
2.5.3 Stimulation Cost
Hydraulic stimulation process of the rock matrix of EGS reservoirs is important in order to
enhance their in-situ permeability in order to determine the injection and the productivity rates
of each well (Izadi and Elsworth, 2015). According to Heidinger (2010), the process of
stimulating an EGS reservoir needs fixed costs of €1 M independently of its depth.
2.5.4 Costs from Incentivized Prices
The applied incentives prices for the type of electricity generation of EGS power plant are vary
depending on the country, where the plant is located (Shokri et al., 2014). For example, in
Germany, all the generated energy can be sold. While in France, only the energy output, which
refers to the difference between the total generated and the parasitic energy consumed by the
plant itself, can benefit from incentives set up. Thus, the effective-cost of EGS plant differs
obviously from a country to another based on governing regulations (Olasolo et al., 2016b).
2.5.5 Summary
Financial consideration of an EGS reservoir requires a full understanding of the involved total
cost including the required costs for drilling, re-injection and production pumps, stimulation of
the rock matrix and costs arising from incentivised price for the energy output. In order to
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optimise the long-term performance of the system, total cost of EGS reservoirs, including both
creation and operation processes, has to be considered. However, the calculation of the total
cost requires taking into account the interdependency of design parameters of EGS reservoirs
over long periods of exploitation process.
2.6

Computational Modelling

2.6.1 Overview
As mentioned before (see Section 2.3.1.2), numerical simulation is the most favourable method
to understand, and assess behaviour and performance of EGS reservoirs. Therefore, several
different studies have utilised numerical modelling techniques to model more than 100
geothermal fields worldwide. This was done to study various aspects of HDR geothermal
reservoirs, including the influence of coupled physical processes and key design parameters on
the behaviour of a reservoir (Stephansson et al., 2004).
In general, simulation of heat extraction in an EGS reservoir involves thermal-hydraulicmechanical and chemical (THMC) coupled processes (Laughlin et al., 1983, Taron and
Elsworth, 2009). The analysis of a coupled THMC process is important for an EGS system
(Bower and Zyvoloski, 1997, McDermott and Kolditz, 2006, Tsang, 1991). However, fully
coupled THMC processes result in complex mathematical solutions due to the non-linear
values of initial and boundary value problems, which require numerical solutions using finite
element (FE) methods, finite difference (FD) methods or finite volume (FV) methods (Borja
and Aydin, 2004, Borsetto, 1980, De Boer, 2006, Kohl, 1992, Lewis and Schrefler, 1998,
Noorishad et al., 1984, Rutqvist et al., 2008).
Nevertheless, Faust and Mercer (1976) conducted an analysis to compare FD and FE
techniques for geothermal reservoir simulation; and based on the research results, it is
suggested by Faust and Mercer (1976) that the FE method is more suitable for hot-water
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reservoirs than the FD model because of the less numerical diffusion and better approximations
of boundary and internal geometries with using FE method. Nevertheless, Faust and Mercer
(1976) stated that the FD model appears superior for vapour dominated systems, because it
reduces mass and energy balance errors and exhibits less numerical oscillation.
For the long-term performance the mechanical and chemical (MC) processes have insignificant
influence compared to the thermal hydraulic (TH) processes in the reservoir performance
(Neuville et al., 2010). Accordingly, reserchers have studied a full coupling TH processes to
optimise the long-term performance of EGS reservoires such as Bedre and Anderson (2012);
Bujakowski et al. (2015); Li et al. (2016); Aliyu and Chen (2017a); Benim et al. (2018) and
others can be seen later in Section 2.6.
Therefore, for a time-dependent heat transfer with a fully coupled TH processes model, the
solution of two sets of differential equations representing the heat transfer in porous media
(heat energy conservation) and the mass conservation (fluid flow equation) are required.
2.6.2 Methods to Model Fractured Reservoir Geometry
There are mainly two methods to model the fractured reservoir geometry. The first is discrete
fracture network (DFN) and the second is equivalent permeability of the porous media, in
which it represents the permeability of both fracture and rock matrix. DFN model is able to
simulate the transport of fluid and heat, for ideal and realistic geological structure of reservoirs
such as the simulation of Soultz reservoir by Bruel (1995), Kolditz (1995) and Kolditz and De
Jonge (2004). However, the applicability of DFN as a general application is limited due to the
lack of knowledge of the geometry of the fracture structures (Jing, 2003), and in terms of fully
coupled THM analysis, it is still restricted to simplified problems (Walsh et al., 2008).
Therefore, equivalent permeability of the porous media is subsequently used to analyse the
fully coupled THM and TH processes (Birkholzer et al., 2008).
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2.7

Current Studies on Numerical Optimisation of Reservoir Performance

In the late 1960s, the numerical solution of complex non-linear partial differential equations
became possible. However, modelling geothermal reservoirs using these techniques lagged
behind their applications in groundwater, and oil and gas reservoir modelling because of the
additional considerable complexity of the coupling between mass and energy transport in a
geothermal reservoir (O'Sullivan et al., 2001). However, since the 1980s, computer modelling
has become a standard practice used in the planning and management of the development of
geothermal fields (O'Sullivan et al., 2001). Many simulators have been used for EGS reservoir
modelling such as TOUGH2, TETRAD, STAR, GEOCRACK, FEHM, FRACTure,
GEOTH3D, FRACSIM-3D and others listed in Tables 2-1, 2-2 and 2-3. Each simulator has
many capabilities to model EGS reservoirs with its strengths and weaknesses. Therefore, for
all EGS projects or at every stage of a given project, a single type of model may not be suitable
to be used alone (Sanyal et al., 2000).
Different designs have been numerically simulated to investigate the performance of EGS
reservoirs, though the standard design is doublet well reservoirs (Chen and Jiang, 2015) and
this is widely used in exploit the energy in EGS reservoirs (Mottaghy et al., 2011, Pang et al.,
2015). However, lots of research such as (Bedre and Anderson, 2012, Biagi et al., 2015, Chen
and Jiang, 2015, Jiang et al., 2014, Pan et al., 2018, Tenma et al., 2008) attempt to investigate
multi wells reservoirs due to its promising to provide commercial targets of EGS designs in
terms of mass flow rate and long service life as stated by the MIT report (Tester et al., 2006).
Tables 2-1, 2-2 and 2-3 list various numerical designs carried out to optimise the performance
of EGS reservoirs. The objective of these tables is to present key information, such as variables
and objectives of optimisation of EGS reservoirs, as well as past and present research on
optimisation of reservoir long-term performance. The review was carried out for different
categories of simulation of the rock matrix and fracture of the reservoir, which have been
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grouped in terms of the simulation of fractures and rock matrix of reservoirs. The first group
assumes the reservoir has an equivalent permeability representing both rock matrix and
fractures with a single porosity. The second category assumes a discrete fracture network
(DFN) with a single porosity. In the third category, the reservoirs are modelled as dual porosity,
which considered fractures to have high permeability and low porosity compared to the rock
matrix, which contrary has low permeability and high porosity, from which key lessons can be
learnt for the current research from the previous studies.
The EGS studies identified in the review tables are classified by numerical methods (2 and 3
dimensional designs), reservoir designs (doublet and multi-well reservoirs), case studies,
optimisation techniques, coupled processes and software packages while presenting the
variable and optimisation objectives of each research. In addition, Tables 2-1, 2-2 and 2-3 also
explain the outcomes of each study by presenting the influence of selected design parameters
in the long-term performance of EGS reservoirs. This classification criterion allows an
immediate overview of previous research, better appreciation of the challenges faced by EGS
(design parameters affecting the long-term performance of EGS reservoirs), and develops an
understanding of the level of research and development efforts put into EGS study, and the
desire to move such energy source into a commercially viable stage.
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Table 2-1. Equivalent permeability
References

Numerical model

Optimisation tool

Optimisation variables

Performance

Outcomes

objectives
study

Reservoir temperature,

Net

discounted

• Reservoir temperature is the most effective parameter in heat

two-level

Injection flow rate and

amount
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production.

Plackett-
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extracted

(Bedre and

3D FD, TH, Multi-

Parametric

Anderson,

well reservoir, five

using

2012)

spot reservoir in

(L=2)

West

Burman design based

Rock

on numerical results of

conductivity, Water loss

• The amount of heat extracted from a reservoir decreases with high

TOUGH2

and well spacing

injection fluid temperature.

Virginia,

USA

a

Porosity,

heat

• Both porosity and rock thermal conductivity have insignificant influence

thermal

in reservoir performance.

• Large distances between wells increase thermal productivity of the
system due to increase reservoir volume of heat extraction.
(Zeng et al.,

3D FD, TH, two

Parametric

2013)

horizontal

using

wells,

Desert Peak, USA

study
TOUGH2-

EOS1 code

Reservoir permeability,

Electricity production

• Electricity production power mainly depends on the water production

mass

power

rate and the injection temperature.

flow

rate

and

injection temperature

and

energy

• Fluid flow impedance mainly depends on the reservoir permeability,

efficiency.

fluid production rate and injection temperature.
• Energy efficiency mainly depends on the reservoir permeability and the
water production rate.
• Low depth of production wells requires lower investment and operation
costs.
(Jiang et al.,

3D FV, TH, Multi-

Parametric

study

2014)

well reservoir, An

using CFD flow solver

imaginary EGS

(Fluent)

Number of production

Production

well

temperature

Triplet reservoir is more efficient than doublet reservoirs
and

reservoir service life.
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(Smit et al.,

2D

FE,

2014)

Doublet

TH,
well,

Automated gradient-
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placement and layouts in

(NPV)
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projects.
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Present
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EGS
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West Netherlands
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COMSOL

reservoir

and

• Different doublet layouts can optimise heat production of the reservoir.
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than a tram-rail well arrangement.

The CO2 injection rate

CO2 injection rate and

• Mass flow rate has high influence in maintain the temperature profile of

reservoir,

is optimised for both

heat extraction rate.

production well.

Virginia,

constant

(Biagi et al.,

2D FD, TH, Multi-

2015)

well
West

GA-TOUGH2

USA.

mass

• Investigating optimum injection pressure is important for the reservoir
and

constant

long-term performance through sustaining both temperature profile and

injection pressure.
(Chen

and

Jiang, 2015)

(Cheng
al., 2016)

et

3D

FE,

TH,

Parametric

study

Number of wells

Heat

reservoir

solver,

permeability, the geothermal gradient, the fluid flow rate, and the fluid

Fluent®

injection temperature.

Parametric

study

the SIMPLE

performance.

The HDR heat recovery factors significantly depend on the well layout,

using

doublet

flow

extraction

Multi-well

TH,

CFD

heat extraction of the system.

whereas relatively slight dependence on the parameters like the reservoir

Average reservoir and

Production

• Breakthrough time depends on water loss and production flow rate.

surrounding

temperature and flow

• High reservoir permeability increases water loss through surrounding

reservoir, Fenton

using

Hill, USA
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permeability,

rate, water loss rate

boundaries, resulting in decreasing heat extraction rate.

Method for Pressure

geothermal gradient, the

and heat extraction
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Linked
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rate.

rate.

injections

and

algorithm
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FORTRAN program

formation

well
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impact on heat extraction value.

spacing,
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volume,

open-hole

length,

injection
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and

production pressure.
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(Kong et al.,

2D

FE,

TH,
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district of China)
(Sun et al.,

A
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study
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Geothermal

injection
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well
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Table 2-2. DFN models
References

Numerical model

Optimisation tool

Optimisation variables

Performance

Outcomes

objectives
(Tenma

et

al., 2008)

3D FE, TH, multi-well

Parametric

Two layered reservoir,

using Finite Element

Hijiori HDR, Japan

Heat

and

study

Injection rates in both reservoirs.

Heat

production

rate.

Mass

Manipulation of injection flow rates and well depths are important
to control and optimize the net thermal output
of a complex HDR geothermal reservoir.

(FEHM) solver and
applied

to

simulations of the
LTCT.
(Held et al.,

3D

FE,

multi-well

2014)

reservoir, TH, Soultz-

Parametric

study

Number of wells for operation

Levelised cost of

The lowest levelised cost of energy (LCOE) could be with high,

using FRACTure
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energy.
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Parametric

study

Well directions (i.e. horizontal,
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Fracture
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separation

properties,
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well
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volume.
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TH,

2015)
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A
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control re-injection well location
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on natural conditions.
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Net profit value

Reservoir service life and thermal production are very likely to be

technique prospect
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(Bujakowski
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et al., 2015)
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(Pandey and

3D FE, THM, doublet

Parametric

Vishal,

wells,

2017)

Forˆets, France

Soultz-sous-

study

and

Mass

Wells

(FEHM) solver

performance.
• More heat extraction occurred in higher geothermal gradients,
but steep decrease of production temperature, Energy and pressure
drop inside the reservoir.

(Li et al.,

2D FD, TH, Doublet-

Parametric

2018)

well

reservoir,

using

Northern

Songliao

EOS1 code

Basin, northeast China

study

TOUGH2-

Correlation

distance

and

coefficient of variation for the
random field model.

Heat

production

performance.

• Spatial variability of the hydrological parameters has significant
influence on the heat production performance.
• Correlation distance and coefficient of variation are two key
parameters that influence the distributions of reservoir parameters
and cause the variation of heat production performance in random
field models.
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(Song et al.,

3D

FE,

TH,

Parametric

2018)

Multilateral-well,

using

Soultz-sous-Forˆets,

Multiphysics

study

COMSOL

Four
comprise

well

arrangements

three

types

of

multilateral-well EGS.

Thermal

power,

production
temperature,

France

The heat extraction performance of the multilateral-well EGS is
more efficient than conventional double vertical wells EGS.

heat

extraction ratio and
accumulative
thermal energy of
the multilateral-well
EGS.

(Benim
al., 2018)

et

3D FV, TH, Multi-

Parametric

study

Injection

fluid

well

using

code

different

depths

(triplet

reservoir)

wells

CFD

ANSYS Fluent

production well.

flow

rate,

of

the

Production

• Low depth of production wells requires lower investment costs

temperature,

and lower operation costs because smaller pressure drops through

investment costs and

the system.

operation costs.

• It is important to investigate a favourable flow rate to maintain
sufficiently high production temperature over 20 years.

41

Chapter Two: Literature review
Table 2-3. Dual porosity models
References

(Shook

et

al., 2004)

Numerical

Optimisation

model

tool

3D

double-

study

Geysers, U.S

TETRAD

Performance

Outcomes

objectives

Parametric

porosity FD, TH,

Optimisation variables

Formation
using

properties

operational

variables

injection

and
(working

temperature

injection

thermal energy rate

fluid,

temperature)of

• Formation thermal properties have significant impact on production

Production

wellbore

and

temperature (i.e. large thermal conductivities and thermal diffusivities
improve energy extraction.
• Interchanges exist between the heat capacity of injection fluid and

heat

exchangers (WBHX)

production temperature, which concluded that water have optimal
properties as a working fluid.

(Sanyal

3D

double-

Parametric

and Butler,

porosity FD, TH,

study

2005)

Desert Peak, U.S

TETRAD

Number
using

of

production

injector-producer

wells,
spacing,

stimulated thickness, enhancement

recoverable

heat

Well configuration, fracture spacing and permeability has insignificant

fraction

rock

impact on recovery factor as long as the stimulated volume exceeds 1e8

to

temperature

meter cubic.

Production well number, injector-

(a) Net generation

• Small injection and projection rates, reduces thermal drawdown and

producer

profile

consequently, more commercially attractive net generation profile can

level

(fracture

spacing

and

permeability) and production rate.
(Sanyal,

3D

FD,

TH,

2010)

Desert Peak, U.S

Parametric
study
TETRAD

using

thickness,

spacing,

stimulated

enhancement

level

generation

(net
versus

be achieved.

(fracture spacing and permeability)

time over project

• Heat recovery is low with low injection and projection rates.

and production rate.

life), (b) net power

• Improving permeability without reducing fracture spaces has small

produced per unit

impact on heaty recovery.

injection rate, and

• Increasing stimulation volume increases the generation power of the

(c)

system.

heat

energy

recovery factor.

• For a constant fracture spacing and permeability, average net
generation is linearly proportion with stimulation volume and it is
independent of well configurations.
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(Aliyu and

3D

FE,

TH,

Parametric

Artificial

Chen,

Multi-well

study

2017b)

reservoir, Soultz-

COMSOL

temperature

sous-Forˆets,

Multiphysics

Lateral well spacing; naturally-

France

and

occurring

using

factorial

experimental

design

parameters

(Injection fluid parameters, such as
and

pressure,

parameter

Production

The results showed that artificial design parameters have more

temperature.

influence in the reservoir performance, while the naturally occurring

and

such

parameters has less impact.

as

geothermal gradient, permeability,
thermal conductivity and porosity

(Aliyu and

3D

Chen,

Multi-well

FE,

TH,

Parametric
study

2017a)

reservoir, Soultz-

COMSOL

sous-Forˆets,

Multiphysics

using

Injection fluid parameters, such as

Production

Injection flow rate is more efficient, in terms of reservoir productivity,

temperature

temperature.

than injection temperature and lateral well spacing.

and

pressure,

and

Lateral well spacing

France
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Overall, Tables 2-1, 2-2 and 2-3 capture a detailed analysis of 25 studies. Based on each
simulation category (i.e. equivalent permeability, DFN and dual porosity):
1) From the information provided in Tables 2-1, 2-2 and 2-3 shown earlier, it appears that
EGS research is currently under development as the reservoir long-term performance
compiled reservoir service life; effective thermal production power and commercial
feasibility have not been yet numerically achieved. Overcoming problems, gaining
experience and trying to introduce advanced methodologies to optimise the long-term
performance of EGS reservoirs are therefore active research areas.
2) The presented research already concluded that relevant understanding is needed for the
optimisation of EGS, its commercial feasibility and analogy for upcoming
developments in this aspect.
Essential issues that need addressing for the optimisation of EGS long-term performance were
discussed and the corresponding lessons learnt were highlighted as follows:
1) For the reservoir geometry, well placement in doublet well reservoir designs and well
numbers and configurations in multi-well reservoir designs, have the main impact on a
reservoir’s thermal production rather than the size of stimulated reservoir when wells
configuration is constant (Kong et al., 2017).
2) Defining an optimum value of mass flow rate that satisfies both thermal power, reservoir
lifetime and operation cost is significantly important for the optimisation of EGS longterm performance.
3) The natural design parameters such as porosity, rock thermal properties (thermal
conductivity and diffusion) have insignificant impacts on thermal production power.
However, reservoir temperature has significant impacts on the thermal production
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power. Nevertheless, high temperatures exist in deep reservoirs, which requires high
drilling cost and results in negative impacts on the total cost of EGS reservoirs.
4) Artificial design parameters (injection and production flow rate, reservoir permeability,
wells layout and configuration) have the main impact on the long-term performance of
EGS reservoirs.
5) The heat extraction process involves a coupled thermal-hydraulic-mechanical and
chemical (THMC) process in the subsurface reservoir (Karrech, 2013, Taron and
Elsworth, 2009). However, most of the presented studies ignored the impact of the MC
processes because they have insignificant impact on a reservoir’s long-term
performance compared to TH processes.
All the studies reviewed in Tables (2-1, 2-2 and 2-3) considered the optimisation of the reservoir
long-term performance using each single design variable rather than a combination of many
design variables. The main optimisation techniques that were used in the presented 25 cases
were parametric study, GA integrated with FD, fmincon and multi variate adaptive regression
spline (MARS). All the employed optimisation techniques in the literature were able to find
optimum solutions for reservoir designs through testing single variables. However, in order to
optimise the long-term performance of EGS reservoirs, it is important to build a robust
methodology taking into consideration multiple variables and multiple objectives during the
optimisation technique. Such methodology will be crucial to tackle complex interdependency
of contributing factors and their non-linear behaviour.
2.8

Factors Induce Complexities in Optimisation of EGS Reservoirs

This section presents the factors that affecting the numerical analysis of the long-term
performance of EGS reservoirs in terms of increasing challenges during optimisation process.
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2.8.1 Inter-Relationship between Design Parameters
The complex inter-relationship between design parameters and non-linear and nontrivial
behaviour in terms of contract impact on reservoir output (thermal production power and
service life), inducing many challenges for both research development and industry’s ability to
develop methods to find optimum solutions of long-term performance of EGS reservoirs
(Grippi, 2018). In addition, the operation cost consists of electricity cost for the hydraulic head
down of production wells and additional cost due to the reservoir thermal breakthrough (Kong
et al., 2017). Thus, the complex interaction of reservoir design parameters also affects the
capital cost of the system in terms of operation cost since it has a non-linear impact on the
reservoir service life (thermal breakthrough time). Consequently, a single variable (design
parameters) and a single objective (power or economy) would not be appropriate enough to find
optimum solutions (Kong et al., 2014). To overcome these complex interactions between EGS
design parameters, a robust methodology for an optimisation method is required.
2.8.2 The Characterisation of Fracture
The exact geometry of the existing and stimulated fractures is quite difficult to apply to the
numerical models, particularly when the model is used to investigate the long-term performance
of EGS reservoirs. This is a consequence of the difficulty of estimating the fracture orientation,
location, density and spaces between fractures (Long et al., 1982). In addition, during the heat
production process, fracture design (i.e. aperture, permeability and geometrical shape) may
change (Zeng et al., 2013). Consequently, challenges during the modelling of fractures in EGS
reservoirs are in terms of explicitly representing fracture distribution, particularly the variations
of fracture aperture versus local effective stress. Furthermore, fracture design would change in
terms of rock deformations due to shear failure and the effect of self-propping and the
relationship between fracture aperture and fracture conductivity in addition to the impact of
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thermo-elastic and mineral deposition and dissolution on rock deformation (Sanyal et al., 2000).
The poro-elastic deformation can reduce the aperture of the fracture if leak-off happened, which
induces pressure around the fracture. In contrast, the thermo-elastic deformation can increase
the fracture aperture with time due to the induced thermal stress (Sanyal and Butler, 2005).
Therefore, many researchers have attempted to apply the assumption of constant equivalent
permeability for the reservoir, see Table 2-1.
2.8.3 Computational Efficiency
The performance of an HDR geothermal reservoir has been measured using experimental tests
such as the Rosemanowes quarry in Cornwall in the UK. The test data showed that the
performance of the reservoir was significantly affected by the boundary conditions. With the
increase of the injection pressure, the hydraulic impedance can be improved. However, the
higher mass flow rate yields cool down of the reservoir and thus early thermal breakthrough of
the reservoir (Richards et al., 1994). The selected boundary conditions of the fracture domain
within the model can be considered as critical inputs, as it has a significant consequence on the
degree of freedom within a finite element simulation because of the different permeability
values of the fracture and the impermeable rock matrix. Therefore, assumptions are applied to
the fracture as being an internal part within the matrix and the Numen boundary condition is
applied to the fracture boundary (Romano-Perez and Diaz-Viera, 2015). The coupled THMC
processes are another factor, which induce a complexity to the computational stage and it is
computationally expensive (Kalbacher et al., 2008, Wang and Kolditz, 2007, Watanabe et al.,
2009).
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2.8.4 Summary
Reservoir design parameters (such as well configurations, numbers and depth), reservoir
materials (such as permeability), fracture properties, and management parameters (such as
injection flow rate, pressure, temperature and fluid type) have complex interconnectivity. Thus,
have significant impact on EGS long-term performance of EGS reservoirs. In addition, both
closing of fractures or degradation due to scaling may equally occur over time during heat
exploitation. The change in fracture, in this case, may have the least impact on the long-term
performance.
Furthermore, the potential area of heat extract around the injection well decreases significantly
in the early stages of the circulation process. The significance of the effect of this area depends
on the performance criteria set in the modelling.
2.9

Conclusions and Identification of Key Gaps in Knowledge

This chapter reviewed the development and types of geothermal systems particularly for deep
geothermal reservoirs. The review also included the long-term performance characterisations
of EGS reservoirs and their criteria. In addition, the numerical techniques used to simulate heat
production of EGS reservoirs were considered in this chapter. The focus of this chapter was to
review the existing reservoir optimisation techniques used to understand the long-term
performance of EGS reservoirs in order to render the system that is commercially feasible for
development or continued exploitation. The review concluded the following points:


The review showed that HDR reservoirs have insufficient in-situ permeability to
achieve commercial exploitation. However, a reservoir can be assumed as a huge heat
energy resource if the system is artificially enhanced to recover the stored heat, through
application of EGS approaches.
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EGS has been shown to be a promising source of power as it can be an appropriate
energy source for electricity through the optimisation of design parameters of reservoirs.
However, considering the non-linear interrelation of the reservoir design parameters
making a decision on the long-term performance of a reservoir through a single variable
is a complex issue.



In addition, the objectives of the long-term performance of EGS reservoirs show
contradictory behaviour with the optimisation variables. It is worth noting that to
achieve the commercial feasibility of EGS, the cost of the system, both during and post
design, are important. However, it is significantly influenced by the interconnectivity of
design parameters over long periods of exploitation. Thus, the economic objective leads
to increase in the complexity of the optimisation process.



Different optimisation techniques have been used in previous research to investigate
optimum solutions for EGS reservoir designs. However, they have overlooked to take
into consideration the interdependency of reservoir design parameters and its impact on
the efficiency of the system.

Consequently, to overcome all of these challenges, a robust optimisation framework is
necessary. Such framework requires consideration of the non-linear interrelation of reservoir
design parameters and the total capital cost that include all costs up to the end of the reservoir
service life. These goals can be achieved by identifying the optimum values of the critical
design parameters yielding an efficient long-term performance of EGS reservoirs.
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CHAPTER THREE
3
3.1

RESEARCH METHODOLOGY

Introduction

This chapter describes the proposed methodology to optimise the long-term performance of
EGS reservoirs. In this chapter, the assumptions applied for EGS reservoirs during the
numerical analysis are presented by providing justifications drawn from previous research
studies available in the literature. Next, the governing equations involved in the research are
presented in detail. In addition, details about economic analysis, the genetic algorithm and the
proposed optimisation technique are also presented in this chapter. Parts of this chapter have
been published in Samin et al. (2018).
The objectives of this research mainly consist of investigating applicability of a new
optimisation approach for the long-term performance of EGS reservoirs. This was achieved
through identifying the economically accepted thermal drawdown and thermal power
production for EGS reservoirs over long periods. The methodology applied in this research is
based on a hybrid optimisation approach to understand the enhancement of the long-term
performance of EGS reservoirs. The hybrid technique is an integration of FE and MultiObjectives GA to achieve the optimisation objectives, which are maximising reservoir life span,
minimising the reservoir impedance and cost, and the maximisation of the thermal power
production, see Section 2.4.1, Chapter Two.
Figure 3-1 presents a flow chart of the methodology that demonstrates both challenges and the
proposed solutions in the current research study.
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Aim: To develop an interconnection of design parameters of EGS reservoirs to define their impacts on both thermal power and
financial consideration over long periods of heat exploitation.

Develop a management model
procedure

Objectives:
Literature Review

1) To identify the criteria and targets for long-term performance of EGS reservoirs to set the
judgment to the optimisation model.
2) To identify the critical design parameters those have influences on the thermal and hydraulic
breakthrough of the production well of EGS reservoirs over long periods of heat extraction.

Evaluate the optimum
design via comparing it
with the benchmark case

Q1. what are the potential problems associated with the long-term performance?
Q2. What are the critical design parameters affecting the reservoir long term performance?

Literature Review

3) To develop and validate a FE model of fully thermal- hydro (TH) coupled process of EGS reservoirs to establish an
accurate platform for the numerical simulations to explore the interconnectivity of several design parameters .

Using Multi-Objectives
GA optimisation technique

Develop FE model and
validate to existing research

4) To investigate the sensitivity of EGS reservoirs performance to the design
parameters and their impacts on the long-term performance of reservoirs.

Minimum total cost
Sensitivity analysis of
contributed design parameters
using FE model.

Q3.What is the impact of design parameters on the long-term performance of EGS reservoirs?
Q4. What is the hierarchy consideration of the contributed design parameters within the research?

5) To investigate the optimum design of a doublet EGS reservoir alongside
with the optimum management of a better thermal power production.

Minimum thermal drawdown
TD
Test Code
(Fitness
function)

Q5. What is the total cost of EGS system?

Minimum IR

Literature review

Commercial mass flow rate
Q6. How to deliver the optimisation targets for the long-term performance criteria?

Parametrise the FE model

Q7. How do we use the long-term performance objectives in a single optimisation technique with
taking into consideration the interdependency of design parameters of EGS reservoirs?

The optimum thermal production
power Whp

*TD is thermal draw down and IR is the reservoir impedance.

Figure 3-1. Flow chart of the research methodology
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Based on previous research studies presented in the literature review (Chapter Two), artificial
design parameters tend to have a dominating impact on the reservoir’s long-term performance.
Thus, in this research, the focus is laid onto finding optimum solutions for designing EGS
reservoirs through testing the artificial design parameters of EGS reservoirs. Therefore, the
variables of the optimisation technique were the artificial design parameters, such as well
numbers and configurations, reservoir depth, fluid injection pressure and temperature, and the
equivalent permeability of the reservoir.
The proposed variables involved in different parts of the numerical modelling. These parts
include reservoir materials, initial and boundary conditions, reservoir geometry, and design.
However, many challenges face the optimisation process due to the complex inter-relationship
between design parameters and their behaviour. This is in terms of contradicted impacts on
reservoir outputs. Nevertheless, considering all of these variables in a single optimisation
process would result in a better understanding of EGS long-term performance through taking
into consideration the interdependence of the contributed parameters.
GA has the potential to optimise problem objectives with large and complex search spaces
without requiring any function derivative and it is based on function evaluation only (Javadi et
al., 2012b). The decision to use such techniques is therefore in line with the aim of this research.
The development of FE models for doublet and multi-wells reservoirs are presented in Chapters
Four and Six respectively. Two case studies are considered as benchmarks for both designs.
The Spa Urach in Germany is used for the doublet well reservoir and the Soultz-Sous-Forêts in
France is used for the multi-well reservoir design, (see the location of both case studies in Figure
3-2). More details about both case studies are presented in Chapters Four and Six.
The following sections present the FE modelling and GA processes used in this research.
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Figure 3-2. Locations of Spa Urach and Soultz-Sous-Forêts sites (Tenzer et al., 2010)

3.2

Development of Methodology

Engineering problems can be mathematically defined in a model of physical conditions, which
consist of a set of differential equations representing the physical situation in terms of variables
(Moaveni, 1999, Reddy, 2006). To achieve the solution for some mathematical models using
exact methods is difficult, if not impossible. Thus, numerical methods are routinely used as an
alternative or sometimes the only way to achieve approximate solutions (Reddy, 2006).
Faust and Mercer (1976), conducted an analysis to compare FD and FE techniques for
geothermal reservoir simulation; and based on the research results, it was suggested that the FE
method is more suitable for hot-water reservoirs than the FD model due to the lack of numerical
diffusion and better approximations of boundary and internal geometries with using FE method.
Nevertheless, they stated that the FD model appears superior for vapour dominated systems;
because it reduces mass and energy balance errors and exhibits less numerical oscillation.
However, reservoir design parameters have complex influences on the long-term performance
of reservoirs and have nonlinear interdependency with other parameters. Consequently,
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decision-makers face a great challenge when optimising reservoir designs. Furthermore,
reservoir design parameters influence different parts of numerical analysis including reservoir
geometry (number and configurations of wells), materials (reservoir permeability) and
boundary and initial conditions (pressure and temperature of injection well and reservoir depth),
hence contributing to complexity of the problem.
Compared to FD, FE is more efficient for the integration with GA as a result of more accurate
approximations of boundary and internal geometries, thus less numerical diffusion than FD
(Faust and Mercer, 1976). Therefore, in this research, the FE model was selected to integrate
with multi-objective GA to consider the interdependency of reservoir design parameters and its
impact on the long-term performance of EGS reservoirs.
Recently, COMSOL Multiphysics software package has been widely used for FE method
simulation of geothermal modelling. This is used as a method of computing the power
generation of renewable sources due to its high efficiency in solving complex coupled processes
(Aliyu and Chen, 2017b, Aliyu and Chen, 2017a, Aliyu and Chen, 2018, Daanen et al., 2012,
Ekneligoda and Min, 2014, Maier et al., 2012, Saeid et al., 2013, Smit et al., 2014, Sun et al.,
2018). In this research, COMSOL Multiphysics has been used to solve differential equations
for heat transfer in porous media for both doublet and multi-wells reservoirs (see Chapters 4, 5,
6, and 7).
To calculate thermal power, a variety of objectives was considered. These objectives include
the reservoir service life (thermal drawdown), reservoir impedance, production mass flow rate
and the total cost of the system.
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3.2.1 Assumptions Applied for the Numerical Modelling
In this research, the COMSOL Multiphysics package is employed to carry out a threedimensional (3D) transient model for both EGS reservoir designs i.e. doublet well and multiwell designs. To do so, the following assumptions are applied for the FE model to reduce the
degree of freedom and thus avoid a computationally expensive modelling:
1. The reservoir is assumed to be a fully saturated porous medium because of the water
loss phenomena (Evans, 2010, Hayashi et al., 1999, Tester et al., 2006). This may
continue forever and cause the water to distribute into the micro-fractures of the
reservoir during the creation process of the reservoir. Hence, the reservoir rock remains
fully saturated for long periods of the heat exploitation (Brown et al., 1999, Brown,
1991, Duchane, 1993, Murphy et al., 1999).
2. In addition, water loss is ignored and thus the injection flow rate equals to the production
flow rate. This assumption is viable as long as the reservoir is considered a fully
saturated porous media (Pashkevich and Taskin, 2009, Sanyal and Butler, 2005, Vörös
et al., 2007).
3. The reservoir is considered to have an equivalent permeability representing both rock
matrix and fractures. This assumption is applied because the simulation of exact fracture
distributions, the hydraulic and thermal coupled process and its impact on the fracture
increase the complexity of the numerical modelling of EGS reservoirs (Sanyal et al.,
2000). This complexity will not add any benefits to the optimisation process and can
even cause problems for the computational efficiency.
4. The fracture and therefore equivalent permeability is assumed to be unchanged during
exploitation, because of both the degradation due to fracture scaling and enhancement
of fractures due to the thermal contraction of the rock with time are occurring during
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the heat exploitation (Sanyal and Butler, 2005). Other studies (Pruess, 1990, Sanyal et
al., 2000, Sanyal et al., 2005, Watanabe et al., 2010, Willis-Richards and Wallroth,
1995, Zeng et al., 2013) have also applied this assumption.
5. A fully coupled TH process is assumed for the physics involved during the optimisation
development. Because, while simulation of heat extraction in an EGS reservoir involves
thermal-hydraulic-mechanical and chemical (THMC) coupled processes (Laughlin et
al., 1983, Taron and Elsworth, 2009). For the long-term performance, the mechanical
and chemical (MC) processes have insignificant influences compared to the thermal
hydraulic (TH) processes in the reservoir performance (Neuville et al., 2010).
Accordingly, researchers have studied a full coupling TH processes to optimise the
long-term performance of EGS reservoirs such as Bedre and Anderson (2012);
Bujakowski et al. (2015); Li et al. (2016); Aliyu and Chen (2017a); Benim et al. (2018)
and others can be seen in Section 2.6. Thus, the conservation equation of energy and
mass balance were used for the 3D transient model to predict the generated thermal
power of EGS multi-well reservoirs.
6. The temperature of the injected fluid assumed to be constant at the surface of the
reservoir by ignoring temperature gradient of the subsurface. This assumption is applied
in order to reduce the complexity of the modelling because the temperature gradient of
the subsurface is not constant and has different values (Genter et al., 2010).
The primary focus of this project is to find optimum solutions for thermal production of EGS
reservoirs. While alternative methodologies have been used in the past to optimise one or more
objectives of EGS performance (as described in Chapter Two). However, they have considered
contributed parameters in isolation and therefore failed to present a holistic approach that take
into account all elements of the problem.
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3.2.2 Governing Equations
For a time-dependent heat transfer with a fully coupled TH processes model, the solution of
two sets of differential equations representing the heat transfer in porous media (heat energy
conservation) and the mass conservation (fluid flow equation) are considered in this research.
3.2.2.1 Governing Equations of Heat Transfer

Heat energy conservation and mass balance are the governing equations for the coupled TH
processes. The conservation of energy is applied for the heat transfer in porous media because
the energy movement in such an environment is due to a difference in temperature. Hence, the
mathematical model of heat transfer in porous media is represented by Equation 3.1 (Kolditz
and Clauser, 1998):
𝜕𝑇

(𝜌𝑐𝑝 )𝑒𝑓𝑓 𝜕𝑡 + 𝜌𝑤 𝑐𝑝 𝑤 𝐮. ∇𝑇 + ∇. 𝐪 = Q

(3.1)

𝐪 = −𝜆𝑒𝑓𝑓 ∇𝑇

(3.2)

(𝜌𝑐𝑝 )𝑒𝑓𝑓 = 𝜃𝜌𝑤 𝑐𝑝𝑤 + (1 − 𝜃)𝜌𝑟 𝑐𝑝𝑟

(3.3)

𝜆𝑒𝑓𝑓 = 𝜃𝜆𝑤 + (1 − 𝜃)𝜆𝑟

(3.4)

where 𝜌, 𝜌𝑤 , 𝜌𝑟 are the equivalent, fluid and rock matrix density, respectively (kg/m3).
𝑐𝑝 , 𝑐𝑝𝑤 , 𝑐𝑝𝑟 are the equivalent, fluid and rock matrix heat capacity at constant pressure
(J/(kg.oC)), (𝜌𝑐𝑝 )𝑒𝑓𝑓 is the equivalent volumetric heat capacity at constant pressure,
𝜆𝑒𝑓𝑓 , 𝜆𝑤 , 𝜆𝑟 are the equivalent, fluid and rock matrix thermal conductivity (W/(m.ᵒC)), u is the
Darcy velocity (vector), T is the temperature (ᵒC), 𝜃 (dimensionless) is the porosity of the rock
matrix and Q is the heat source/sink term, and q is the conductivity heat flux of the rock matrix
(vector).
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In this research, since the reservoir is assumed fully saturated; there is no fluid flow in the
surrounded boundary of the rock matrix. Consequently, no heat flux at the boundary is assumed.
Thus, Q was zero during the optimisation process.
In addition, the porosity 𝜃 is assumed as constant and the fluid parameters are considered to be
both pressure and temperature dependent in order to guarantee fully coupled TH processes.
Thus, fluid properties were the governing parameters for the transient study because they
changed over time during the heat extraction process.
3.2.2.2 Governing Equations of Fluid Flow

In the hydraulic process, the mass conservation is applied for the FE model. For instance, in the
fluid porous media flow, Darcy’s Law is used to balance the mass. Thus, the mathematical
model of the subsurface fluid flow in porous media is represented by Equation 3.5 (Kolditz and
Clauser, 1998):
𝜕
(𝜃𝜌𝑤 ) + ∇. (𝜌𝑤 𝐮)
𝜕𝑡

= 𝑄𝑓

𝑘

𝐮 = − 𝜇 ∇𝑝

(3.5)
(3.6)

where, 𝜃 is the porosity of the rock matrix and 𝜌𝑤 is the fluid density (kg/m3); u is the Darcy
velocity (vector); 𝑘 is the permeability of the porous media (m2); 𝜇 is the fluid dynamic
viscosity (Pa.s); Qf is the fluid sink/source term, and p is the fluid pressure (Pa). Darcy’s Law
is used because the fluid flow is assumed laminar.
Qf is assumed zero in this research as long as the reservoir boundaries are considered no flow
allowed.
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3.2.3 Thermal Model
Taking into account the long-term performance of EGS reservoirs and based on the previous
studies in Chapter Two, two optimisation objectives are considered for the thermal model; i)
thermal drawdown and (ii) accumulative thermal power. These objectives have been selected
as fitness functions for the optimisation process in this research based on the literature (e.g. see
(Bödvarsson and Tsang, 1982, Pruess, 2006, Tester et al., 1994). Each of these performance
objectives is briefly described below:
3.2.3.1 Thermal Drawdown (TD)

Thermal drawdown is described in detail in Chapter Two, Section 2.4.1. According to the MIT
report 2006 (Renner, 2006), when EGS reservoirs reach thermal breakthrough time, the
reservoir is considered depleted. Therefore, further power that is produced during the numerical
analysis is disregarded.
3.2.3.2 Accumulative Thermal Power (∑Whp)

Thermal power of a reservoir is the heat production power of EGS and it is calculated based
on the first law of Thermodynamics (Pruess, 2006), see Equation 3.7:
𝑊ℎ𝑝 = 𝑞(ℎ𝑝𝑟𝑜 − ℎ𝑖𝑛𝑗 )

(3.7)

where, hpro and hinj (J/kg) are the production and injection specific enthalpy; q (kg/s) is the mass
flow rate of the fluid. The accumulative thermal power is calculated up to the end of the
reservoir service life, which occurs at the breakthrough time. Thus, the accumulative thermal
power is calculated using Equation 3.8 (Samin et al., 2018):
𝐽

∑𝑊ℎ𝑝 = ∑𝑡=0 𝑊ℎ𝑝

(3.8)
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J (years) is the number of years at the reservoir breakthrough time; t (years) is the time of
exploitation at the thermal breakthrough of the reservoir.
In the case of multi-well reservoirs, the accumulative thermal power is considered as a total
power production of EGS reservoir design.
3.2.4 The Economic Model
The total cost of EGS reservoirs can be defined into two main parts: namely, the creation cost
and the operation cost over time, see Section 2.5. This is explained in detail in the following
subsections.
3.2.4.1 Creation Cost

According to Tester et al. (1994), the total drilling cost of boreholes is a high fraction (about
70% as a conservative value) of the total capital creation cost of EGS. In this thesis, the drilling
cost (CD) of wells was considered as a key parameter for the evaluation of the economic analysis
using an empirical model proposed by Lukawski et al. (2014). Their model was used as it
provides a reasonable estimate of cost due to similarities in the conditions under consideration,
and the fact that any economic analysis can only be at best, an estimate. The model provides an
estimated drilling cost per each well as a function of depth using Equation 3.9.
𝐶𝐷 = 1.72 × 10−7 × (𝐷ℎ)2 + 2.23 × 10−3 𝐷ℎ − 0.62

(3.9)

where, Dh (m) is the depth of the reservoir base. Equation 3.9 shows that the drilling cost
increases non-linearly with the increase in the reservoir depth.
In the case of multi-well reservoirs, the drilling cost is considered for all the wells within the
multi-well reservoir. Thus, the total drilling cost Σ𝐶𝐷 (millions USA$) is calculated using
Equation 3.10.
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Σ𝐶𝐷 =(Npw+1)×𝐶𝐷

(3.10)

where, Npw is the number of production wells in a multi-well reservoir design.
3.2.4.2 Operation Cost

The operation cost of heat extraction (𝐶𝑒 ) of EGS reservoirs is calculated based on Equation
3.11 by Kong et al. (2017).
𝐽

𝐶𝑒 = 𝑞. ∑
𝑡=0

(∆𝑃. 𝑝𝑝 + 𝜌𝑙 . 𝑐𝑙 . ∆𝑇. 𝑝𝑟. ɳ)𝑡
(1 + 𝑟)𝑡

(3.11)

While, for multi-well reservoirs, exploitation cost can be calculated using Equation 3.12.
𝐽

𝐶𝑒 = 𝑁. 𝑞. ∑
𝑡=0

(∆𝑃. 𝑝𝑝 + 𝜌𝑙 . 𝑐𝑙 . ∆𝑇. 𝑝𝑟. ɳ)𝑡
(1 + 𝑟)𝑡

(3.12)

where, N is the number of production wells; q (m3/s) is the exploited fluid volume; J (years) is
the number of years at the reservoir breakthrough time; t (years) is the time of exploitation; ∆𝑃
(Pa) is the pressure change at the production well; pp (US$/kwh) is the electrical power price;
pr (US$/GJ) is the heat price; r (%) is the discount rate with time, a very important parameter
during the economic analysis to take into consideration the time value of money (see
International Energy Agency in 2012 (IEA, 2012)); ∆𝑇(K) is the change in production
temperature and ɳ is the efficiency of the power plant.
Thus, the total cost (Ct) of the reservoir, can be calculated using Equation 3.13:
𝐶𝑡 = 𝐶𝑤 + 𝐶𝑒

(3.13)

In the present study, the long-term performance of EGS is achieved via maximising thermal
power Whp and minimising both the thermal drawdown TD and the total cost Ct using a multiobjective optimisation strategy.
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3.2.5 The Genetic Algorithm Optimisation Technique
This section presents an overview of the principles of genetic algorithm (GA) including
selection, crossover and mutation operations. The required formulations to develop a multiobjective GA is also presented by introducing the implementation of multi-objective
optimisation algorithm to optimise EGS reservoir designs.
3.2.5.1 Genetic Algorithm Stages

Genetic algorithm (GA) is an optimisation technique in which its basic operations represent
biological processes. It has the potential to optimise objectives with large and complex search
spaces without requiring function derivative and it is based on function evaluation only (Javadi
et al., 2012b). GA solves problems through a random generation of numbers of populations
with specific upper and lower limits for involved variables. GA involves three main operators
including selection, crossover and mutation operators (Boschetti et al., 1996).
Since the GAs search a population of points rather than a single point, it is therefore an efficient
optimisation technique in locating the global optimum. The operation of selecting the fittest
individuals and creating a new population of solutions using the genetic information mating
and the mutation operation enable the genetic algorithm seeking to maximise the fitness of the
population.
The following subsections presents the three main operators of GA.
3.2.5.1.1

Selection Operators

In GA, the selection operator has a significant role during the optimisation process. This
operator controls the selection of individuals with high fitness more often than lower fitness
ones in order to improve populations throughout the generations (Francisco, 2013). According
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to Holland (1975), the fitness of an individual (fi) to the total fitness of (N) population refers to
the probability (Pi) of selecting an individual for the next generation using Equation 3.14:
𝑓

𝑃𝑖 = ∑𝑁 𝑖 𝑓

𝑖=1 𝑖

(3.14)

where, Pi is the probability of individual selection; fi is individual fitness and N is the number
of population.
Selection operator is the principle of pushing the population of GA towards a final solution
based on the measurement of objectives.
The first step of selection is assigning a fitness measure to each individual based on the
optimisation objectives. Then, a rule for selecting individuals based on the fitness measures is
used to create the next generation (Boschetti et al., 1996). For this process, there are different
methods to select individuals, including linear normalisation selection (Davis, 1987), and parent
selection (Cavicchio, 1970); each method has its influence in premature convergence, which
has the risk of trap the optimisation in a local minimum.
Compared to the parent selection, the normalised selection ranks the individuals based on their
fitness and thus, selects the number of offspring for the next generation that will be proportional
to its rank position. Therefore, this process has a high selection pressure, which allows for a
fast convergence. However, that which appears disadvantageous is the fact that it concentrates
on most of the population in a small space. Contrastingly, the parent selection method,
regardless of the individual fitness, is allowed to generate only one offspring. The individuals
are randomly coupled using crossover operation to create two offspring. The selection is then
based on the better fitness of the created offspring and their parents. The better fitness between
offspring and parents is substituted in the population of the next generation. Although this
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method has low selection pressure, it has a low risk of premature convergence (Boschetti et al.,
1996).
3.2.5.1.2

Crossover Operators

Crossover is the coupling operator of two individuals to create an offspring, and it is a key stage
in GA. The responsibility of crossover is to create offspring more fit than their parents through
exchanging information between solutions (Francisco, 2013).
Equation 3.15 shows the random selection of one or more crossover points and the genes
exchanging between parents (Francisco, 2013):
𝑝𝑎𝑟𝑎𝑛𝑒𝑡1 = [𝑃𝑓1 , 𝑃𝑓2 , 𝑃𝑓3 , 𝑃𝑓4 ↑, 𝑃𝑓5 , 𝑃𝑓6 , 𝑃𝑓7 , … . 𝑃𝑓𝑁𝑣𝑎𝑟 ]
𝑝𝑎𝑟𝑎𝑛𝑒𝑡2 = [𝑃𝑚1 , 𝑃𝑚2 , 𝑃𝑚3 , 𝑃𝑚4 ↑, 𝑃𝑚5 , 𝑃𝑚6 , 𝑃𝑚 , … . 𝑃𝑚𝑁𝑣𝑎𝑟 ]
(3.15)
𝑜𝑓𝑓𝑠𝑝𝑟𝑖𝑛𝑔1 = [𝑃𝑓1 , 𝑃𝑓2 , 𝑃𝑓3 , 𝑃𝑓4 , 𝑃𝑚5 , 𝑃𝑚6 , 𝑃𝑚7 , … . 𝑃𝑚𝑁𝑣𝑎𝑟 ]
𝑜𝑓𝑓𝑠𝑝𝑟𝑖𝑛𝑔2 = [𝑃𝑚1 , 𝑃𝑚2 , 𝑃𝑚 , 𝑃𝑚 , 𝑃𝑓5 , 𝑃𝑓6 , 𝑃𝑓7 , … . 𝑃𝑓𝑁𝑣𝑎𝑟 ]
In this research, an intermediate crossover is used with an optimum ratio of 0.7 based on trial
and error method for the proportion of a population that is mated after each generation.
3.2.5.1.3

Mutation Operators

A mutation operator has the responsibility to change some parameter values randomly in
selected individuals, in which it helps to maintain genetic diversity in the population through
recovering lost genetic materials and the random distribution of genetic information (Francisco,
2013). Low probability of mutation increases the chance of keeping good individuals present
in the population (Boschetti et al., 1996). In this research, the mutation was kept low at a value
of 0.25 to generate the decision variables within the upper and lower limits.
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3.3

The Proposed Optimisation Approach

Understanding the enhancement of the long-term performance of deep geothermal reservoirs is
important for decision-makers and geothermal engineers in order to design optimum
commercial geothermal reservoirs. This research presents an optimization approach based on
multi-objective genetic algorithm (GA) integrated with numerical simulation models of fully
coupled thermal-hydraulic process, which is utilised as a way to find optimum designs of EGS
reservoirs.
3.3.1 FE Integration with GA
To implement the hybrid optimisation technique used in this research, FE models are integrated
with Matlab using the COMSOL Matlab LiveLink tool in order to be benefit from robust GA
toolbox and available library in Matlab. This step allows the use of Matlab and its toolbox to
pre-process, model manipulate and post-process of the EGS models, which is necessary while
building new designs using the GA technique.
Through the COMSOL and Matlab LiveLink, the outputs of the FE simulation are used as
inputs in the Matlab to build the fitness function of the GA, see Appendix B. The fitness
function of the optimisation process is divided into four main steps:
1. Define the variables and their constraints. The optimisation variables in this
optimisation process are related to geometry, material and boundary and initial
conditions. The variables were normalised for a range of 0 to 1, with which 0 refers to
the minimum value and 1 refers to the maximum value of variables’ constraints.
Normalisation of the values allow to draw conclusions independence of particular
geometry and conditions.
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2. Then, the fitness function calls the COMSOL model with the selected variables to run
the new design. At this stage, the normalisation is reversed to perform FE analysis.
3. The outputs from the COMSOL model including temperature, mass flow rate, enthalpy,
density and viscosity of both injection and production wells, are used as inputs in the
fitness function to calculate the objectives (thermal draw down, impedance, thermal
power and EGS total cost) and make a decision of the viability of the selected model.
4. In the fitness function, both thermal power and reservoir total cost are considered and
presented in the Pareto front. Other performing indicators such as thermal drawdown,
reservoir impedance and the commercial mass flow rate are considered implicitly during
the optimisation process. This had been considered through applying the long-term
performance criteria as conditions within the fitness function as follow:


Thermal drawdown after 10 years≥10%.



Reservoir Impendence > 0.1 (MPa.s/l).



Mass flow rate ≥ 80 (kg/s).

Since the reservoir is assumed as fully coupled TH, and since the fluid properties are considered
as temperature and pressure dependent, matrices are calculated for the reservoir thermal draw
down, mass flow rate and impedance to define the long-term performance criteria. Once any of
these criteria are met, the reservoir is considered to be at the breakthrough time.
In the hybrid optimisation technique (i.e. combined FE and GA), the objectives of the reservoir
long-term performance are repeatedly computed using the simulation model and their values
subject to the control variables.
The actual Whp and Ct are calculated in the GA code based on the outputs of the FE, by
changing the design parameters, selected by genetic operators. The efficiency value (cost value)
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is finally evaluated taking into account overall population for several generations to select the
best design of the proposed EGS reservoir. Different scenarios can therefore be taken randomly
to search the optimum EGS systems based on GA (Abd-Elhamid and Javadi, 2011, Javadi et
al., 2012a, Javadi et al., 2012b).
This approach was adopted to model the optimization approach to control seawater intrusion
(Abd-Elhamid and Javadi, 2011), the optimisation of auxetic materials (Javadi et al., 2012b)
and the optimisation of the mass flow rate of CO2 in EGS reservoirs (Biagi et al., 2015). In
addition, GA has proven quite successful in optimisation and understanding other subsurface
systems such as petroleum reservoirs and hydrogeological systems (Artus et al., 2006).
There are two sets of design parameters in EGS affecting the long-term performance of
geothermal reservoirs, which are natural and artificial parameters (Bedre and Anderson, 2012).
Since the natural parameters are related to the geology of the area and are ungovernable, in this
study, the controlled (artificial) design parameters are considered for the optimisation process.
These parameters are 1) the maximum reservoir depth Dh; 2) the distance between the injection
and production wells d; 3) the fluid injection pressure Pinj and Temperature Tinj; 4) the
equivalent permeability of the reservoir k and 5) number of wells N.
In this research, first the model is a transient three-dimensional (3D) reservoir, which considers
constant values of Pinj, d, Dh, k and N. However, through the Multi-Objectives GA evolution,
the 3D model is transformed in variables Pinj, d, Dh, k, and N. The fully coupled thermalhydraulic TH process is solved with the finite element model. Then, the results are evaluated in
the fitness function to find the cost of the proposed objectives in each generation of the
optimisation process. Figure 3-3 represents the flow chart of the FE analysis and MultiObjectives GA integration.

67

Chapter Three: Research Methodology

The finite element model is developed using the approach implemented in COMSOL
Multiphysics solver for the fully coupled thermal-hydraulic processes. In addition, the multiobjectives GA in the Matlab toolbox is employed. This provides an influent manipulation of
optimisation parameters such as rate of mutation, number of individuals in each generation and
the rate of natural selection. Therefore, it is easy for GA to diverse the optimisation of complex
problems. At the end of the proposed generations, the best costs of the objectives are dependent
on seeking the optimal design of EGS reservoir.
It is worth mentioning that at earlier stages of this PhD, Open Geosys (OGS) software was used
for the FE modelling of this research; see some preliminary results in Appendix C. However,
due to technical difficulties in integrating OGS and GA, OGS was replaced with COMSOL
Multiphysics, which produces more flexibility in this regard.
The proposed methodology in this research provides a medium to compile both management
and design stages to model a cost effective design of EGS reservoirs at the preliminary decision
making stage. Figure 2-3 shows the proposed optimisation flow chart.
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Multiphysics

Variables and initial values

Finite element (FE) model and analysis

Outputs
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Accumulative thermal power (∑Whp)
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Convergence?

No

Yes
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End

Figure 3-3. Integration of FE analysis with the Multi-Objectives GA flow chart (Samin et al., 2018)
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CHAPTER FOUR
4

FINITE ELEMENT DEVELOPMENT FOR DOUBLET WELLS
RESERVOIR

4.1

Introduction

This chapter describes the FE model of a doublet wells reservoir, which was built using
COMSOL Multiphysics code. In addition, it also presents a parametric study conducted to
investigate the sensitivity of the reservoir performance to the artificial design parameters. This
chapter is a part of published results in Samin et al. (2018).
4.2

The Finite Element Model (FEM)

This research employs the single porosity model in which it assumes the hot reservoir as a
medium with single porosity. In addition, the work presented here considers the equivalent
permeability of the fractured zone to be anisotropic. The local thermal non-equilibrium is also
adopted and a fully coupled TH processes are assumed. Thus, in this research, the governing
equations of heat transfer and fluid flow are employed; see Chapter Three, Sections 3.2.2.
Appendix A presents a brief explanation the software package used in finite element analysis.
The following subsections describe the development of the FEM in details.
4.2.1 Geometry and Material Properties
The Spa Urach geothermal reservoir in Germany is considered as a benchmark scenario for the
doublet well reservoir design. A three dimensional finite element model is developed to
simulate the reservoir between 3,850 m and 4,150 m depth as shown in Figure 4-1. The
temperature gradient is 0.03 oC/m and the reservoir is a doublet well system of an injection and
production well at a separated distance of 400 m, see Figure 4-1. The equivalent fracture zone
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permeability is assumed to be 1.53e-15 m2 in x direction and it is 3/8 of kx in y and z directions
(Rutqvist et al., 2008). Material properties of both solid and fluid are presented in Table 4-1.

Production Well

300 m

Injection Well

z= -3850 m

z= -4150 m

Figure 4-1. The 3D geometry of the doublet well reservoir for EGS simulation for the present FE model, based
on the benchmark site
Table 4-1. Geometrical parameters and material properties of the FE model (adopted from Watanabe et al.
(2010)).

Rock matrix

Parameters

Symbols

Value

Unit

Domain length

Lr

800

m

Domain width

Wr

300

m

Domain height

Hr

300

m

Reservoir surface depth

Ds

3850

m

Reservoir base depth

Dh

4150

m

Density

𝜌𝑟

2750

kg/m3

Permeability

k

kx=1.53e-15, ky=kz=3/8*kx

m2

Porosity

∅

0.005

Specific heat capacity

𝑐𝑝𝑟

850

J/(kg.oC)

Thermal conductivity

𝜆𝑟

3

W/(m.0C)
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Density

𝜌𝑓

1000

kg/m3

Specific heat capacity

𝑐𝑝𝑓

4210

J/(kg.oC)

Thermal conductivity

𝜆𝑓

0.6

W/(m.oC)

Dynamic viscosity

𝜇

2e-4

Pa.s

Well length

Lw

300

m

Well diameter

dw

1

m

Well separation

d

400

m

Reference temperature
at 4445.0 m

Tref

162

o

Temperature gradient

Tg

0.03

o

C

C/m

4.2.2 Initial and Boundary Conditions
There are two sets of initial and boundary conditions in the present work. The first set is the
thermal condition of the reservoir and the injection well. The second set is the hydraulic
condition of the reservoir and the pressure in both injection and production wells.
4.2.2.1 Initial Conditions

The initial condition of the model for both sets is represented in Figure 4-2. The initial condition
of the temperature is assumed to be a linear depth-dependent distribution and the temperature
gradient (Tg) of the Spa Urach site is 0.03 oC/m (Watanabe et al., 2010). The reference
temperature (Tref) at a depth of 4445.0 m is 162 oC and the initial distribution of the temperature
in the reservoir is calculated by Equation 3.1 (Watanabe et al., 2010):
𝑇° = 𝑇𝑟𝑒𝑓 + 𝑇𝑔 (−4445 + 𝑧)

(4.1)

where, z is depth (m).
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4.2.2.2 Boundary Conditions

For the boundary temperature conditions of the model, it is assumed that the fluid injection
temperature is 50 oC at the injection well (McDermott et al., 2006). For a constant injection
temperature, the Dirichlet boundary condition is applied for the injection well. For the hydraulic
and thermal boundary conditions of the reservoir, the reservoir is assumed fully saturated; thus,
there is no fluid flow in the surrounded boundary of the rock matrix (Pashkevich and Taskin,
2009, Sanyal and Butler, 2005, Vörös et al., 2007). Consequently, no heat flux at the boundary
is assumed. To guarantee these assumptions, the Neumann boundary condition using Equation
4.2 and Equation 4.3 is applied for the surrounded rock matrix surfaces. The injected fluid is
assumed to have a pressure of 10 MPa at the surface of the site and it increases linearly as an
over-pressurised fluid with depth as stated by McDermott et al. (McDermott et al., 2006) by
using Equation 4.4; while the production well is assumed to be under-pressurised by -10 MPa
on the top surface linearly varies according to Equation 4.5.
𝐧 . 𝜌𝑓 𝐮 = 0

(4.2)

𝐧 .𝐪 = 0

(4.3)

𝑃𝑖𝑛𝑗 = 𝜌𝑓 𝑔𝑧 + 10 (MPa)

(4.4)

𝑃𝑝𝑟𝑜 = 𝜌𝑓 𝑔𝑧 − 10 (MPa)

(4.5)

where, Pinj and Ppro are the injection and production fluid pressure (MPa), n is the normal
vector to the boundary.
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𝝏𝑻
𝝏𝑻
𝝏𝒛

=𝟎,

𝝏𝒒
𝝏𝒛

𝝏𝒛

𝝏𝒒

=𝟎,

𝑻° = 𝑻𝒕𝒐𝒑 + 𝑻𝒈 ∗ 𝒛

𝑷° = 𝝆𝒘 𝒈𝒛

𝝏𝒛

𝝏𝒛

=𝟎,

𝝏𝒒

400m

𝝏𝒛

𝝏𝑻

300m

𝝏𝒛

=𝟎

𝝏𝒛

=𝟎

𝝈𝒛𝒛

Injection well
Production well
Pinj=+10 MPa
𝝏𝑻
𝝏𝒒
Tinj=50 oC
= 𝝆𝒓 𝒈z
=𝟎,
= 𝟎 Ppro=-10 MPa

=𝟎

800m

Figure 4-2. Initial and boundary conditions for the numerical model (adopted from (Watanabe et al., 2010))

4.2.3 Meshing
The mesh used for the presented model consists of predefined fine mesh applied to the injection
and production wells and grows outwards to the area surrounding the wells. This predefined
mesh is important to control the fluid mass flow rate and heat transfer, see Figure 4-3.
Production Well
Z=-3850

300 m

Injection Well

Z=-4150

Figure 4-3. FE mesh of the proposed model
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Since the hybrid approach can involve millions of runs of FE models, particular attention is
paid to the meshing to maintain the accuracy of the response results while reducing the
execution time of the FE model, three different mesh sizes were examined. Mesh 1: coarse
mesh is selected where the complete mesh consists of 9709 elements; Mesh 2: is 16672
elements; Mesh 3: is 23881 elements; Mesh 4: very fine mesh 39920 elements. These cases

Production mass flow rate (kg/s)

were compared with respect to the production mass flow within 50 years of heat extraction.

5
4.5
4
3.5
3
2.5
2
1.5
1
0.5
0

mesh1
mesh2
mesh3
mesh4

0

10

20
30
Time (year)

40

50

Figure 4-4. Mesh convergence with response to the production mass flow rate

From Figure 4-4, it is clear that mesh size has significant impact on the flow accuracy.
Therefore, the normal mesh size (mesh 2) has been selected for the present research.
4.3

Validation of the FE model

To demonstrate the of the FE modelling process, COMSOL Multiphysics was used to replicate
the numerical simulation of the Spa Urach geothermal reservoir as a validation problem. Results
are compared with those of Watanabe et al. (2010) who used GeoSys/RockFlow code (Kolditz
and Shao, 2009). The three-dimensional transient FE of the model for this benchmark problem
follows the fully THM coupled process. The results contribute the thermal evolution between
the injection and production well at a distance of 60 m from the injection well. The injection
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pressure is assumed 10MPa and the injection temperature is 50 oC with a reservoir temperature
gradient 0.03 K/m. In general, the present results and those of Watanabe et al. (2010) are in
close agreement, see Figure 4-5. Some difference in the two sets of the results can be attributed
to the modelling of the injection and production wells in which it is assumed as one-dimensional

Production temperature (ᵒC)

1D in Watanabe et al. (2010) and it is 2D in the present study.

180
Present work
Watanabe (2010)

160
140
120
100
80
60
40
20
0
0

3

6

9

12

15

Time (years)
Figure 4-5. Comparison of the present FE model and Watanabe et al. (2010) (Samin et al., 2018)

In addition to the first validation, the present FE model is also validated against the FE
simulation conducted by Chen and Jiang (2015) for an artificial reservoir to verify the TH
coupled processes. The reservoir is designed with a temperature gradient of 0.04 oC/m; injection
flow rate of 50kg/s; injection temperature of 70 oC; ground surface temperature of 27 oC and
the permeability of 1e-14 m2. The TH coupled process is developed in the present FE model
utilising the heat transfer in porous media and Darcy’s Law modules. Figure 4-6 indicates that
the values of the production temperature of the present study agree very closely with FE study
conducted by Chen and Jiang (2015) for heat extraction over a period of 24 years.
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Temperature (K)

465
460
455
450
Chen and Jiang (2015)
445

Present FEM

440
0
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Figure 4-6. Comparison of the present FE model and Chen and Jiang (2015) (Samin et al., 2018)

4.4

Sensitivity Analysis of Design Parameters on the Reservoir Long-Term

Performance
In order to complete this research, it was necessary to undertake a parametric study on the
artificial design parameters of the reservoir. Then, later in Chapter Four, the sensitivity analysis
results would be the constraints of the optimisation process. Two of the significant variables in
EGS, which have been widely considered to be optimised, are the well placement within the
reservoir and the fluid injection pressure; see Section 2.6 of Chapter Two. This study examined
the effect of their change on the production temperature, thermal power and mass flow rate over
exploitation time. In addition, the permeability of the fractured zone, the temperature of the
injected fluid and the depth of the reservoir are also examined for their impacts on the reservoir
long-term performance.
4.4.1 Effect of Distance between Injection and Production Wells (d)
The configuration of the injection and production wells within EGS reservoirs is a significant
artificial design parameter; this has been considerably investigated in detail by others such as
Asai et al. (2018), Bedre and Anderson (2012), Chen et al. (2015) and others, see Section 2.6
in Chapter Two.
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In this section, the distance between the injection and production wells (d) was varied from 200
m to 600 m. The effect of well spacing is investigated for production temperature, mass flow
rate and the produced thermal power over 50 years of heat extraction. During the sensitivity
analysis, all the other artificial design parameters were kept at their medium values.
Figure 4-7 (a) presents the results for the temperature of the production well at three values of
d, which are 200 m, 400 m and 600 m. The results show that when d is at 200 m, production
temperature declines drastically after 5 years, and it continues decreasing to the temperature of
the injected fluid (50 ᵒC) within the first 15 years. While, when d is 600 m, the production
temperature declines gradually and does not drop below 140 ᵒC during the 50 years. This shows
that the reservoir design with d of 600 m did not exceed the 10% of its thermal drawdown at
the end of heat extraction process.
Figure 4-7 (b) is a surface plot for production temperature at a range of distances between
injection and production wells, with a least value at 200 m and maximum value at 600 m.
The surface plot shows that when d is at the least value (i.e. 200 m), the reservoir cannot provide
high temperature fluid and its temperature drops to 50 ᵒC during short-term of exploitation.
However, the production temperature improves with increasing d during long periods of
exploitation.
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Figure 4-7. Sensitivity of production temperature to the distance between injection and production wells; (a) 2D
diagram and (b) is a 3D surface plot.

On the other hand, Figure 4-8 (a) shows that a short distance of 200 m produces a mass flow
rate of about 15.5 kg/s at early stages of heat extraction, which is higher than the produced at
600 m, which is about 12.5 kg/s.
Figure 4-8 (b) is a surface plot represents the mass flow rate of the production well over 50
years. The highest mass flow rate is produced by the reservoir with the least value of d.
However, after 20 years of heat extraction, different values of d are nearly having the same
mass flow rate ranged between (10-11) kg/s.
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Figure 4-8. Sensitivity of mass flow rate to the distance between injection and production wells; (a) 2D diagram
and (b) is a surface plot.

Furthermore, the produced thermal power has a considerable declination at short distances of
200 m at early stages of heat extraction. However, with longer distances (at 400 and 600) m,
the power declination become gradually low, see Figure 4-9 (a).
Figure 4-9 (b) represents the trend of the produced power over 50 years for a range of distances
between injection and production wells. The results show that the highest production at the least
d (200 m) in the first 5 years. Then, the produced power drops significantly and it becomes
stable around 25 years to the end of the heat extraction process with a very low production of
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about 2.5 MW. While, the produced thermal power at maximum well spacing (i.e. 600 m) has
a steady decline with time and does not drop below 5 MW.
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Figure 4-9. Sensitivity of thermal power production to the distance between injection and production wells; (a)
2D diagram and (b) is a surface plot.

When the well spacing reduced, the mass flow rate for a constant injection pressure is increased.
Consequently, the temperature of the reservoir dropped dramatically. In addition, decline in
thermal production power is observed because of the determination of the primary coverage
volume of the reservoir by the distance between the injection and production wells. When the
distance between the wells is increased, injection and production wells cover a larger volume
than they do when the distance between them is smaller. Meanwhile, the available heat content
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is directly proportional to the volume of rock (Asai et al., 2018). The larger volume of heated
rock covered for d at 600 m is depleted slower than the smaller volume associated with 200 m
of well spacing.
4.4.2 Effect of Injection Pressure (Pinj)
The injection fluid pressure was varied from 1 MPa to 30 MPa with keeping the other artificial
design parameters at their medium values.
For an EGS design, with increasing fluid injection pressure in a given time period, the
production temperature decline faster, see Figure 4-10 (a). However, with low injection
pressure of 1 MPa, the production temperature does not drop below 180 ᵒC. On the other hand,
for a reservoir design with the highest injection value (30 MPa), there is a drastically drop in
the production temperature during the initial 10 years.
The behaviour of the impact of Pinj on the production temperature is presented in Figure 4-10
(b). The surface plot in Figure 4-10 (b) shows a rapid drop of production temperature with
increasing Pinj.
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Figure 4-10. Sensitivity of production temperature to the fluid injection pressure; (a) 2D diagram and (b) 3D
surface plot.

Figure 3-11 (a) shows that high injection fluid pressure produces high values of mass flow rate.
However, over long periods of exploitation, the drop in mass flow rate of designs with high
injection pressure is more noticeable than others with lower Pinj. Thus, the mass flow rate
production is directly proportional to the fluid injection pressure.
Figure 3-11 (b) shows that the difference between mass flow rates of various Pinj values is
lower after 25 years than the values of the first 5 years. This is because high injection pressures
accelerate the declination of the production temperature, resulting in reducing the mass flow
rate of the production well because the fluid properties are pressure and temperature dependent.
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Figure 4-11. Sensitivity of mass flow rate to the fluid injection pressure; (a) 2D diagram and (b) 3D surface plot.

Furthermore, the produced thermal power, see Figure 4-12 (a), has the highest value at the
highest injection pressure (30 MPa) in the first 8 years, which produces an average of 19 MW.
Then, the produced thermal power drops drastically to 15 MW, and later it becomes gradually
stable around 25 years to the end of the heat extraction process with a very low thermal
production power of about 4.5MW. While, the produced thermal power at minimum Pinj (1
MPa) is almost stable around 0.75 MW over 50 years.
Figure 4-12 (b) presents the behaviour of the thermal power of EGS reservoirs to the fluid
injection pressure. It shows the high impact of injection fluid pressure on the thermal power
over long periods.
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Figure 4-12. Sensitivity of thermal production power to the injection fluid pressure; (a) 2D diagram and (b) is a
surface plot.

Since the thermodynamic properties of the fluid is not constant and it is temperature and
pressure dependent, the decline in the mass flow rate is observed through different trends at
different injection pressures. This shows that the fully coupled of the thermal and hydraulic
process induces complexity to EGS engineers.
4.4.3 Effect of Fractured Zone Permeability (k)
The equivalent permeability of x direction was varied over the range of (5e-16 m2 to 5e-15 m2)
and the permeability of the other directions y and z are changed accordingly as explained in
Section 4.2.1.
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Figures 4-13 (a & b), 4-14 (a & b) and 4-15 (a & b) shows that the sensitivity of the reservoir
to different equivalent permeability values, in terms of production temperature, mass flow rate
and produced thermal power, are similar to its behaviour to fluid injection pressure in Section
4.4.2. This is because both design parameters (i.e. Pinj and k) have the similar impacts on the
production mass flow rate and consequently accelerate the thermal drawdown of reservoirs with
increasing their values.
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Figure 4-13. Sensitivity of production temperature to the reservoir permeability; (a) 2D diagram and (b) is a
surface plot.
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Figure 4-14. Sensitivity of mass flow rate to the reservoir permeability; (a) 2D diagram and (b) is a 3D surface
plot.
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Figure 4-15. Sensitivity of thermal power to the reservoir permeability; (a) 2D diagram and (b) is a 3D surface
plot.

4.4.4 Effect of Maximum Reservoir Depth (Dh)
As discussed in section 2.5.1 in Chapter Two, the total drilling cost is a significant fraction of
EGS capital cost (Tester et al., 1994). It is therefore important to investigate the impact of the
maximum reservoir depth on the long-term production of thermal power of EGS reservoirs.
The maximum depth of the reservoir was changed over the range of 4000 m to 6000 m.
Figure 4-16 (a) presents the production temperature for three different designs (4000, 5000 and
6000) m over 50 years of exploitation. The results show that the design with 4000 m depth
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produces lower temperature than the others. However, it can be seen that after about 40 years
of exploitation, different designs can produce the same production temperature.
The declination of production temperatures over the 50 years of heat extraction for different
values of Dh have the same trend, see Figure 4-16 (b).
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Figure 4-16. Sensitivity of production temperature to the maximum reservoir depth; (a) 2D diagram and (b) is a
3D surface plot.

In addition, since fluid properties are temperature and pressure dependent, the production mass
flow rate is increasing with deeper reservoirs at early stages, see Figure 4-17 (a). However, it
has the same trend of declination with different values of Dh, see Figure 4-17 (b).
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Figure 4-17. Sensitivity of mass flow rate to the maximum reservoir depth; (a) 2D diagram and (b) is a 3D
surface plot.

Figure 4-18 (a) shows that deeper EGS reservoirs produce higher thermal power up to 30 years
of exploitation. However, the produced thermal power after that tend to be equal with time up
to 50 years of heat extraction. In addition, as the thermal power is directly proportional to the
temperature and the mass flow rate, its declination trend is the combination of them and this
can clearly be seen in Figure 4-17 (b).
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Figure 4-18. Sensitivity of thermal power to the maximum reservoir depth; (a) 2D diagram and (b) is a 3D
surface plot.

4.4.5 Effect of Injection Fluid Temperature (Tinj)
The temperature of the injected fluid was changed over the range of 40 ᵒC to 75 ᵒC for the
sensitivity analysis.
Figure 4-19 (a) shows that the impact of injection temperature on production temperature is
insignificant at the early stages of heat extraction process up to 10 years. Then, the drop of the
production temperature is mostly noticed at high injection temperatures rather than lower
values.
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Figure 4-19 (b) represents the surface plot for the production temperature at different injection
temperatures. It shows that when the injected temperature is the least (40 ᵒC), the production
temperature declines slower than that when the injection temperature increased and it is more
noticeable at the highest injection temperature (75 ᵒC).
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Figure 4-19. Sensitivity of production temperature to the fluid injection temperature; (a) 2D diagram and (b) is a
3D surface plot

On the other hand, the mass flow rate for designs with high injection temperature is higher than
they do with lower temperature values; see Figure 4-20 (a). The change in the mass flow rate
for designs with different injection temperatures is presented clearly in Figure 4-20 (b).
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Figure 4-20. Sensitivity of mass flow rate to the fluid injection temperature; (a) 2D diagram and (b) is a 3D
surface plot

Figure 4-21 (a) shows that the produced thermal power with time has the highest value at high
injection temperature at the first 5 years. Then, the differences between produced thermal
powers become low for designs with different injection fluid temperatures up to 40 years, where
the difference can be ignored.
For heat exchange in a system, the temperature difference is the driving factor. However, with
the fully coupled of TH and a fluid with temperature and pressure dependent thermodynamics
properties, the impact of various injection temperature on the produced thermal power is
generally observed at the early stages of heat extraction, see Figure 4-21 (b).
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Figure 4-21. Sensitivity of thermal power to the fluid injection temperature; (a) 2D diagram and (b) is a 3D
surface plot.

4.5

Sensitivity Analysis of Design Parameters on Reservoir Performance at the

Breakthrough Time of EGS Reservoir
The sensitivity of the reservoir performance to the artificial design parameters are also
investigated based on their impacts on the service life of the reservoir (breakthrough time when
the thermal drawdown reaches 10 %) and accumulative thermal power at the breakthrough time.
This is important to identify key sensitive variables for the fitness function of the Multiobjectives GA optimisation technique in the next chapter.
In order to investigate the impact of each design parameter at the end of the reservoir service
life (breakthrough time), all the parameters, breakthrough time and accumulative thermal power
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at breakthrough time are normalised a range of 0 to 1. For the design parameters, 0 refers to the
least value and 1 is the highest value. For example, for the well spacing, 0 refers to 200 m while
1 refers to 600 m. However, for the sensitivity results 0 refers to the failure of the reservoir
when thermal drawdown is 10% or more at 10 years of heat extraction process. While, 1 refers
to 50 years for the breakthrough time and 283 MW for the accumulative thermal power, which
is the highest value achieved for the sensitivity analysis process.
4.5.1 Effect of Well Spacing (d)
Thermal breakthrough time of the reservoir with short well spaces occurred before 10 years and
resulted in the failure of the reservoir. Then, from d of 0.2 to the end, Thermal breakthrough
time increases with increasing d. Nevertheless, the accumulative power at the breakthrough
time increases up to 0.9 of d; then, it starts to decline with increasing d to 1, see Figure 3-14.
The thermal power is therefore highly sensitive to the change in d value. This is because, the
velocity of the fluid flow and the mass flow rate increase with the shorter distance between the
wells. As a result, accelerating the depletion of the reservoir at initial stages of heat extraction
process. Therefore, the distance between the wells is to be considered significantly important
within the optimisation process.
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Figure 4-22. Impact of well distance on both thermal drawdown (dash line) and thermal power production (solid
line)

4.5.2 Effect of Injection Fluid Pressure (Pinj)
The change of the fluid injection pressure affects the long-term performance of EGS reservoirs
through the acceleration of the breakthrough time. At the same time, the accumulative thermal
power at the breakthrough time steeply increased at up to 0.3 of the normalised Pinj. Then, the
behaviour slightly changes with increasing the injection pressure up to 0.8, which at the end it
shows a steep decline and failed at 1. This is because the higher injection pressure produces
higher mass flow rate, it also increases the flow velocity, and consequently, the breakthrough
time significantly declines, see Figure 3-15. Therefore, Pinj is strongly recommended to be
considered within the optimisation process.
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Figure 4-23. Impact of fluid injection pressure on both thermal drawdown (dash line) and thermal power
production (solid line)

4.5.3 Effect of Fractured Zone Permeability (k)
With the increase of k, the breakthrough time generally declines while the accumulative thermal
power increases at up to 0.2 of the normalised permeability of the fractured zone, see Figure 316. While the lower permeability increases the breakthrough time, it also reduces the thermal
power production because of low values of mass flow rate. On the other hand, higher
permeability of the fractured zone results in significant drops of reservoir temperature and
breakthrough time at early stages of the heat extraction process. This has been also conducted
by others such as Watanabe et al. (2010) and Mudunuru et al. (2016). Furthermore, it can be
seen that the behaviour of the fractured zone permeability is similar to the fluid injection
pressure due to their direct proportional to the fluid mass flow rate. Thus, this shows that the
permeability is, as powerful design parameter as the injection pressure that should be
considered within a proposed optimisation model.
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Figure 4-24. Impact of permeability of the fractured zone on both thermal drawdown (dash line) and thermal
power production (solid line)

4.5.4 Effect of Maximum Reservoir Depth (Dh)
As can be seen in Figure 3-17, the depth of the reservoir has less impact on the breakthrough
time, but it has significant influence on the productivity of the thermal power at the
breakthrough time of the reservoir. This is obvious since the subsurface temperature increased
with depth by a gradient of 0.03 (oC/m), see Section 3.4.2, resulting in higher productions of
thermal power. However, according to Heidinger (2010), the total drilling cost increases
exponentially with depth. Thus, the maximum depth of the reservoir is an important design
parameter that requires be identifying for a commercial EGS reservoir and thus considering
within the optimisation process.
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Figure 4-25. Impact of maximum reservoir depth on both thermal drawdown (dash line) and thermal power
production (solid line)

4.5.5 Effect of Injection Fluid Temperature (Tinj)
Although the range is very wide, there is only a slight impact on both breakthrough time and
the accumulative thermal production power at the breakthrough time, see Figure 3-18. The
injection temperature is therefore ignored in the proposed research. This has been also
concluded by Mudunuru et al. (2016).
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Figure 4-26. Impact of fluid injection temperature on both thermal drawdown (dash line) and thermal power
production (solid line)
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4.6

Conclusions

This chapter presented the development of the FE model for a doublet EGS reservoir. A
sensitivity analysis is conducted for the impacts of the artificial reservoir design parameters to
the reservoir long-term performance using two methods; first, define the impacts of design
parameters on the reservoir performance over time; second, their impacts on the reservoir
performance at the breakthrough time. Results of the parametric study indicated the following:


Well spaces, injection pressure, permeability of the fractured zone and the maximum
depth of the reservoir highly affect the reservoir long-term performance; while, the
temperature of the injected fluid has insignificant impact compared to the other four
parameters.



The contributed design parameters do not affect the reservoir long-term performance in
the same manner, except the injection pressure and the equivalent permeability, which
have the same behaviour of influence.



In addition, the results show that it is challenge to find favourable values for d, Pinj and
k. However, higher values of Dh are favourable for the accumulative thermal power at
the breakthrough time, yet it needs more cost to drill wells in deep reservoirs.

To sum up, find the optimum design is a challenge for EGS reservoir designers. Thus, multivariables and multi-objectives GA is a preferred optimisation technique to find out optimum
solutions for EGS reservoir designs due to its efficiency in solving complex multi-variables and
multi-objectives problems. Therefore, for the optimisation of the long-term performance of
doublet well reservoirs, four design parameters including d, Pinj, k and Dh, are considered as
variables for the GA technique.
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CHAPTER FIVE
5

5.1

OPTIMISATION OF EGS DOUBLET RESERVOIRS

Introduction

In this Chapter, the optimisation of the FE model in Chapter Three is conducted. This chapter
is a part of published results in Samin et al. (2018).
In this chapter, the long-term performance of EGS is achieved via maximising thermal power
Whp and minimising both the thermal drawdown TD and the total cost Ct using a multiobjective optimisation strategy for a doublet well reservoir.
The three long-term performance objectives presented above are employed for the objectives
of the fitness function in the hybrid optimisation system. While, the contributed design
parameters i.e. d, Pinj, k and Dh are the variables of the optimisation process. The actual TD,
Whp and Ct are calculated in the GA code based on the outputs of the FE, by changing the
variables selected by genetic operators.
Based on the sensitivity analysis results of Chapter Three, the maximum reservoir depth (Dh),
distance between the injection and production wells (d), fractured zone permeability (kx) and
fluid injection pressure (Pinj) are selected to be the optimisation variables. The constraints for
these variables are presented in Table 5-1.
Table 5-1. Constraints of the variables in GA multi-objectives

Variables
Maximum reservoir
depth (Dh)

Well position
(d)

Fracture zone
permeability (kx)

Injection fluid
pressure (Pinj)

m

m

m2

MPa

Lower bound

4000

300

1e-13

1

Upper bound

6000

500

1e-16

20

constraints
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The following points were considered during selection of these constraints:


The depth of the reservoir is estimated between 4000-6000 m. This range is assumed as
it is more practical for drilling process (Heidinger, 2010).



The distance between the injection and the production wells in rectangular reservoirs
(which is the case in this research) depends on the industry considerations where the
production and the injection wells should be at the centre of two adjacent circles, which
have the same radius, equal to a half of the reservoir width (Van Wees et al., 2010), see
Figure 5-1.

Industrial considered
reservoir area

r
d
Injection well

Production well

d: the distance between injection
and production wells
r: radius of circles the Influence
zone of each well.

Figure 5-1. Industrial consideration for reservoir area based on the Influence zone of each well, after Van Wees
et al. (2010)

Therefore, based on the industrial consideration, the minimum boundaries of the injection and
production wells are chosen to be at 150m distance from the reservoir edge.


The permeability of the fractured zone has values within the range 10-13 m2 – 10-16 m2
(Kosack et al., 2010).



The injection pressure is varied between 1MPa to 20 MPa. The value of 20 MPa was
determined after several initial trial and error simulations.

The total cost of EGS reservoir design is considered during the economic analysis and it is
calculated using Equation 3.13. In which, creation and operation costs are calculated using
Equations 3.9, and 3.11 respectively, see Section 3.2.4. in Chapter Three. In this chapter, the
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Spa Urach case study is used and the values for the operation cost parameters are respected to
the price in Germany. Thus, pp =15.52 (US$/kwh), pr=22.35 (US$/GJ) and r=1.4% have been
used.
5.2

Results and Discussions

An algorithm was developed to integrate a FE analysis with a GA to find optimum values of
the bi-objective fitness function. The first objective is to minimise the total reservoir cost and
the second objective is to maximise the accumulative thermal power production Whp of the
reservoir at the breakthrough time. The thermal drawdown of the reservoir is implicitly
considered in the later by applying the threshold value of 10%TD during the optimisation
process. The parameters of the Multi-objectives GA optimisation are summarised in Table 5-2.
These values are chosen based on the number of variables, domain sizes and after a number of
trial and errors.
Table 5-2. Parameters used for the Multi-objective GA in the present research

Number of Populations
Maximum generation number
Selection
Crossover
Mutation

50
400
Tournament size 2
0.7
Constraint dependent

Two scenarios are considered for the optimisation process. In the first scenario, all the sensitive
design parameters (i.e. Dh, d, k and Pinj) are included during the optimisation of EGS design.
The second scenario is carried out in order to determine the optimum solutions in the absence
of any changes to the reservoir fracture configuration (i.e. without changing the equivalent
permeability of the reservoir). The GA-FE optimisation algorithm was run several times using
different randomised initial points to ensure global optimum solutions are achieved. The
following sections present the results of the two optimisation scenarios.
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The optimum designs achieved from both scenarios can be seen in Figures 5-2 and 5-3. The
solutions revealed that in the case of the first scenario, the process regulated the variables in a
way that results in lower reservoir total cost through selecting less deep reservoirs and less
injection pressure values compared to the second scenario in order to reduce both creation and
operation costs. On the other hand, the optimisation process selected permeability values that
relatively higher than the constant permeability in the second scenario and relatively shorter
distances have been selected compared to the second scenario. The high permeability and short
distances are required in the first scenario to produce high mass flow rates as long as the selected
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Figure 5-2. Optimum design solutions of the first optimisation scenario
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Figure 5-3. Optimum design solutions of the second optimisation scenario

The Pareto fronts of both scenarios are illustrated in Figure 5-4. Figures 5-4 (a, b) have been
normalised to the minimum and maximum values of each scenario while Figure 5-4 (c) is
normalised with respect to the combined extreme values.
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Figure 5-4. Pareto front of the optimum solutions of both scenarios (with and without changing the equivalent
permeability of the reservoir), (a) 1st scenario, (b) 2nd scenario and (c) both case scenarios; where S11, S12 and
S13 are the selected best designs in the 1st scenario and S21, S22 and S23 are the selected best designs in the
2nd scenario

Figure 5-4 show significant reduction in the value of the first objective (i.e. total cost)
particularly in the first scenario. However, for the second objective (i.e. accumulative thermal
power) there is no significant difference between the two scenarios, values of the second
objective are restricted between 105-154 MW. In the first scenario, high accumulative thermal
power designs have a cost between 75 to 88 Million $USA, as can be seen in Figure 5-4 (a).
However, in the second scenario, to achieve a productive reservoir with high accumulative
thermal power a significantly higher investment is needed (about 110 to 185 Million $USA),
see Figure 5-4 (b). Figure 5-4 (c) presents the optimal trade-off curves of both case scenarios
considered in the present study. The results show the considerable impact of permeability on
the reservoir total cost. It is important to emphasize that this analysis has overlooked the cost
of fracturing the reservoir and is only considering the two scenarios together to highlight the
influence of permeability. The impact of the permeability on the other variables during the
optimisation process is presented in Figure 5-5, where the values of the optimised parameters
are normalised to the selected constraints for the GA.
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Figure 5-5. Maximum values of the normalised variables for both scenarios (with and without changing the
equivalent permeability)

The results show that in the first scenario, when all the sensitive parameters vary within given
ranges, the reservoir extended to a moderate depth. This resulted into a lower drilling cost than
in the second scenario, where the reservoir depth was much higher and corresponded to more
than 0.9 of the normalised depth. This depth was necessary to achieve a higher production
temperature, which resulted into a higher drilling cost. In addition, both scenarios intend to
select about 0.9 of the normalised distance between the injection and production wells in order
to reduce the thermal breakthrough time. Furthermore, the maximum injection pressure in the
second scenario is more than twice of that in the first scenario. The high injection pressure in
the second scenario is due to the low permeability of the reservoir (about half of the maximum
permeability of the first scenario). As a result, the operation cost for the second scenario
(without changing the reservoir permeability) is higher than if the change is included.
All the solutions on Pareto front Figure 5-4 can in be considered an optimum designs for both
scenarios, considering the circumstances and the design requirements (Hussain, 2015). Should
both objectives carry equal weights of importance, the method of the minimum distance to a
preferred point, which is 0 in this study, is applied to select the best solution at the Pareto front.
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For the first and second scenarios, these solutions are shown as best solutions in Figures 5-4 (a)
and 5-4 (b).
For comparison, a selection of solutions is presented in Figure 5-6. In this graph, normalised
values of cost and power are both shown for all the cases and are compared with those of the
benchmark case study of the Spa Urach geothermal reservoir. The optimisation process
considered the minimisation of the cost and maximisation of the thermal power as the objective
functions. If enough budget is available for the project, one of the solutions with more focusing
on the thermal power is going to be selected rather than the economic cost; for example,
solutions S13 and S23 are selected for the proposed two scenarios. On the other hand, if the
budget is limited then a solution with the limited cost can be chosen as the best optimum design;
hence, S12 and S22 are selected based on engineering judgment. Nevertheless, if the
importance of both optimisation objectives (i.e. total cost and thermal power) is the same, then
a solution in the corner of the curve satisfying both objectives can be chosen as the best design
of reservoirs; then, S11 and S21 are selected to satisfy both optimisation objectives.
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Figure 5-6. Normalised power and cost of the selected best designs (S11, S12 and S13 from 1st scenario on
Figure 10(a); S21, S22 and S23 from 2nd scenario on Figure 10(b) and the case study
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In addition, the thermal evolution of both best solutions S11 and S21 are compared to the case
study in this research. It can be seen in Figure 5-7 that the cold water front in S11 and S21 did
not reach the production well. However, the case study has reached the breakthrough time in
early stages, which means that the methodology presented in this paper is proven an efficient
tool to obtain optimum designs for EGS reservoirs.

S21

S11

Case
study
Figure 5-7. Thermal evolution of S11, S21 and the case study models

5.3

Conclusions

In this chapter, an advanced systematic approach to enhance long-term performance of EGS
reservoirs is applied for the optimisation of a doublet well EGS reservoir. An integration of FE
analysis and GA optimisation technique has been applied to find optimum designs of EGS
reservoirs. Two scenarios (with and without changing the equivalent permeability of the
reservoir) were considered during the optimisation process to find potential optimum design of
EGS reservoirs. The results of the optimisation showed the following:
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This hybrid optimisation approach gives an insightful understanding of EGS long-term
performance regarding the reservoir extraction efficiency, commercial feasibility and
its service life.



Results of both optimisation scenarios revealed that the permeability of the reservoir
had a significant influence on selecting the other artificial design parameters.



It was observed that the permeability of the reservoir has a significant influence in the
required capital cost for EGS designs. Where, high permeable reservoirs can positively
influence in the operation cost through lower injection pressures than reservoirs with
lower permeability.



In addition, the results show that there is a complex interaction between the reservoir
design parameters, which can increase challenges for decision-makers that responsible
for design and operation of a reservoir with using conventional methods. However, with
the use of the presented hybrid optimisation technique, it is possible to consider the
design parameters’ interconnectivity during the optimisation process in order to find
optimum solutions to design EGS reservoirs.
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CHAPTER SIX
6

DEVELOPING A NUMERICAL ANALYSIS FOR ENHANCED
GEOTHERMAL MULTI-WELLS RESERVOIRS BASED ON
FINANCIAL CONSIDERATION (CASE STUDY SOULTZ-SOUSFORÊTS IN FRANCE)

6.1

Introduction

In this Chapter, the development of the finite element model of a multi-wells reservoir is
presented. The subsections present brief descriptions of EGS model geometry, materials
properties and initial and boundary conditions used for the FE model. It also presents the impact
of number of wells on EGS multi-well reservoirs performance through conducting a sensitivity
analysis for the commercial viability of the design to the number of wells.
6.2

Finite Element Development

Soultz-Sous-Forêts in France contains permeable ground structures over a relatively large
volume of the reservoir, at the depth of 5 km. This EGS has a three-well system, i.e. two
production wells centred by a single injection well (Genter et al., 2010). Thus, due to the
available experimental data, it can be used as a case study site for a multi-well reservoir design.
Therefore, it was selected as a case study in this research due to its manifest representation of
a deep EGS multi-well reservoir.
A finite element (FE) model of the reservoir is built, using COMSOL Multiphysics, to simulate
a fully saturated multi-well EGS with an isotropic permeability equivalent to both, the fractured
zone and the rock matrix. Other properties of the FE model can be found in Table 6-1 based on
Genter et al. (2010).
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Table 6-1. Design parameters of FE model (Genter et al., 2010)

Parameters

Symbols

Value

Unit

Space between wells

L

600

m

Reservoir height

hr

500

m

Rock matrix
Density

𝜌𝑟

2850

kg/m3

Permeability

k

1e-14

m2

Porosity

𝜃

0.005

Specific heat capacity

𝑐𝑝𝑟

1000

J/(kg.K)

Thermal conductivity

𝜆𝑟

2.5

W/(m.K)

Injected fluid
Density

𝜌𝑓

1000

kg/m3

Specific heat capacity

𝑐𝑝𝑓

4210

J/(kg.K)

Thermal conductivity

𝜆𝑓

0.6

W/(m.K)

Dynamic viscosity

𝜇

2e-4

Pa.s

Others
Initial temperature

Tinit

473.15

K

Initial pressure

Pinit

49

[MPa]

Production well BHP

Ppro

48.25

[MPa]

Injection well BHP

Pinj

49.91

[MPa]

Different design scenarios of the reservoir were analysed to allow different production well
numbers (Npw), to be investigated, from which the impact of Npw on the production flow rate
in the short-term and reservoir’s performance in the long-term, was assessed. Initially, the
Soultz EGS reservoir was modelled using the current flow rate of 50 kg/s in order to calculate
the necessary injection pressure to maintain this value of flow rate. Then, the calculated value

112

Chapter Five: Developing A Numerical Analysis for Enhanced Geothermal Multi-Wells
Reservoirs Based On Financial Consideration (Case Study Soultz-Sous-Forêts in France)
of pressure was imposed on different models of the same reservoir each with different number
of production wells (i.e. Npw> 2) to investigate the impact of increasing Npw on the reservoir
performance and to examine the achievement of a commercial mass flow rate by increasing
Npw. In the next stage, these processes were repeated with a minimum production mass flow
rate of 80kg/s.
6.2.1 Numerical Model and Simulation Approach (Thermal Model)
In the proposed study, the COMSOL Multiphysics package is employed to carry out a threedimensional (3D) numerical simulation. The FE model simulates the EGS multi-well reservoir
as a fully saturated porous medium with isotropic permeability (kx=ky=kz) equivalent to a
combination of fractured zone and rock matrix. To do so, assumptions are applied for the FE
model in order to reduce the degree of freedom, see Section 3.2.1. of Chapter Three.
6.2.2 Initial and Boundary Conditions
Initial conditions: the experimental data from the GPK 2 log borehole, see Figure 6-1, show
that the temperature of the Soultz at the lower reservoir (To) at depth (z) of 5000 m is about 200
o

C, which is the focus of the present study, and the temperature gradient (Tg) is around 0.03

K/m (Genter et al., 2010), see Figure 6-2. Thus, the temperature of the reservoir can be
calculated using Equation 6.1:
𝑇° = 200 ℃ + 𝑇𝑔 (−5000 + 𝑧)

(6.1)
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Figure 6-1. The existing boreholes at depth of 5000m at Soultz field (lower reservoir) (after (Genter et al., 2010))
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Figure 6-2. Temperature profile at Soultz field (after (Genter et al., 2010))
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The initial pressure for the reservoir is assumed to be depth dependent and it is calculated using
Equation 6.2:
𝑃𝑖𝑛𝑖𝑡 = 𝜌 ∙ 𝑔 ∙ 𝑧

(6.2)

Boundary conditions: According to McDermott et al. (2006) an injection fluid temperature of
50 oC is required to avoid chemical dissolution of the rock matrix by very low injection fluid
temperature. The fluid injection pressure (Pinj) is assumed constant at 5.3 MPa at the surface
to achieve a total mass flow rate of 50 kg/s. The boundary conditions of the wells are calculated
using Equations 6.3 and 6.4.
𝑃𝑖𝑛𝑗 = 𝜌𝑓 𝑔𝑧 + 5.3 (MPa)

(6.3)

𝑃𝑝𝑟𝑜 = 𝜌𝑓 𝑔𝑧 − 5.3 (MPa)

(6.4)

For the boundary conditions of the reservoir it is assumed that there is no flow and no heat
transfer is allowed from the surrounded areas, see Section 2.1; and thus the Neumann boundary
condition using Equations 6.5 and 6.6 is applied for the surrounded rock matrix surfaces.
𝐧 . 𝜌𝑓 𝐮 = 0

(6.5)

𝐧 .𝐪 = 0

(6.6)

6.2.3 Geometry
The Soultz reservoir in France is strongly representing EGS multi well reservoirs as long as it
is enhanced to contain permeable structure (Genter et al., 2010). The present study illustrated a
fully coupled three-dimensional 3D deep EGS multi-well reservoir model. According to Genter
et al. (2010), at a depth of 5 km the Soultz reservoir is a three well system two production wells
GPK-2 and GPK-4 centered by a single injection well GPK-3, see Figure 6-1.
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Due to the irregular shapes of stimulated rock blocks, it is desirable to simulate a circular shape
for the fractured zone (Kuo et al., 1977). In addition, the fluid flow in the rock matrix is almost
radially distributed (Smit 2010). Therefore, the reservoir is assumed to have a cylindrical shape
in the present study to explore the optimum design of EGS multi well reservoirs by reducing
the impact of the geometry boundary on the configuration of the production wells around a
single injection well. The distance between the injection and production wells assumed to be
600 m (Genter et al., 2010). There is a need to set up the models in such a way that the boundary
effects do not have high influences on the optimisation results in which it could be considered
a second order effect. Thus, the distance from the boundary to the centre of production wells is
selected using trial and errors method.
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Figure 6-3. Temperature of a point at the mid distance between the injection and production wells after 30 years
of heat extraction

The results for sensitivity analysis of the boundary space show that the boundary distance has
no sensible impacts on the temperature at the mid distance between the injection and production
wells (300 m) at the base of the reservoir, see Figure 6-3. Thus, 100 m has been selected for the
boundary distance to the production wells centre for the models due to the unpronounced error
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and time-consuming modelling. The geometry of the selected proposed model can be seen in
Figure 6-4.

Production well
Injection well
Production well

x 10

3

Figure 6-4. The geometry of the proposed FE model

6.2.4 Meshing
The last part of the numerical simulation is the finite element mesh. The reliability of the
numerical simulation is based on the accuracy of numerical model and this can be obtained
using a well-defined mesh for the model. The biggest challenge in meshing such subsurface
structures is the huge difference between the size of the model parts such as the rock matrix and
the wells. To control the fluid mass flow and the heat transfer, it is important to predefine the
mesh for the surface area of the wells as long as the injection and production pressure and the
injection temperature is applied as a surface area of the wells. Thus, the mesh used for the finite
element of the present study model consists of predefined very fine mesh applied to the wells
and grows outwards to the surrounding area. This is strongly required to control the fluid mass
flow rate and heat transfer during the simulation process, see Figure 6-5.
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Figure 6-5. Mesh details for the proposed model

Since the hybrid optimisation approach can involve millions of runs of FE models, to maintain
the accuracy of the response results while reducing the execution time of the FE model, four
different mesh sizes were examined. First (mesh 1), coarse mesh is selected, where the complete
mesh consists of 25002 domain elements, 7968 boundary elements, and 896 edge elements with
a simulation time of 194 seconds. Second (mesh 2), fine mesh is selected, where the complete
mesh consists of 35332 domain elements, 11640 boundary elements, and 1000 edge elements
with a simulation time of 324 seconds. Third (mesh 3), finer mesh is selected, where the
complete mesh consists of 50310 domain elements, 9504 boundary elements, and 1120 edge
elements, with a simulation time of 425 seconds. Fourth (mesh 4), very fine mesh is selected
where the complete mesh consists of 97546 domain elements, 17120 boundary elements, and
1344 edge elements with a simulation time of 1089 seconds. These cases have been compared
with response to the temperature profile of the reservoir base point in the mid distance between
the injection and production wells for 50 years of heat extraction.
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Figure 6-6. Mesh convergence of the proposed FEM

The results presented in Figure 6-6 shows that there is unpronounced change with mesh sizes
2, 3 and 4, which means the mesh converged at that values. However, while the optimisation
technique in this research using integration of FE and GA will need to run thousands models to
find the best design scenario, it is therefore mesh 2 has been selected for the FE model, as it
requires less time than the others do.
6.3

Combining Hydro-Thermal with Economic Models

The procedure of the sensitivity analysis of multi-well reservoir to number of production wells
consists of three parts. First, it deals with the numerical analysis of the EGS multi-well reservoir
taking into consideration the geological, physical and processes of the heat exploitation process.
Second part of the procedure deals with the economic analysis of the required cost for the
creation processes in which it depends on the cost of the number of wells at depth of 5000 m.
The last part of the analysis deals with the evaluation financial consideration of the long-term
performance in terms of the extracted energy and the total cost of the creation on processes.
The following subsections present more details of the sensitivity analysis procedure and results.
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6.3.1 Economic Model
In order to investigate the optimum design of EGS reservoirs for long-term performance, it was
important to take into account the financial consideration. In this Chapter, the drilling cost (CD)
of wells was considered as a key parameter for the evaluation of the economic analysis. Thus,
the drilling cost is considered for all the wells within the multi-well reservoir using Equation
3.10 in Section 3.2.4.1. of Chapter Three.
6.3.1.1 Financial Considerations

In order to evaluate the commercial viability of each of the above scenarios, an economic
analysis based on the levelised cost of energy was performed. In general, the levelised cost of
energy is defined as net current value of unit cost of energy over service-life of a resource. For
this study, levelised cost of geothermal energy was defined as the drilling unit costs of thermal
power production over the reservoir service life. To evaluate the cost of different reservoir
designs, the thermal analysis was integrated with economic considerations. It was important to
calculate the minimum cost of MW of accumulative thermal power production in each design
scenario using Equation 3.8 in Section 3.2.3.2. of Chapter Three. This step is important to
enable the full impact of the proposed approach to be fully assessed. Therefore, to quantify this
aspect of the EGS design, a model was defined to calculate the thermal economy using Equation
6.7.
𝑇𝐸 =

Σ𝐶𝐷
∑𝑡=𝐽
𝑡=0 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑝𝑜𝑤𝑒𝑟

(6.7)

where TE is the levelised cost of geothermal power and its unit is millions of US dollars per
MW; J (year) is the time at the threshold thermal drawdown (Bödvarsson and Tsang, 1982).
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Importantly, in addition, the economic analysis and the thermal power production were assessed
for each design scenario of both non-commercial and commercial EGS designs. Figure 6-7,
depicts the overall methodology used to assess design approaches for EGS.

Design parameter
Npw

Numerical model:
COMSOL Multiphysics

No

Matlab
Mass flow rate>80kg/s &
Thermal drawdown<10%

Yes

Economical Analysis

Thermal Analysis

Thermal Economic Analysis
(TE)

Figure 6-7. Procedure to design commercial EGS reservoirs

6.4

Results and Discussions

A 3D multi-well reservoir was simulated using experimental data from the Soultz-sous-Forêts,
France with a total 50 kg/s mass flow rate and 200 °C temperature at the base of the reservoir.
When considering different scenarios, the mass flow rate was increased by increasing the
number of production wells (Npw). Eight scenarios of Npw, as illustrated in Figure 6-8, were
considered to study the impact of increasing Npw on reservoir performance. The fluid injection
pressure for each analysis scenario and distance between injection and production wells remain
constant for each scenario, to enable focus on key ground related impacts on EGS outputs.
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Case1: Npw=2

Case3: Npw=4

Case5: Npw=6

Case7: Npw=8

Case2: Npw=3

Case4: Npw=5

Case6: Npw=7

Case8: Npw=9

Figure 6-8. Schematic drawings of the eight cases of number of production wells (Npw) red and blue arrows
representing production and injection wells respectively
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6.4.1 Impact of Well Number on Thermal Power and Mass Flow Rate
The impact of Npw was investigated in two stages; firstly, the fluid injection pressure was kept
constant (to maintain minimum mass flow rate of 50 kg/s during 50 years of heat extraction) to
study the performance of the reservoir with increasing Npw. Secondly, a minimum mass flow
rate of 80 kg/s was assumed for the benchmark model and then the impact of Npw in the
reservoir long-term performance based on the same fluid injection pressure required to maintain
80kg/s mass flow rate for 2 Npw was investigated.
6.4.1.1 Influence of Npw on the Case Study Performance

Npw was increased for the benchmark model to investigate the impact of increasing Npw on
the thermal power production and the production mass flow rate over 50 years of heat
extraction.
The results of the accumulative thermal power at the breakthrough time and the production
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mass flow rate for different Npw are presented in Figure 6-9.
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Figure 6-9. Accumulative thermal power and the mass flow rate of different Npw
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Results from Figure (6-9) show that, in general, production power and mass flow rate rise with
higher number of production wells, for relatively low number of production wells. However, it
is evident that this increase becomes less visible with more production wells, demonstrating
asymptotic characteristics. Nevertheless, the calculated mass flow rate in all cases did not reach
the commercial target of 80kg/s.
6.4.1.2 Influence of Npw on a Commercial Reservoir

To understand the reservoir condition required to satisfy the need of maintaining the minimum
80 kg/s mass flow rate, additional analyses were carried out as per the following. Achieving 80
kg/s of mass flow rate for the benchmark model, requires a constant injection fluid pressure of
8.7MPa. This value was obtained from the results of trial FE analysis. To assess the impact of
the Number of production wells, the number of wells were increased while the injection
pressure was kept constant at 8.7MPa. The results are presented in Figure 6-10.
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Figure 6-10. Accumulative thermal power and the mass flow rate of different Npw for commercial reservoir
designs

From Figure 6-10, it can be seen that the same trend of increase in power production and flow
rate occurs as seen with the previous scenarios (see Figure 6-9). However, with the new
injection pressure, the increase in power is much more pronounced when moving to three
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production wells (above 35%), again as seen in the previous scenario, see Figure 6-9. However,
in both scenarios, the gradient of mass flow rate did not change significantly compared with the
benchmark model.
The thermal evolution of the reservoir in different Npw for the commercial case study (i.e. the
second scenario) is presented in Figure 6-11. This figure shows that the thermal evolution
behaviour changes for the reservoirs with more than two wells. This can be seen in the graphs
where higher values of temperature can be observed in vicinity of all production wells, whereas,
in the two production wells the cold front (light blue colour) has already reached the production
wells.
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Figure 6-11. Thermal evolution of different Npw (temperature in ᵒC)

6.4.2 Economic Analysis
Obviously, increase in Npw results in increase of the drilling cost, but in a linear manner.
However, according to the results shown in sections 6.4.1.1. and 6.4.1.2., the thermal power
production increases nonlinearly therefore lead to overall nonlinear changes in the levelised
cost of power. Thus, for both the non-commercial and commercial conditions, the relationship
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between TE and Npw has different behaviour with Npw up to four wells. The overall affect is
that the ratio of TE has a general linear trend against Npw as can be seen in Figure 6-12 (a&b).
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Figure 6-12. TE of different Npw; (a) non-commercial design when mass flow rate < 80kg/s and (b) commercial
case when mass flow rate ≥ 80kg/s

From Figure 6-12, it can be observed that for cases with non-commercial conditions (see Figure
6-12 (a)), increasing the number of wells, increases the production power, but with no positive
impacts on the levelised cost of the project. However, this is not the case for commercial
geothermal systems (see Figure 6-12 (b)) since the levelised cost has dropped when moving
from two to three production wells.
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To investigate the influence of increasing Npw for both scenarios (i.e. non-commercial and
commercial designs), the gradient of mass flow rate, accumulative thermal power and TE were
calculated and compared against the benchmark values (see Figures 6-13 (a) and 6-13 (b)). For
this analysis, improvement was defined as the ratio of changes over the benchmark values (e.g.
improvement of TE is (

𝑇𝐸 𝑛𝑒𝑤 𝑑𝑒𝑠𝑖𝑔𝑛−𝑇𝐸 𝑏𝑒𝑛𝑐ℎ𝑚𝑎𝑟𝑘
𝑇𝐸 𝑏𝑒𝑛𝑐ℎ𝑚𝑎𝑟𝑘

× 100). In Figure 6-13, zero in the vertical

axes, refers to the benchmark values.
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Figure 6-13. The percentage changes of the main objectives (i.e. mass flow rate, accumulative thermal power
and TE) for both scenarios; (a) non-commercial design; (b) commercial design
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As shown in Figure 6-13 (a), the change in TE for the first scenario (i.e. non-commercial
reservoir) increases exponentially with increasing Npw compared to the benchmark (i.e. Npw
is 2), with a minimum change of about 11% at three production wells and a maximum change
of over100% at nine production wells, which indicates that the levelised cost increased with
increasing Npw to more than 2 wells. However, in the second scenario (i.e. commercial
reservoir), the change has a different trend and the levelised cost improved at Npw for three
wells through a decrease in TE by about -12%. After this point, there are no improvements in
the levelised cost with increasing Npw up to nine wells. However, the percentage change in TE
was still smaller compared to the value that the first stage increased.
The improvement in the accumulative thermal power for non-commercial designs was around
6% at Npw of 3, the rate of the improvement was thereafter insignificant for all cases of Npw,
(see Figure 6-13 (a)). However, for commercial designs, there was a significant improvement
for the accumulative thermal power at Npw of three of about 34% above the benchmark.
Thereafter, the rate of the improvement can be seen to increase slightly up to Npw of seven and
with insignificant improvement observed thereafter (see Figure 6-13 (b)). Nevertheless, the
improvement of accumulative thermal power in commercial reservoir was more effectively
improved by the increase Npw than for non-commercial reservoirs.
With respect to the percentage improvement of the production mass flow rate, it can be seen
clearly in both stages (i.e. non-commercial and commercial reservoir) that these are almost the
same with a slight improvement in the commercial case (see Figures 6-13 (a) and 6-13 (b)).
This demonstrated the importance of key design considerations, showing the impact of
increasing production wells on the reservoir financial and long-term performance in both
commercial and non-commercial geothermal reservoir, using the threshold definition of flows
rates of 80 kg/s.
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6.5

Conclusions

In this Chapter, numerical simulation and optimisation of long-term performance of multi-well
reservoir have been conducted for enhanced geothermal system (EGS) reservoirs. The
migration of high-pressure injected fluid in the reservoir and its impact on the temperature of
the reservoir is simulated using the COMSOL Multiphysics solver. The primary aim was to
model the impact of increasing production wells on the reservoir financial and long-term
performance on a non-commercial geothermal reservoir, which produce a mass flow rate less
than 80 kg/s. Accumulative thermal power production, production mass flow rate and levelised
cost are calculated to compare the results with the benchmark reservoir for two scenarios of
commercial feasibility of the reservoir (non-commercial and commercial reservoir). The results
of this study indicate the following:


Increasing the number of production wells in a non-commercial geothermal reservoir,
with a constant fluid injection pressure and distance between the injection and
production wells, enhances the production mass flow rate.



However, increasing the number of production wells cannot maintain the commercial
mass flow rate target (80 kg/s), which show that increasing the mass flow rate requires
additional design parameters that have been recommended by the MIT report.



On the other hand, in the case of a commercial geothermal reservoir with two production
wells, the increase in production wells has the potential to improve the thermal
production power by three times, compared to the non-commercial case.



The results show that there is a strong combination in the positive impact of increasing
both injection pressure and the number of production wells, which is the case in the
commercial designs.
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In the commercial stage, the levelised cost of the power production has improved by
12% within a reservoir comprising three production wells. However, within the noncommercial case, not all scenarios of increasing the number of production wells could
achieve lower cost than the benchmark levelised cost.



Although EGS reservoirs with high number of production wells theoretically feasible,
may not be practically doable. The results presented in this chapter is more a numerical
exercise than real cases. This is to show the impact of well numbers on the long-term
performance of EGS reservoirs.



The analyses demonstrated complex interactions between the number of wells, reservoir
parameters and their overall effects on the reservoir performance, particularly when
combined with financial considerations.

The current study in this chapter was conducted using log borehole data available from Soultz.
The analyses were carried out with the assumptions that other contributing factors such as
permeability, distance between wells, injection fluid temperature and the geological data do not
change. Hence, the conclusion of “three well production as optimum” cannot necessary be
extended to other reservoirs. Additional investigations have to be carried out to include these
factors and their mutual interactions. However, this work provides useful insights on how
optimised designs for multi-well reservoirs can potentially be achieved.
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CHAPTER SEVEN
7

A COUPLED DESIGN AND MANAGEMENT FRAMEWORK TO
OPTIMISE EGS MULTI-WELLS RESERVOIRS

7.1

Introduction

Chapters Four, Five and Six showed that achieving an optimum design of an EGS reservoir
with a commercial viability is a complex challenge for design engineers. In addition, previous
studies e.g. (Chen and Jiang, 2015, Chen et al., 2015, Fu and Carrigan, 2014, Vörös et al., 2007,
Yang and Yeh, 2009) have also investigated the sensitivity of different design parameters for
multi-well reservoirs. However, the literature (see Chapter two) shows that there are no studies
so far that have investigated the interdependency of reservoir design parameters and their
impacts on the long-term performance of EGS multi-well reservoirs, together with the
commercial feasibility of the system within an optimisation technique. Thus, this chapter
outlines the exploration of an optimisation procedure taking into consideration the
interdependency of the design parameters of EGS multi-well reservoirs and its influence on
reservoir performance over long periods in addition to the commercial feasibility of such type
of EGS reservoirs.
7.1.1 Economic Model
The total cost of EGS reservoir design is considered during the economic analysis and it is
calculated using Equation 3.13. In which, creation cost and operation costs are calculated using
Equations 3.10, and 3.12 respectively, see Section 3.2.4. in Chapter Three.
In this chapter, the Soultz geothermal site is used and the values are respected to the price in
France. Thus, pp =11.95 (US$/kwh), pr=20.33 (US$/GJ) and r=1.4% have been used.
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7.2

Optimisation Model

The proposed methodology in Chapter Three was used for the optimisation procedure of the
proposed EGS multi well reservoir used in this research. The optimisation approach was
developed based on the optimal number and configuration of production wells, equivalent
permeability of the reservoir and the fluid injection pressure.
The optimisation problem was formulated as a fitness function to evaluate different design
scenarios as an optimal value based on maximisation of the long-term performance of thermal
power production and commercial viability of the system).
7.3

Application

The developed hybrid optimisation technique (FE-GA) was applied to one of the most widely
investigated multi-well EGS reservoir in the Soultz France field. This research involved fully
coupled TH process and was subjected to: different boundary conditions, constant fluid
injection and production pressures, constant fluid injection temperature, and impermeable
boundaries with no fluid flow and heat flux allowed.
7.3.1 Formulation of Reservoir Design Models
The reservoir was subjected to different design scenarios; the efficiency of each design scenario
in terms of accumulative thermal power production and total cost was investigated and
compared. Three schemes are considered in each design scenario, where the design was
considered failed when:


Thermal drawdown after 10 years≥10%.



Production mass flow rate < 80 kg/s.



Reservoir Impendence > 0.1 (MPa.s/l).
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The optimisation process aims to maximise the accumulative thermal power production (f1) as
well as minimise the total cost of the reservoir (f2). The optimisation process is subjected to
different constraints for the design variables. To do so, the objective functions are
mathematically presented as follows:
max 𝑓1 = ∑𝐽𝑡=0 𝑁 × 𝑞 × (ℎ𝑝 − ℎ𝑖𝑛𝑗 )

Where N is the number of wells, q is the mass flow rate (kg/s) and hp and hinj are the specific
enthalpy of the production and injection fluid respectively.
min 𝑓2 = 𝑁 × (1.72 × 10−7 × 𝐷ℎ 2 + 2.3 × 10−3 × 𝐷ℎ − 0.62) + 𝑁. 𝑞. ∑𝐽𝑡=0

(∆𝑃.𝑝𝑝+𝜌𝑙 .𝑐𝑙 .∆𝑇.𝑝𝑟.ɳ)𝑡
(1+𝑟)𝑡

The constraints that bounded the input variables of each design are:
0 < 𝑃𝑖𝑛𝑗 ≤ 10 𝑀𝑃𝑎
200 < 𝑑 ≤ 600 𝑚
0 < 𝑘 ≤ 1𝑒 − 13 𝑚2
2 < 𝑁 ≤ 10

7.4

Results and Discussions

In order to evaluate the interdependency of the contributing parameters and their impacts on
the total cost and power production, a multi-optimisation process based on a genetic algorithm
was employed. In the developed optimisation approach, the optimum solutions are addressed
using multi objectives genetic algorithm (GA) using 400 generations and a population size of
50. The crossover used was 0.7 and mutation was 0.25 to generate the decision variables within
the upper and lower limits.
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The goal was to build a model that with minimum possible cost produces the maximum power.
However, the analysis shows that as the power increases the total cost increases as well. This
makes the problem a matter of finding an optimum solution, based on the available resources
in different scenarios of real cases. The variables were normalised within the optimisation
process between (0-1), where 0 refers to the minimum constraint of the variable and 1 refers to
the maximum values. The accumulative thermal power was also normalised such that 0 refers
to the minimum produced power of 575 MW and 1 refers to the maximum power of 3712 MW,
see Figure 6-1. As can be seen in Figure 7-1, before a decision on the selection of the best
optimum design is made, it is desired to evaluate the range of the design parameters that are
required for optimum solutions.
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Figure 7-1. Design parameters of the GA optimum designs

Thus resulted in a Pareto front shown in Figure 7-2, which shows that as the variables regulate
themselves to decrease the Total cost the ΣWhp drops, and vice versa. Each point on the Pareto
front refers to one set of values for the variables.
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Figure 7-2. Pareto front of the multi-objectives GA results

Hussain (2015), suggested that the most optimum solution in a Pareto front was the closest to
the origin. Based on this approach, Point S1 on the Pareto front (Yellow dot in Figure 7-2) is
the highest performance to satisfy both objectives (i.e. total cost and accumulative thermal
power).
Even though different methods have been suggested to deal with the result of multi-optimisation
analysis, and pick the best one. It still can be an open problem, since in many cases the total
cost is set beforehand. Because of this, only a part of the Pareto front may be possible to use
and thus S2 on the Pareto front (Green dot in Figure 7-2) is the least total cost design.
Alternatively, on the other hand, the amount of power, which is needed, is a fixed objective,
and the total cost can vary within a range. Thus, S3 (Blue dot in Figure 7-2) is the highest
accumulative thermal power. In either case, the above-mentioned methods can be used to
evaluate the possible sets of contributing model design parameters.
The design parameters of the three selected best designs (i.e. S1, S2 and S3) can be seen in
Table 7-1. The design parameters of the least cost design (S2) reveal that for design with the
least cost, the variables regulate to have minimum number of production wells, fluid injection
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pressure and distance between the injection and production wells, with a relatively high
equivalent permeability. Compared to S2, S3 has a high number of production wells, fluid
injection pressure and distance between the injection and production wells, with high equivalent
permeability. Nevertheless, the best solution satisfying both objectives (cost and power) has
conservative design parameters with respect to the other selected best solutions (i.e. S2 and S3).
Table 7-1. The design parameters of the selected best optimum solutions S1, S2 and S3

Best designs

d (m)

k (m2)

N

Pinj (MPa)

S1
S2

593
305

6.086e-14
6.598e-14

5
2

1.793
0.793

S3

594

7.856e-14

7

4.566

The production mass flow rate, temperature profile and hydraulic impedance for the selected
optimum designs S1, S2 and S3 are compared in Figure 7-3, Figure 7-4 and Figure 7-5
respectively. The mass flow rate of the three solutions show that the mass flow rate increased
proportional to the increase of the number of production wells. However, the effect of high
mass flow rate is evident on the temperature decline of the production fluid (thermal draw
down). S3 has a fast temperature decline of the reservoir and only could maintain 1% of the
initial reservoir temperature for 11 years of heat extraction process, and S1 design has reached
the criterion TD after 13 years of heat extraction. While, S2 design has a slower decline in
reservoir temperature and maintains the high production temperature above 1% of the initial
temperature (200 ᵒC) for the entire 25 years of extraction rate compared to S1 and S3.
Nevertheless, all the selected extreme optimum solutions (i.e. S1, S2 and S3) have result in a
very low value of hydraulic impedance over maintaining high mass flow rate through high
permeability and low injection pressure. This evidence the importance of select an appropriate
value of reservoir permeability.

137

Chapter Six: A Coupled Design and Management Framework to Optimise EGS Multi-Wells
Reservoirs

700
S1

600

S2

S3

m (kg/s)

500
400
300
200
100
0
0

10

20

30

40

50

Time (years)

Figure 7-3. Mass flow rate production of S1, S2 and S3
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Figure 7-5. Hydraulic impedance of S1, S2 and S3

7.5

Conclusions

In this Chapter, using the numerical simulation conducted in Chapter Six, optimisation of longterm performance of multi-well reservoir have been conducted for enhanced geothermal system
(EGS) reservoirs. During the optimisation process, the following points were considered:


The economic analysis for the total reservoir cost (both creation and exploitation
process) was conducted based on the results of the numerical analysis and thermal
power production are input as fitness functions in a hybrid optimisation technique
conducted with a Multi-objectives genetic algorithm GA based on Livelink COMSOL
with MATLAB script.



Five objectives are considered to be achieved within the optimisation process; three
objectives are considered implicitly within the fitness function (reservoir service life
(thermal drawdown), mass flow rate of the production wells and the hydraulic
impedance of the production wells). While the other two objectives (i.e. power
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production and reservoir total cost) are considered as the main multi-objectives within
the fitness function.


The optimisation of the reservoir considered four variables (number of production wells,
the distance between injection and production wells, equivalent permeability of the
reservoir and injection fluid pressure). These parameters are representing geometry
design, material properties and boundary conditions and the optimisation of such multi
disciplines within a model induce challenges for researches for the optimisation process.
To overcome all of these challenges, a smart code during the numerical modelling and
the fitness function was developed.

The results showed that:


to achieve a long service life, lower cost and low hydraulic impedance, low injection
fluid pressure and long distance between injection and production wells are required.



However, to maintain a commercial mass flow rate (80 kg/s) and an efficient power
production, it is significantly important to have a high equivalent permeability of the
reservoir and high number of production wells.
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CHAPTER EIGHT
8

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER
RESEARCH

Enhanced geothermal system (EGS) reservoirs are artificial deep reservoirs designed to exploit
geothermal power in hot dry rocks to generate electricity. Previous research has shown that
EGS reservoirs have large potential to be exploited as a cost-effective renewable source of
energy providing if their designs are optimised. The key to a cost-effective EGS reservoir
design lies in low creation and operation costs, coupled with being able to achieve effective
long-term performance (i.e. a commercially feasible design), which has a minimum mass flow
rate of 80kg/s and minimum production temperature drop of 10% over long periods of
exploitation.
Much research has been conducted to understand the long-term performance of EGS reservoirs.
These have been concluded that natural design parameters of EGS reservoirs, such as rock
thermal properties, geothermal gradient and porosity, have little impacts on improving the longterm performance of EGS reservoirs. However, artificial (man-made) design parameters, such
as well placements, number of wells, injection fluid pressure and reservoir permeability, have
significant influence on improving the performance of EGS reservoirs over long periods.
Therefore, different optimisation techniques have been applied to investigate optimum designs
of EGS reservoirs that meet practical considerations and constraints of a geothermal reservoir
i.e. thermal drawdown, thermal power production, reservoir impedance and commercial
feasibility of reservoir designs. Most of the previous research published has used parametric
studies as optimisation techniques and some have used other techniques such as multivariate
adaptive regression, fmincon and genetic algorithm.
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However, the results of previous research have showed that artificial design parameters have a
complex impact on optimisation objectives. For example, the distance between injection and
production wells have various impacts on optimisation objectives, whilst longer distances can
improve thermal drawdown, shorter distances can have a negative impact on thermal production
energy over long periods. In addition, high values of fluid injection pressure and permeability
of reservoirs have major impacts on increasing mass flow rate and subsequently thermal power
production, but the same parameters have negative influences on thermal drawdown of
reservoirs.
Previous work has mainly focused on investigating the impact of single or multi design
parameters in an individual approach on EGS reservoir performance without considering their
interdependency during heat extraction process and their impacts on creation and exploitation
costs.
Although previous studies provide some basic understanding of EGS reservoir designs, without
taking into account the interdependency of key design parameters, solutions of optimum costeffective designs are not practical. Consequently, this can limit the potential of EGS reservoirs
and prevent their use as a reliable and commercially feasible source of energy.
This research therefore proposed to use artificial intelligence combined with computational
models to find optimum design of EGS reservoirs. Thus, the research methodology used in the
research presented here adopted an advanced systematic approach to enhance long-term
performance of EGS reservoirs through integration of finite element (FE) analysis and a genetic
algorithm (GA) optimisation technique, to find optimum designs of EGS reservoirs.
This hybrid optimisation approach gives an insightful understanding of EGS long-term
performance with regards to thermal power production and financial consideration over its
service life.
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This chapter presents a summary of key conclusions achieved in this research and
recommendations for further research to gain a better understanding of EGS systems.
8.1

Conclusions

The research presented in this thesis conducted an optimisation technique to improve long-term
performance of EGS reservoirs. The key contribution of the research is associated the
development of numerical models integrated with an artificial intelligence application such as
genetic algorithm GA. To do so, the optimisation procedure overall required:


An understanding of the influences of artificial design parameters of EGS reservoirs on
design efficiency over long periods, to define optimisation variables and their
constraints on the optimisation process.



An economical model to analyse the commercial feasibility of EGS reservoir design for
both during and post design stages.



An appropriate code to link FE model and economic model with GA for a robust
optimisation procedure to be developed, to allow the study of the interdependency of
design parameters during thermal and economy analysis.

The study achieved the conclusions presented in the following subsections.
8.1.1 Impact of Artificial Design Parameters
In Chapter Four, numerical simulation and parametric study of design parameters of the longterm performance of a doublet well EGS reservoir have been conducted through:
1. The migration of injected fluid with high pressure in the reservoir and its impact on
production temperature was simulated using COMSOL Multiphysics solver.
2. The verification of the numerical model showed a good agreement with numerical
solutions in the literature.
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3. Sensitivity analysis was conducted to evaluate the response of long-term performance
of EGS reservoirs to different artificial design parameters using two methods:


First method consisted of parametric studies to analysis the impacts of these design
parameters on reservoir production temperatures, mass flow rates and thermal
power production over a given time.



Second method was used to determine the impacts of the same design parameters
on accumulative thermal power production of the reservoir design at thermal
breakthrough times i.e. end of reservoir service life.

The results of the sensitivity analysis showed that:
 It is highly important to consider the accumulative thermal power production to the end
of the reservoir service life, which is the thermal breakthrough time, rather than to the
end of a given time. This assumption was applied to avoid overestimations of thermal
power production of a reservoir design as long as reservoirs are going to be depleted at
the thermal breakthrough time.
 The results also showed that well spaces directly affect the determination of the heat
coverage volume of the reservoir i.e. the actual volume of EGS reservoirs that is subject
to heat exploitation. Consequently, well spacing affects the amount of the exploited heat
from the rock and thus the thermal breakthrough time of reservoirs. Short distances
result in high mass flow rate and consequently produce high thermal power production
at early stages of heat extraction processes. However, increasing distance between
injection and production wells produce low mass flow rate but effective thermal power
over longer periods.
 On the other hand, based on the accumulative thermal power at thermal breakthrough
time, the results presented in this thesis showed that there is a peak value of distance
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between injection and production wells that produces the maximum thermal power
production; in this research, this was found to be 0.85 of the given values during the
parametric study.
 The first method of sensitivity analysis showed that longer distances could provide high
thermal power production. However, based on the second method, the results revealed
that the highest values of the distance between injection and production wells are not
the peak value that produces maximum accumulative thermal power.
 The results further showed that fluid injection pressure and reservoir permeability have
the same trend with respect to the impact on reservoir production temperature, thermal
power and mass flow rate. Both parameters are directly proportional to the production
mass flow rate i.e. high values of injection pressure and reservoir permeability produce
high mass flow rates. As a result, these directly affect the rate of heat extraction from
EGS reservoirs.
 On the other hand, increases in injection pressure or reservoir permeability, results in
accelerating temperature drop of production wells. Nevertheless, the results based on
accumulative thermal power at breakthrough time, revealed that a range of value ratios
of both parameters could produce high accumulative thermal power. For example, for
the injection pressure, range of 0.20 to 0.88 of injection pressure values produce high
accumulative power with a maximum value at 0.21 of injection pressure. While, for the
reservoir permeability, range of 0.13 to 0.87 of the given values produce high
accumulative thermal power with a maximum production at 0.87 of permeability given
values.
 In addition, the depth of EGS reservoirs directly affects the rate of heat extraction
because deeper reservoirs have higher temperatures with respect to geothermal gradient.
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On the other hand, deeper reservoirs require higher capital costs for the creation process.
Therefore, there is a strong need to find out the peak value of reservoir depth that
provides a cost-effective design.
 Fluid injection temperature was showed to be inversely proportional to the primary rate
of heat extraction. However, based on accumulative thermal power, fluid injection
temperature had insignificant impact on reservoir thermal production power compared
to the other contributed design parameters.
 Furthermore, maximum mass flow rate could be produced was 30 kg/s, and this value
was achieved during the parametric study of injection pressure and reservoir
permeability. It can be observed that different designs of doublet well EGS reservoirs
still could not maintain commercial mass flow rate (80 kg/s).
The results of the sensitivity analysis using the first method showed good agreements with the
previous studies of the impact of the artificial design parameters on the reservoir performance
over a given time. However, using the second sensitivity method i.e. based on accumulative
thermal power at breakthrough time, the results showed disagreements with previous studies.
This was because thermal power is a function of temperature and mass flow rate; therefore,
reservoirs can still produce thermal power theoretically with high mass flow rates having low
temperature. Thus, there is an overestimation of thermal power production when considering
the power production after the breakthrough time.
8.1.2 Optimisation of Doublet Well Reservoir
Chapter Five proposed an advanced systematic approach to enhance long-term performance of
EGS reservoirs. In Chapter Five, an integration of FE analysis and multi-objective and multi-
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variable GA optimisation technique was applied to find optimum designs of a doublet well
reservoir.
During the optimisation process, two scenarios were considered:
 The first scenario considered distance between wells, injection pressure, reservoir
permeability and maximum depth of reservoir design as variables.
 While the second scenario considered the same variables except reservoir permeability,
which was kept constant.
Results of both optimisation scenarios revealed that:
1. The permeability of the reservoir had a significant influence on selecting the other
artificial design parameters. For example, in the case of keeping reservoir permeability
constant, the optimisation process selected higher injection pressures, deeper reservoir
depths and longer well spaces compared to the case of considering permeability as a
variable.
2. The selection of the parameters during the optimisation process were made based on the
optimisation objectives. Consequently, high mass flow rate and consequently thermal
power production could be maintained through the permeability of the reservoir rather
than the injection fluid pressure. Thus, low injection pressure had been selected to
achieve low exploitation costs.
3. This hybrid optimisation approach gives an insightful understanding of EGS long-term
performance regarding thermal production power of EGS reservoir designs, financial
consideration and reservoir service life.
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4. In addition, the results show that there is a complex interaction between the reservoir
design parameters, which can increase challenges for decision-makers responsible for
design and operation of an EGS reservoir.
8.1.3 Impact of Number of Production Wells
In Chapter Six, numerical simulation and parametric study was used to find optimum number
of wells in a multi-well reservoir. The primary aim in Chapter Six was to model the impact of
increasing production wells on the reservoir financial and long-term performance in a noncommercial geothermal reservoir. Accumulative thermal power production, production mass
flow rate and levelised cost were calculated to compare the results with the benchmark reservoir
for two scenarios of financial consideration of the reservoir (non-commercial and commercial
reservoir).
The results of this study indicated the following:


Increasing number of production wells in a non-commercial geothermal reservoir with
a constant fluid injection pressure and distance between the injection and production
wells enhances the production mass flow rate. However, more wells could not maintain
the commercial mass flow rate target (80 kg/s).



On the other hand, in the case of a commercial geothermal reservoir with two production
wells, the increase in production wells has the potential to improve the thermal
production power by three times, compared to the non-commercial case.



During the commercial stage, the levelised cost of the power production improved
within a reservoir comprising three production wells. However, for the non-commercial
case, none of the designs i.e. with more production wells, could achieve lower levelised
cost than the two production wells.
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The study in Chapter Six was conducted using log borehole data available from Soultz. The
analyses were carried out with the assumptions that other contributing factors such as
permeability, distance between wells, injection fluid temperature and the geological data did
not change. Hence, the conclusion of “three well production as optimum” cannot necessary be
extended to other reservoirs.
8.1.4 Optimisation of Multi-Well Reservoirs
In Chapter Seven, optimisation of long-term performance of a multi-well reservoir was
conducted. During the optimisation process, the following points are considered:
1) The economic analysis for the total reservoir cost (both creation and exploitation
process) was conducted based on the results of the numerical analysis and thermal
power production. A hybrid optimisation technique conducted with a Multi-objectives
genetic algorithm GA based on LiveLink COMSOL with MATLAB script
2) Five objectives were achieved within the optimisation process covering many objectives
of long-term performance of EGS reservoirs. Three of them were considered implicitly
within the fitness function (reservoir service life (thermal drawdown), mass flow rate of
the production wells and the hydraulic impedance of the reservoir). While the thermal
power production and reservoir total costs were considered as the main multi-objectives
within the fitness function.
3) The optimisation of the reservoir considered four variables including number of
production wells, the distance between injection and production wells, reservoir
permeability and injection fluid pressure.
The results showed that to achieve a long service life, lower cost and low hydraulic impedance,
low injection fluid pressure and long distance between injection and production wells are
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required. However, to maintain a commercial mass flow rate (80 kg/s) and an efficient power
production, it is important to have a high equivalent permeability of the reservoir and high
number of production wells.
8.2

Recommendations for Further Research

The proposed methodology, in this thesis, can be used to:


Transform the way EGS reservoirs are currently exploited leading to a cost effective
power source.



It has the flexibility and potential to be adapted during and post design of EGS
reservoirs.



In addition, if further information becomes available, such as the availability of more
experimental data for reservoir exploitation over long periods, the code has the ability
to include more objectives such as chemical impacts of different injection fluids to
improve reservoir long-term performance.



Moreover, it can be applying to optimise other disciplines such as oil and gas reservoirs,
due to its applicability to include the interconnection of design parameters in a single
optimisation technique.

Due to the limited time for the research, the following points are recommended for further
research:
1) Research needs to be extended to consider a site including many wells and reservoirs.
This is important to calculate the impact of the distance between reservoirs on the site
long-term performance.
2) It is highly recommended to consider the required maintenance cost for the reservoir
after the breakthrough time and how this affects the reservoir long-term performance.
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3) Modelling and optimisation of EGS reservoirs with fractures are important to monitor
reservoir long-term performance with different fracture shapes and other design
properties.
4) Risk assessment of seismic is important to be added to optimisation process as long as
it was one of the serious issues that resulted in EGS reservoir failure and consequently
project shut down.
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APPENDIX A
THE USE OF COMSOL MULTIPHYSICS SOLVER
A-1 An Introduction to COMSOL Multiphysics
COMSOL Multiphysics code was used in the finite element analysis as this is an appropriate
solver, which has tools to overcome non-linear initial and boundary conditions problems
resulted from a fully coupled Thermal-hydraulic process during the simulation of heat
extraction process.
A-2 General Steps of Model Development in COMSOL Multiphysics
The creation of a model in COMSOL Multiphysics require the following main steps
(COMSOL-Multiphysics, 2016):
Definitions; In order to efficiently create and handle the FE model, parameters, initial condition
functions, and properties of surfaces of interest are defined. In addition, certain domains,
boundaries and points are defined and named to specify probe areas to get outputs. In this
manner building and probing the output throughout the model is more efficient particularly
when the FE integrated with the GA. It is worth mentioning that the step function is defined
during building of the FE model in order to guarantee the initial conditions of the reservoir for
both the pressure and temperature.
Geometry; the geometry tool is used to build the FE model with different space dimensions
such as 0D, 1D, 1D axisymmetric, 2D, 2D axisymmetric, or 3D. The reservoirs in both models
doublet and multi-wells designs were modelled in 3D solid domain. While the wells are
modelled in 2D (more details can be found later in chapters 4 and 6). In this research, the size,
shape and positions of the reservoirs and their parts were parametrised (explained in this
chapter) using the parameter tool in COMSOL.
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Material definition; through adding a blank material in COMSOL, list of properties is
accessible and allow the user to define appropriate values for each material used during the FE
analysis. In this research, in order to guarantee the fully coupled of the Thermal-Hydraulic
process, the properties of the water are assumed pressure and temperature dependent, see Figure
A-1. More details about the rock matrix properties can be found in Chapters Four and Six.

Figure A-1. Material properties of the water during the numerical analysis

Physics; the set of the constitutive models in the FE model in COMSOL Multiphysics requires
defining the physics involved in the numerical analysis. In this research, the coupled thermalhydraulic physics are involved. Thus the heat transfers in porous media and the subsurface flow
(Darcy’s Law) modulus are selected as the governing equations (see section 2.5.1 in Chapter
Two) to replicate the real behaviour of the reservoir during heat extraction process.
Initial and boundary conditions; In COMSOL the initial and boundary conditions can be easily
defined by adding appropriate features to the physics of the problem in form of sub-nodes. In
this research, the initial and boundary conditions for the temperature and pressure are defined
for the models, more details can be found in Chapters Four and Six.
Meshing; In COMSOL, there are two approaches available to create the mesh, which are
physics controlled mesh and user controlled mesh. In this research, the user control approach
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is preferred because it is less time consuming, more details about the meshing of the developed
FE models can be found in Chapters Four and Six.
A-3 Challenges During Methodology Development
The guarantee of the integration of FE and GA requires the parametrise of all variables within
the numerical simulation approach. The challenges of the research consider the variability of
the geometry, boundary and initial conditions, material properties and output results. Therefore,
there was a strong need to find mathematical relations to allow the run of new designs within
the GA.
To overcome this issue, the following relations have been set during the modelling of both
doublet and multi-wells models for each variable in the optimisation process:
A-3-1 Parametrise Model Geometry
For the doublet well reservoir, the reservoir is taken as a symmetry model therefore, half of the
reservoir is modelled, and more details can be seen in Chapter Four. The distance between
injection and production well is taken as a variable (d). In addition, the maximum depth of the
reservoir is taken as the variable (Dh). Accordingly, the geometry of the reservoir is taken in
terms of d and Dh, see Figure A-2.
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(1) Injection well

(2) Production well

Figure A-2. Wells position within building the geometry of the doublet well reservoir design

In the case of the Multi-well reservoir model, the geometry requires more parametrising in order
to guarantee the wells configuration and numbers to be taken as variables within the
optimisation process. Accordingly, the number of production wells has been set in terms of N,
see Figure A-3.
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(1) Injection well

(2) Production well

(3) Build additional production wells

Figure A-3. Wells position within building the geometry of the multi-well reservoir design

A-3-2 Parametrise Initial and Boundary Conditions
For the doublet and multi-wells reservoir designs, the initial and boundary conditions are treated
the same, because both models are considered fully coupled of thermal and hydraulic processes
(see Section 3.1.2.). The initial condition for both models (doublet and multi-wells) is divided
into two parts including initial thermal and hydraulic conditions, more details can be found in
Chapters 4 and 6. Hence, the parametrise of injection temperature, injection pressure and initial
7
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thermal and pressure of the reservoir is in terms of Tinj, Pinj, Tinit and temperature gradient
Tg, as can be seen in Figure A-4 Maximum depth of z is at Dh which is a variable within the
optimisation process.

(1) Defining the reservoir initial temperature using analytical function

(2) Initial reservoir temperature

Figure A-4. Parametrise the initial temperature of both reservoir designs

In the case of the initial hydraulic conditions, the flow within the reservoir is considered as
laminar and in a hydrostatic condition, hence Darcy’s law is employed. The initial reservoir
pressure is changing during GA in terms of Dh (i.e. maximum z is at Dh), see Figure A-5.
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Figure A-5. Parametrise the initial temperature of both reservoir designs

For the boundary conditions, the following parametrise actions were required in order to
consider the impact of the change in the variables within GA:
Pressure of injection well: injection pressure of the fluid is an artificial design parameter and it
has been selected to be a design variables during GA, see Chapter Four. Thus, it is parametrised
in terms of Pinj. To do so, it was desired to build a step function to guarantee the initial
condition of the injection well, as it can be seen in Figure A-6.

Injection well

Production well

Figure A-6. Parametrise the boundary condition of injection and production pressures

Temperature of Injection well: injection temperature of the fluid is an artificial design parameter
and it was required to be tested to find out the sensitivity of the reservoir long-term performance
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of EGS to this factor, see Chapter Four. Thus, it has been parametrised in terms of Tinj, see
Figure A-7.

Figure A-7. Parametrise the boundary condition of injection temperature

A-3-3 Parametrise Model Material
The reservoir is considered as single porosity with a continuum rock matrix and equivalent
permeability is applied to present both rock matrix and fracture; more details can be seen in
Chapter 4 and 6. The equivalent permeability is taken as a variable (k). Accordingly, the
material of the reservoir is taken in terms of kx, ky and kz for the doublet well reservoir and kr
for the multi-well reservoir, see Figure A-8.

Doublet-well model

Multi- well model

Figure A-8. Parametrise the material of both doublet and multi-well models
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A-3-4 Parametrise Outputs
In order to analysis output data of FE model within the optimisation process, parameterising
the output was desired particularly when the output position is changing with both variables d
and Dh. For both models doublet and multi-well reservoirs, the downhole of production wells
are considered to be the critical point that requires to be taken for the analysis. To do so, the
output values are defined from points at the base in terms of d and Dh, for all the required
outputs including production temperature, mass flow rate, density, specific heat, dynamic
viscosity and enthalpy, see Figure A-9.

Injection well

Production well

Figure A-9. Wells position within building the geometry of the doublet well reservoir design
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Study; since the research aims to optimise the long-term performance of EGS reservoirs, the
transient analysis is applied for the FE analysis. Thus, the time dependent study was selected.
In order to guarantee the initial conditions of the FE model, the function Step within the
component definition was used and used as the following.
Results; COMSOL provides outputs at predefined points, edges, surfaces and domains. These
results can be presented in form of graphics or table of values. The produced results of the FE
model in COMSOL is accessible from either COMSOL itself or the linked MATLAB script.
This feature is important as long as the hybrid optimisation technique requires using the outputs
of the FE model as inputs within GA in each iteration.
Linking with MATLAB; the advantage of using COMSOL as the FE model and Matlab for GA
is the coupling capability of these two software through the COMSOL MATLAB LiveLink
tool. Using this advantage allows to process the optimisation fluently.
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APPENDIX B
PROGRAMING CODE
In order to use the hybrid optimisation technique, the following codes have been developed
during the research:
B-1 Link FE with MATLAB Script
function y= ModelMulti(myd,mykr,myN,myPinj)

%%%
global TP
global PEntha
global qp
global InjEntha
global qin
global T0
global DenW
global CPw

format long e
%%%

import com.comsol.model.*;
import com.comsol.model.util.*;

model = mphload('BSnoSelection');

model.param.set('d',[num2str(myd), '[m]']);
model.param.set('kr',[num2str(mykr), '[m^2]']);
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model.param.set('N',num2str(myN));
model.param.set('Pinj',[num2str(myPinj), '[MPa]']);

model.sol('sol1').run;

% y = mphinterp(model,'v','coord',[0;1]);
% TP= model.result.table('tbl2').getTableData(false);
% PEntha= model.result.table('tbl3').getTableData(false);
% qp= model.result.table('tbl1').getTableData(false);
% InjEntha= model.result.table('tbl6').getTableData(false);
% qin= model.result.table('tbl4').getTableData(false);
% Tinjec= model.result.table('tbl5').getTableData(false);
%
y1 = mphinterp(model,'dl.pr2.Mflow','coord',[myd-0.5;0;-4500]);
y2 = mphinterp(model,'T','coord',[myd-0.5;0;-4500]);
y3 = mphinterp(model,'ht.H','coord',[myd-0.5;0;-4500]);
y4 = mphinterp(model,'dl.pr1.Mflow','coord',[0.5;0;-4500]);
y5 = mphinterp(model,'T','coord',[0.5;0;-4500]);
y6 = mphinterp(model,'ht.H','coord',[0.5;0;-4500]);
y7 = mphinterp(model,'dl.rho','coord',[myd-0.5;0;-4500]);
y8 = mphinterp(model,'ht.Cp','coord',[myd-0.5;0;-4500]);
qp= y1;
TP= y2;
PEntha =y3;
qin= y4;
Tinjec= y5;
InjEntha = y6;
T0=TP(1);
Tin=Tinjec(50);
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DenW=y7;
CPw=y8;

end

B-2 Fitness Function:
function [y]= FitMultNorm(A)
% global Pd

global TP
global PEntha
global qp
global InjEntha
global qin
global T0
global DenW
global CPw
% A(1)=1;A(2)=0;A(3)=1;A(4)=1;
tic
TD=ones(51,1);power=ones(51,1);Cost=ones(51,1);IM=ones(51,1);M=ones(51,1);
format long e
minx(1)=200;maxx(1)=600;
minx(2)=0;maxx(2)=1e-13;
minx(3)=2;maxx(3)=10;
minx(4)=0;maxx(4)=30;

x(1)=A(1)*(maxx(1)-minx(1))+minx(1);
x(2)=A(2)*(maxx(2)-minx(2))+minx(2);
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x(3)=A(3)*(maxx(3)-minx(3))+minx(3);
x(4)=A(4)*(maxx(4)-minx(4))+minx(4);

d=round(x(1));
% d=int(600);
kr=x(2);
% kr=1e-14;
N=round(x(3));
% N=int(4);
Pinj=x(4);
% Pinj=8;
ModelMulti(d,kr,N,Pinj)

pp=11.95 ; pr=20.33 ; r=0.014;effe=0.45;
DR=1.72e-7*5000^2+2.3e-3*5000-0.62;
% Pd=0+(DR-1.9971)*(0.1-0)/(5.3971-1.9971) This is for normalised
Pd=(N+1)*DR;
for i=1:51
TD(i)=(T0-TP(i))/(T0-323.15);
power(i)=(PEntha(i).*qp(i)+InjEntha(i).*qin(i))/1E6;
Cost(i)=1e-3*qp(i)*(((Pinj*pp/3.6)+DenW(i).*CPw(i)*1e-9*(T0TP(i))*pr*effe)/(1+r)^(i))*3.154e7;
M(i)=qp(i);
IM(i)=(2*Pinj)/(M(i)/N);
end
pwh=0; CP=0; W=0;
% if(qp(50)<80)
%
%

pwh=-1;Tcost=1;
else
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if (TD(11)>=0.1 || M(11)<80 || IM(11)>0.2)
pwh=0;
Tcost=10000;
% %

Pd=100;

% if(M(11)<=80);
%

pwh=0;

%

Tcost=10000;

% %

Pd=100;

% if(IM(11)>0.2);
%

pwh=0;

%

Tcost=10000;

% %

Pd=100;

else
for i=1:51
if (TD(i)<0.1 || M(i)>=80 || IM(i)<=0.2)

pwh= pwh+power(i);
CP=CP+Cost(i);
else
break

end

end

% end

5

Appendix B: Programming Code

W=CP/1e6;
Tcost=W+Pd;
% Tcost=Pd;

%Operation and creation
%just drilling cost

%
% y(1)=Tcost;
% y(2)=-pwh;

% % MultiObjectives % %

%

end
MR=M(11);
IMR=IM(11);
TDR=TD(11);
% y=-pwh/Tcost

%this just for one objective

% TcostMax=10000;
% pwhMax=7000;
% ParAlfa=1.2;
% y=(-pwh/pwhMax)+ ParAlfa*(Tcost/TcostMax)

%this

for normalised one

objective
y(1)=-pwh;

%%%%%%%%%%%%%%%%

y(2)=Tcost;

%%%%%%%%%%%%%%%%MultiObjectives
cputime=toc
dtime=datestr(now, 'HH:MM:SS')
fileID = fopen('C:\Users\mys172\my sim\Full1Objhome.txt','a');
formatSpec = 'cputime is %5.1f and MR is %5.2f and IMR is %5.3f and TDR is
%5.3f Pd is %6.2f and W is %6.2f and Tcost is %6.2f and pwh is %5.1f where
d m is %4.1f & kr m^2 is %22.18f & N is %3.1f &

Pinj MPa is %4.2f

f\r\n';

fprintf(fileID,formatSpec,cputime,MR,IMR,TDR,Pd,W,Tcost,pwh,d,kr,N,Pinj)
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fclose(fileID);
% %
% formatSpec = 'cputime is %5.1f and Tcost is %6.2f and pwh is %5.1f where
d m is %4.1f & kr m^2 is %22.18f & N is %3.1f &

Pinj MPa is %4.2f

f\r\n';

% fprintf(fileID,formatSpec,cputime,Tcost,pwh,d,kr,N,Pinj)
% fclose(fileID);
% %
fileID2 = fopen('C:\Users\mys172\my sim\datahome.txt','a');

formatSpec2 = ' %5.2f
%22.18f

%3.1f

%5.3f

%5.3f

%6.2f

%6.2f

%6.2f

%5.1f

%4.1f

%4.2f \r\n';

fprintf(fileID2,formatSpec2,MR,IMR,TDR,Pd,W,Tcost,pwh,d,kr,N,Pinj)
fclose(fileID2);
%
% formatSpec2 = '%6.2f

%5.1f

%4.1f

%22.18f

%3.1f

%4.2f \r\n';

% fprintf(fileID2,formatSpec2,Tcost,pwh,d,kr,N,Pinj)
% fclose(fileID2);
%

end
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B-3 Use GA Optimisation Tool:
% MainProgramm Call GA
clc
clear all
fileID = fopen('C:\Users\mys172\my sim\Full1Objhome.txt','w');
fclose(fileID);
fileID2 = fopen('C:\Users\mys172\my sim\datahome.txt','w');
fclose(fileID2);
optimtool('ga')
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APPENDIX C
THE OGS (OPENGEOSYS) SOFTWARE
C-1 Introduction
In this study, the research is going to be carried out using an open source project OpenGeoSys
(OGS) software (http://www.opengeosys.org/resources/downloads). The OGS software is used
to develop numerical models of THM coupled process based on FE method in HDR geothermal
reservoir and other application areas such as water resources management, waste depositions,
hydrology and CO2 sequestration.
C-2 Case Study
The geological data in this research corresponds to the Spa Urach geothermal field in Germany
at depth from 3850 m to 4150 m as shown in Figure C-1. The fractured porous reservoir locates
within -4150m < z < -3850m in vertical direction and 0 < x < 400m in horizontal direction from
the injection well. This site is applicable as a case study as long as its geothermal gradient is
about 30 ᵒC/km at depth more than 1600 m, and this is likely as the average geothermal of the
earth (Watanabe et al., 2009). The model is applied to an equivalent porous medium in three
dimensions based on FEM.
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Figure C-1. The reservoir model (adopted from Watanabe et al. (2009))

C-2-1 Input Data
The input data that have been used for the simulation of the HDR geothermal model are:


The reservoir geometry (wells depth, distance between wells, the reservoir dimensions,
etc.).



Input geometric data (elements, nodes, coordinates, etc.).



The time discretization (TIM).



The Initial conditions (the pressure and temperature gradients of the domain at time
zero).



The boundary conditions (the pressure of the liquid flow within the injection and
production wells, the injected liquid temperature).



The material medium properties of the domain (MMp) including porosity, permeability
tensor.



The material fluid properties (MFP) including (the fluid type, the density, the viscosity,
the specific heat capacity and the specific heat conductivity).
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The material solid properties (MSP) including (the Young’s modulus, the Poisson ratio,
the thermal expansion, the heat capacity and the heat conductivity).

The material properties input of the site are presented in Table C-1:
Table C-1. The material properties of the Spa Urach geothermal field (Watanabe et al., 2009a)

Parameter

value

units

Porosity (𝜃𝑚 )

0.50%

Permeability (k)

kx= 1.53e-15; ky=kz=0.57e-15

m2

Specific storage (𝑆𝑠 )

1.00e-10

Pa-1

Solid density (ρm )

2850

kg/m3

Solid specific heat capacity (cm )

3

J/(kg.K)

Solid heat conductivity (λ𝑚 )

60

W/(m.K)

Young's modulus (E)

0.25

GPa

Poisson ratio (v)

1.00e-05

Solid thermal expansion coefficient (𝐵𝑇 )

1000

K-1

Fluid density (ρw )

0.0002

kg/m3

Fluid dynamic viscosity (μ)

1000

Pa.sec

Fluid specific heat capacity (cw)

4210

J/(kg.K)

Fluid heat conductivity (λ𝑤 )

0.6

W/(m.K)
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C-2-2 Output Data
The output data is the pressure and the temperature of the domain in terms of values and
profiles. In this stage, the main output is specified to be the distance of the maximum
temperature profile from the injection well to investigate the thermal evolution of the reservoir
as a function of time.
C-3 Sensitivity Analysis
The analysis of the sensitivity of the thermal evolution of the geothermal reservoir to the main
parameters is important in order to determine the influence of the most effective input
parameters for characterisation of proposed model.
The critical parameters affecting the reservoir performance are the permeability of the matrix,
the temperature and the pressure of the injected fluid and the size of the reservoir. Hence, the
sensitivity of the thermal evolution of the geothermal reservoir will be tested to the above
factors.
C-3-1 Sensitivity to the Time Factor (TIM):
The temperature profile of the geothermal reservoir was calculated for different periods of time
(from 1 to 25years) every 5years. With time the reservoir temperature decreased near the
injection well as can be seen in Figure C-2, the maximum value of the reservoir temperature
(433K°) between 5 to 25 years is gradually moving away by about 28m every 5 years from the
injection well. However, for the first year there is a quick moving of (433K°) about 36m away
from the injection well, and 38m for the next four years. This is a significant point that should
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be considered during the research to avoid this sharp reduction in the temperature profile at the
early stages.
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Temperature (K)
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time=1year

400

time=5years
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time=10years

360

time=15years
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340
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320
300

0

50

100

150
200
250
300
Distance from Injection well (m)

350

400

Figure C-2. Comparison of temperature profiles for different times of the reservoir life

C-3-2 Sensitivity to Permeability Tensor:
The permeability of the matrix (crystalline rock) is ranged as (1.0 e-13 to 1.0 e-18) m2 /sec
(Brace, 1984). However, in the case of assuming high permeability the matrix, higher than or
equal to (0.99e-14 m2 /sec), the performance of the reservoir is decreased and as can be seen in
the Figure C-3.

Figure C-3. Thermal evolution of the reservoir to high permeability tensor (k=0.53e-14 m2/sec)

The high permeability tensor is not applicable in this case study, even if the selected value was
within the range in crystalline rock, this might occur when the initial and boundary conditions
were not appropriate for higher permeability. Therefore, to assess the sensitivity of the reservoir
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to the permeability tensor, small increments (about 2.0 e-15 m2/sec) is applied to the
permeability parameter.
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Figure C-4. Comparison of temperature profiles for different permeability values at constant Pinj and time of 25
years

With the insignificant increase in the permeability tensor, the maximum temperature
significantly moves away from the injection well as can be seen in Figure C-4. This reasonably
happened because of the higher fluid flow as long as the fluid flux depends on the permeability
of the matrix. Consequently, cause significant drawdown in the temperature of the reservoir.
As can be seen in Table C-2, the extracted temperature can be higher with increasing the
permeability of the matrix. However, with time the decrease in the extracted temperature is
higher about (29 K) when the permeability is insignificantly high (4.53e-15 m2) and it is lower
or about (1 K) when the permeability is less.
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Table C-2. The Max extracted temperature (Kelvin) for different permeability values in different times

Time

Permeability

(Years)

k=0.53e-15 m2/sec k=2.53e-15 m2/sec k=4.53e-15 m2/sec

10years

434.01

434.01

469.09

15years

433.88

433.90

445.26

20years

433.77

433.79

441.70

25years

433.66

433.79

440.09

The increase in the permeability parameter can affect the performance of the reservoir and this
can clearly be seen through the thermal evolution of the reservoir for the used kmax and kmin in
Figures C-5 and C-6.

Figure C-5. Thermal evolution of the reservoir at k=0.53e-15 m2/sec

Figure C-6. Thermal evolution of the reservoir at k=4.53e-15 m2/sec

This concludes that the permeability is a powerful design parameter that should be considered
within a proposed optimisation model as it can have significant influence in the thermal
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evolution of the reservoir and consequently affects the long-term performance of the HDR
geothermal reservoir.
C-3-3 Sensitivity to the Injected Fluid Pressure (Pinj):
With the increase in the pressure of the injected fluid the temperature reduction of the reservoir
around the injection well is more. This is due to the fact that the fluid flux is depending on the
pressure beside the permeability factor. Therefore, high pressure causes increasing in the
discharge flux. Also, the injected pressure would create new fractures during the circulation
process, hence increasing the permeability of the reservoir (Ghassemi et al., 2008).
Consequently, the distance of temperature profile from the injection well is increased, see
Figure C-7.
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Figure C-7. Comparison of temperature profiles for different Injection fluid pressure (Pinj)

Although the extracted temperature is almost the same value with various injected pressure as
can be seen in Table C-3, but the performance of the reservoir is affected in terms of thermal
evolution of the reservoir (see Figures C-8 and C-9)
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Table C-3. Max extracted temperatures (Kelvin) for different injected pressure at different times

Injection pressure

Time
(years)

Pinj=10MPa

Pinj=12MPa

Pinj=14MPa

Pinj=16MPa

Pinj=18MPa

Time=10years

434.01

434.01

434.01

434.01

434.01

Time=15years

433.88

433.88

433.88

433.89

433.89

Time=20years

433.76

433.76

433.79

433.81

433.85

Time=25years

433.66

433.67

433.69

433.77

433.95

Figure C-8. Thermal evolution of the reservoir at Pinj =10MPa after 25 years

Figure C-9. Thermal evolution of the reservoir at Pinj =18MPa after 25 years

C-3-4 Sensitivity to Injection Temperature Tinj
According to Tester et al., (2006), the temperature of the injected fluid has significant influence
in the reservoir performance. As it is reported, small values of Tinj yields cut off for the fluid
flow due to the calcite in the fractures because of chemical deposition.
The sensitivity of the thermal evolution of the reservoir to the Tinj is examined for 25 years.
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As can be seen in Figure C-10, the temperature profiles a long 150 m from the injection well is
very sensitive to the different ranges of Tinj, particularly for Tinj=10 oC It is clear that the
operation process is very sensitive to Tinj and needs to be considered during simulation of
proposed models.
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Figure C-10. Comparison of temperature profiles for different Injection temperature Tinj at 25 Years

C-3-5 Sensitivity to the Porosity (𝜽matrix)
The model is being simulated for different porosity of the matrix for the ranges of (0.005%,
0.5%, and 1%) which are naturally occurring. As can be seen in Table C-4, the max extracted
temperature is almost the same value at different values of porosity of the matrix.
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Table C-4. The Max extracted temperature (Kelvin) for different porosity matrix at different times

Porosity
Time
𝜽=0.05e-003

𝜽=4.05e-003

𝜽=1.05e-003

(0.005%)

(0.405%)

(1%)

10years

434.011822

434.01448

434.03668

15years

433.880379

433.882931

433.910289

20years

433.757113

433.76007

433.770143

25years

433.655401

433.658706

433.663556

(years)

However, to assess the impact of the porosity in the long term performance the ParaView//
Visualisation is used to show the thermal evolution of the reservoir after 25 years for different
porosity values. Hence, Figures (C-11, C-12 and C-13) show that the porosity has no significant
impacts on the thermal evolution of the reservoir. This is expected to be as long as the
permeability is considered constant for the different scenarios.

Figure C-11. Thermal evolution of the reservoir at 𝜽=0.005% after 25 years
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Figure C-12. Thermal evolution of the reservoir at θ=0.5% after 25 years

Figure C-13. Thermal evolution of the reservoir at θ =1% after 25 years

C-3-6 Sensitivity to the Specific Heat Conductivity of the Injected Fluid:
Although the thermal conductivity of the fluid is a significant parameter within the governing
equation of heat transport, but, and as can be seen in Figure C-14, it does not affect the thermal
evolution of the reservoir because it is dependent to the porosity which is very small value for
crystalline rocks.
450

Temperature (K)

430
410
conductivity=1.2
conductivity=1.4

390

conductivity=1.6
370

conductivity=1.8
conductivity=2.0

350
330
0

50

100

150
200
250
300
Distance from the injection well (m)

350

400

Figure C-14. Comparison of temperature profiles for different specific thermal conductivity of the injected fluid
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C-3-7 Sensitivity to the Distance (d) between the Injection and Production Wells
To check the sensitivity to the distance between the injection and production wells, two
additional scenarios have been modelled. The additional models were simulated as d=360 m &
d=440 m which are about ±10 percentage of the distance between the injection and production
wells. As can be seen in Figure C-15, the results show that with increasing the distance between
the wells by 10%, the temperature profile reduced by 2.7% from the injection well. However,
with 10% decrease of the distance between them the temperature profile from the injection well
increased by 7%.
The results show the significant importance of the selection appropriate location for the
injection and production wells within the reservoir. According to Yang and Yeh (2009), the
increase in the distance between the wells can improve the long-term performance in an
idealised case (no fluid loss or change in the fracture is allowed).
Although the longer distance between the wells can increase the reservoir life span, the
stimulation capital cost for such cases is high. Hence, for the decision making it is important to
account the overall cost of the project to achieve the sustainability target.
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Figure C-15. Comparison of temperature profiles for different distances between the wells
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C-4 Summary and Conclusion
The understanding of the influence of injection pressure in the reservoir permeability would
result in suggesting the most appropriate locations for the wells within the reservoir. Hence,
using the OGS software and an algorithm code different scenario can be examined to find the
most appropriate location for the injection and production wells within the reservoir.
In addition, the flow path distance has high effects on the long-term performance. For an
economic use of the HDR geothermal energy, the large heat transfer area must sufficiently be
achieved for the geothermal exploitation. Therefore, there is a strong need to investigate new
designs that achieve the best area of heat transfer.
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