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Abstract

There is no doubt that the trend of ever-increasing energy use will continue with continued
human activity. However, traditional energy resources such as fossil fuels are limited and result
in serious environmental issues. As renewable energy option, geothermal resources, unlike other
kinds of renewable resources, can not only provide clean but also sustained energy for both
electricity and direct heating. Alberta, Canada has a long oil industry history but its continued
expansion is now in question given current environmental and investment pressures. Recent
studies from existing well bore information in central Alberta indicate there is potential for largescale development of geothermal energy. In the research documented here, a detailed
examination of Basal Cambrian Sandstone Unit (BCSU) of the Western Canadian Sedimentary
Basin (WCSB) has been studied as a geothermal resource in Central Alberta, Canada. Three
studies were conducted: 1. Evaluation of energy extraction from a geothermal resource using
open loop well configurations based on analyzed geological data, 2. Numerical analysis of a closed
loop U-Tube Deep Borehole Heat Exchanger (DBHE), and 3. An assessment of variable flow rate
strategies for closed loop U-Tube DBHE system. The results from this research show that the
reservoir is exploitable under most cases of examined well configurations. However, energy
utilization is different when different well configurations are applied. For the study of open loop
configurations, the temperature of produced water can meet the requirement of generating lowenthalpy power. Compared to five-well pattern systems, two-well pattern systems produce more
energy with higher energy efficiency. When closed loop U-Tube DBHE system is conducted, it is
more energetically effective than open loop systems. However, its low produced flow
I

temperature and low produced energy indicating the utilization of direct heating on a small scale.
The analysis of operating variable flow rate strategies on closed loop systems reveals the
complicated heat transfer performance due to the different flow rate injection during time
periods. High-low stepped flow rate of the working fluid appears to have merit because enables
the geothermal resource to ‘recharge’ with thermal energy during its operation.
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Chapter 1 : Introduction

1.1 Introduction of Geothermal Energy
Geothermal energy is natural heat accumulated in the underground (Mock et al. 1997, Turcotte
and Schubert 2002). It is considered renewable since the harvested energy is naturally restored
from natural sources over a meaningful time scale (Glassley 2010, U.S. EIA 2020). A portion of
this heat is from the planet’s formation more than 4 billion years ago whereas a portion comes
from the radioactive decay of isotopes in rocks (Gando et al. 2011, Dye 2012). When rocks with
fractures or pores can trap heat in form of water or steam, it is referred to as a geothermal
reservoir since hot fluid (energy) can be harvested from the reservoir (Csányi at al. 2010).

Geothermal reservoirs are regarded to be a low-carbon renewable option for supplying energy
for human activity (Bertani and Thain 2002, Fridleifsson et al 2008). Geothermal energy can be
divided into three classifications based on temperature – high-temperature (>160°C), mediumtemperature (90-160°C), and low-temperature (<90°C) (Lee 1996 and 2001, Modi and Haglind
2017, Perez-Mora et al. 2017 and Wang et al. 2017). High-temperature and medium-temperature
geothermal energy can be utilized to produce electrical power since the working fluid is hot
enough to move a turbine (El Haj Assad et al. 2017) whereas low-temperature geothermal energy
is more useful for district heating (Lund and Toth 2021). Other than during assembly and
construction and operating the pump to circulate the fluids through a geothermal reservoir,
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geothermal energy harvesting does not directly generate greenhouse gases (GHGs) to the
atmosphere (Fridriksson et al. 2016). Thus, it is relatively clean compared to other energy
generation systems (Paulillo et al. 2019). One key benefit of geothermal is that it can operate at
constant energy extraction through time unlike solar and wind. Thus, it does not suffer
intermittent energy generation and as a consequence, the issue of energy storage for times when
energy generation is not occurring e.g., night time for solar, is not an issue in geothermal systems
(Geothermal Energy Association 2014, Edmunds et al. 2014, Gielen et al. 2019).

At year end of 2019, global geothermal power generation capacity was equal to 15.4 GW with
addition of 759 MW of capacity underway (Richter 2020). The global geothermal industry is
forecasted to reach 16.5 GW by 2022 (IEA 2020). Given that global power generation was around
6,171 GW in 2015 (World Energy Council 2016), geothermal-derived power is a small fraction of
the total human energy generation on the planet.

Canada is well endowed with natural resources such as oil and gas as well as potential geothermal
energy (Geological Survey of Canada 2012). In particular, Alberta has potential regions for
electrical generation and heat harvesting (Geological Survey of Canada 2012, Richter et al. 2012).
Alberta hosts the Western Canada Sedimentary Basin (WCSB) where the underground
geothermal gradient ranges from 25 to 40°C/km. The temperature at the base of the WCSB in
Alberta increases from the northeast to the southwest of the province and remains relatively
high in west-central and parts of northwestern Alberta (Hofmann et al. 2014). As shown in Figure
1-1, the region with green color (T > 90°C) can be considered for power generation (Richter et al.
2

2012). Given there is a wealth of well data that was used for oil and gas exploration and
production over the past 70 years, the feasibility of recycling abandoned wells may be a potential
option for geothermal energy extraction in Alberta. The green zone in Alberta alone, as shown in
Figure 1-1, covers a large fraction of Alberta and thus, there is a large area available in Alberta
for geothermal exploitation.

Figure 1-1. Map showing distribution of geothermal potential in Canada based on end use
(Richter et al. 2012).

Although geothermal energy has the potential to be a significant energy contributor in the future,
there are barriers that prevents its large-scale exploitation. The biggest barriers are technical:
geothermal resources are often deep with high temperature and thus there could be drilling
3

issues that have to be handled (Allahvirdizadeh 2020, Saleh et al 2021). Other issues arise such
as chemical precipitation of dissolved solids in the wells and surface facilities and corrosion in
wells and hot fluid pipelines when fluid is extracted from the reservoir (Izgec et al. 2005, Herbet
et al. 2011 and Setiawan et al. 2019). If solids are formed and are then entrained with the flowing
fluids, erosion can also occur. Furthermore, the optimal well placement in a reservoir remains
unclear despite the number of papers on geothermal system evaluation in the public literature.
It has not been resolved what are the best well configurations and operating strategies for
achieving the greatest amount of energy recovery with the highest efficiency. Currently, these
factors are the main reasons why geothermal is considered more expensive than that of other
forms of renewable energy.

1.2 Reservoir prototype
Previous work has been done to describe the potential of Basal Sandstone Unit for geothermal
extraction in Alberta, Canada. Weides et al. (2012) assessed the geological-geothermal
subsurface conditions of an area located around Edmonton in central Alberta to evaluate its
usability as a geothermal reservoir. A 3D litho-stratigraphic model was developed without seismic
data. The regional distribution of rock properties such as porosity, permeability and subsurface
temperature was mapped. The five deep formations investigated (Wabamun, Nisku, Leduc,
Cooking Lake and Basal Sandstone Unit) are considered to be potential for geothermal
exploitation. The Basal Sandstone Unit was analyzed to be the most promising unit for
geothermal application in central Alberta due to its distribution and depth (Table 1-1).
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Table 1-1. Estimated temperatures at the top of stratigraphic units in the study area (Weides
et al. 2012).
Period

Stratigraphic
unit

Wabamun
Nisku
Devonian
Leduc
Cooking Lake
Cambrian Basal Sandstone

Depth in study Estimated temperature
area (m)
in study area (℃)
610–2290
650–2542
985–1905
813–2220
1785–3531

21–79
22–88
34–66
28–77
62–122

Depth beneath
Edmonton (m)

Estimated temperature
beneath Edmonton (℃）

1050–1295
1185–1435
Not deposited
1465–1715
2365–2575

36–44
41–50
—
51–59
81–89

Majorowicz et al. (2014) suggested that the temperature of the granite basement (at 3-6 km
depth) in Northwest Alberta could be a potential Enhanced Geothermal System (EGS) resource.
In EGS, the geothermal reservoir is stimulated by hydraulic fracturing to enhance its permeability
to enable greater heat extraction from the resource. Majorwicz et al. evaluated the properties of
the geothermal reservoir rocks including the thermal conductivity and heat capacity, heat
generation conditions, and the heat flux to calculate the temperature change with depth below
the top of the Precambrian Basement rocks. The hottest spot with the highest heat flux at these
depths was found in the area of Rainbow Lake, Alberta. Within the Precambrian basement rocks
in Northwest Alberta, the highest temperature was estimated to be at about 200°C at a depth of
5 km; even higher temperature was found at depths of 6 km. EGS was suggested to stimulate the
geothermal reservoir so that the flow paths in the reservoir could be enhanced by flow through
the hydraulic and natural fractures. Furthermore, it was suggested that EGS would be required
to make the geothermal operation economic.

Hofmann et al. (2014) created a numerical model and conducted a feasibility study evaluating
stimulation treatments of four potential formations – the Nisku, Wabamun and Cooking Lake
5

formations, and Cambrian Unit – in the sedimentary rock deposits in Central Alberta for
geothermal energy production. The overall properties of these formations are listed in Table 12. The thermal-hydraulic reservoir simulations model results identified that the most suitable
formation for geothermal energy extraction was the Cooking Lake Formation and Cambrian Basal
Sandstone Unit with respect to the highest amount of heat achievable. However, their results
suggested that the temperature of the Cooking Lake Formation was not high enough to output
electricity and as a result, the Basal Sandstone Unit (which also had the highest temperature) was
the most viable unit for EGS. However, their model was relatively simple and did not include a
surface to reservoir model to evaluate heat losses. Furthermore, at the same time, the cost of
geothermal energy production of Basal Sandstone Unit was determined to be the highest due to
its low permeability and high depth. Significant improvement of the production rates, the
amount of the produced heat and the economics are realized from stimulation treatments in all
four formations. However, the additional cost of stimulation must be accounted for when
evaluating a geothermal resource. Thus, it is desired that operating schemes produce energy
from the formation avoiding hydraulic fracturing stimulation.

In the above study, the Basal Cambrian Sandstone Unit (BCSU) was investigated individually with
respect of its petrography and geomechanics. The BCSU in central Alberta is a very mature, wellcemented quartz arenite with relatively low matrix porosity and permeability. The temperature
in the BCSU is between 60 and 120°C which would be considered suitable for geothermal energy
application. As a sandstone unit with high rock strength and relatively low thickness of 38m,
different well configurations and operating conditions could potentially be applied to evaluate
6

its thermal performance. In this research, the geothermal reservoir of BCSU formation in central
Alberta is selected as target formation. The reservoir is studied with the specific operating
conditions and wellbore size described in Chapter 4, 5 and 6.

Table 1-2. Summary of key properties of the four potential target formations for geothermal
energy extraction in the Edmonton area (Hofmann et al. 2014).
Formation

Wabamun

Nisku

Cooking Lake

Rock type

Carbonate

Carbonate

Carbonate

Basal Cambrian
Sandstone Unit
(BCSU)
Sandstone

1,367

1,558

1,825

2,330

180

44

134

33

11

19

315

1.9

6

5

367

0.4

7

5

8

15

65

72

82

100

Total vertical
depth
(formation
center), m
Thickness, m
Horizontal
permeability,
mD
Vertical
permeability,
mD
Porosity, %
Temperature,
°C

1.3 Production method
Two techniques are widely applied for heat harvesting from a geothermal reservoir (Lund 2001),
as illustrated in Figure 1-2 (left image). For an open loop system, cold fluid is injected directly into
the reservoir rock through an injection well and is heated as it travels through fractures or pores
in the rock on its way to the production well. The working fluid in open-loop systems is typically
the water in the geothermal formation. The water could be circulated through the open-loop
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system or after having been produced to surface, could be disposed in a surface discharge system
or sewer (Hemmingway and Long 2011, Tolooiyan and Hemmingway 2014). As the water flows
through the geothermal reservoir, heat transfer occurs by both conduction and convection. Given
that the water is removing heat from the reservoir rock, in the region of the flow path, the
reservoir rock will cool. As such, due to changes of the flow paths associated with thermal
expansion and shrinkage, the flow paths might change as the temperature evolves within the
reservoir rock. The key issues faced by open-loop geothermal systems is that the pressure drop
for moving the water through the reservoir rock can be high – this can be a large consumer of
energy simply to move the heat transfer fluid around the open-loop. Also, the water, if produced
from the geothermal reservoir, may have dissolved solids that come out of solution as the water’s
temperature and pressure changes as it flows through the loop. This could harm the effective
permeability of the reservoir rock thus realizing blockages as the solids precipitate in the pores
and fractures in the reservoir rock (Wagner et al. 2005, Izgec et al 2005). Also, the precipitation
can also occur in the wells leading to additional flow resistance in the open loop as well as the
surface facilities, e.g. heat exchangers or pumps (Hebert et al. 2011, Setiawan et al. 2019).
One way to deal with the issues confronted by open-loop systems are closed-loop geothermal
systems (Ghoreishi-Madiseh et al 2013). In these systems, the heat transfer fluid does not make
direct contact with the geothermal reservoir rock, in other words, the injected fluid in the closedloop system is completely isolated in the wellbore from the formation. This means that the
working fluid accumulates heat from the formation from its flow through the well within the
geothermal reservoir – thus, the heat transfer to the working fluid is by conduction through the
wall of the well. Broadly, there are two well configurations that are used in closed-loop well
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systems: the U-tube arrangement, shown in Figure 1-2 (centre image), and the co-axial
configuration, displayed in Figure 1-2 (right image). In the U-tube system, well has three main
sections that comprise the geothermal system through which the working fluid flows: the
descending vertical well, the horizontal interval, and the ascending vertical well (Song et al. 2017,
Sun et al. 2018, Li et al. 2019). As the working fluid flows through the descending vertical section,
it gathers heat as it travels down to the bottom of the well. Thereafter, it flows along the
horizontal interval of the U-tube well and accumulates heat from the surroundings. Next, for a
certain distance, it might gather more heat as it raises up the ascending vertical well but at some
point, the temperature of the working fluid will be hotter than that of the surrounding formation
and thus, it will start to lose heat to the surrounding formation as it rises to the surface. In the
co-axial system, a single well is used – as shown in Figure 1-2 (right image), the working fluid
flows down the annulus of the well and then after it is heated in the target geothermal reservoir,
it then flows up the same through an internal tubing string. Co-axial wells tend to be vertical or
deviated wells. It could be conceived that one could be used in a horizontal well but there has
not been any study on horizontal co-axial wells in the literature (Law et al. 2015, Zhang et al.
2019, Xu et al. 2020). The underlying mechanism of closed-loop systems is heat conduction and
thus, these systems are limited by the heat transfer area between the working fluid and the
geothermal reservoir (Kavanaugh and Rafferty 1997). This means that the heat flux across the
well itself (the ability of the system to replenish the heat content adjacent to the well do to heat
from below the geothermal reservoir) is an important consideration in these systems. One
limitation of a vertical co-axial geothermal system as shown in Figure 1-2 is that if the geothermal
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reservoir is thin, then the heat transfer of the co-axial well will similar or less than that of the
reservoir thickness.

Figure 1-2. Wellbore configurations

1.4 Modelling geothermal operations
As in much of reservoir engineering, it is very difficult to conduct field experiments on well
designs and operating strategies to determine the best design or at least compare different
process options. Drilling a deep (~3,000 m) is expensive and thus, experimentation of geothermal
system design must be done by using numerical models. In the research reported here, the CMG
STARSTM thermal reservoir simulator is used. It is a commercial thermal reservoir simulation
software which is able to model multi-phase fluid flow and heat transfer (CMG 2019). Physical
properties with temperature-dependence can be used as well as flexible well design modelling
can be done. To model systems with dual porosity and dual permeability features, such as
10

fractured rock reservoir, STARSTM uses common dual porosity/permeability approaches to
describe fractures and pore space and the interaction between the two.

1.5 Research questions
Although there are many published papers in the literature on geothermal operations design and
evaluation of efficiency and energy produced, there are few papers that document research on
evaluations of well configurations, use of deep closed-loop U-tube systems, and application of
variable flow rates for geothermal reservoirs. In particular, there are none that evaluate these
elements of the geothermal system for the Basal Cambrian Sandstone Unit in Alberta, Canada.
These are the novelties of the research reported here. Given Alberta’s current heavy oil and oil
sands and tight oil and gas operations (both upstream and downstream), there is a need for
Alberta to diversify its economy from petroleum and re-purpose the geological databases and
drilling and reservoir operations expertise towards cleaner energy production operations. The
research documented in this thesis is focused on this. There are still very limited researches about
deep geothermal reservoir in Central Alberta, Canada and detailed studies are required to prove
its energetic feasibility and then its economic feasibility. The research questions which are
answered in the research reported here include:

1. How does the well configuration – whether two-well or five-spot well patterns – affect
the ability to extract heat from the BCSU in Alberta, Canada when operated in an openloop manner? How does the flow rate affect the amount of energy realized at surface and
the overall energy efficiency of the process? To what extent does simulation of the
11

reservoir (enhancement of the permeability in the formation) improve the energy
recovered ad energy efficiency of the process?
2. How does a U-tube closed loop well arrangement perform in the BCSU? How does the
flow rate affect the energy recovered and the energy efficiency of the process? How does
the closed-loop well system compare to the performance of the open-loop system?
3. Can the working fluid flow rate through the closed-loop system be altered to improve the
operating performance (energy recovery and energy efficiency) of a closed loop
geothermal operation in the BCSU in Alberta, Canada?

Since the BCSU is only 33 m thick, the vertical heating path is short in target formation and
thus, the vertical co-axial geometry is not examined in the research documented here. In this
thesis, the focus of the study is on open-loop and closed U-tube well configurations.

1.6 Organization of thesis
There are six chapters in this thesis described as follows:

1. Chapter One introduces subject matter of the thesis and the research questions
addressed by the research conducted and documented in this thesis.
2. Chapter Two presents a literature review about geothermal history, geothermal types and
utilization, representative technologies of geothermal energy, successful field work in the
world, and geothermal activities in Alberta, Canada.
3. Chapter Three presents a detailed earth model based on analytical data.
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4. Chapter Four presents open-loop system based on the constructed geologic model and
compares different open loop configuration cases by thermal reservoir simulation.
5. Chapter Five describes a closed-loop U-Tube Deep Borehole Heat Exchanger (DBHE)
based on a geological model and evaluates its thermal performance compared with open
loop cases.
6. Chapter Six demonstrates a method of applying variable flow rate strategy on U-Tube
DBHE to understand the thermal variation in the reservoir and thus, obtain the optimal
flow rate strategy.
7. Chapter

Seven

outlines

the

main

conclusions

and

gives

suggestions

and

recommendations for future research.
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Chapter 2 : Literature Review

In this chapter, an overall review of geothermal energy extraction and challenges are presented
and reviewed. A geothermal reservoir refers to a subsurface store of thermal energy in the rock
formation with or without porosity or fractures in the Earth (Mock et al. 1997, Turcotte and
Schubert 2002, Csányi at al. 2010). A portion of this heat is from the planet’s formation more
than 4 billion years ago whereas a part comes from the radioactive decay of isotopes in the crust
and mantle of the earth (Gando et al. 2011, Dye 2012), illustrated in Figure 2-1. It has been
determined that the heat within the range from surface to 10,000 m depth can produce 50,000
times more energy than that being produced from the global oil and gas resources (Shere 2013).
Thus, there is potential that human demands for energy can be met by heat produced by
geothermal energy for six million years (Lund 2007). With respect to exploitation, a feasible
geothermal system is defined as one where a sufficient amount of heat can be extracted
economically under the conditions of current technological readiness (Rybach and Muffler 1981).

2.1 Geothermal history and world status

2.1.1 Geothermal history
Geothermal energy has been utilized for direct heating for centuries (Stober and Bucher 2013).
In 1908, electricity production from geothermal energy was firstly realized in Italy (Mock et al.
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1997). In 1922, the first geothermal power plant was created in California, USA but insufficient
technologies at that time with respect to piping and turbine design caused its failure. Ingersoll
(1954) laid the foundation for underground heat exchanger modelling by describing a theory of
heat transfer for a buried pipe (Tian et al 2016). The first commercial geothermal well was drilled
in 1955 and the first commercial power plant was The Geysers in California which was carried out
in late 1960 (Power-Technology 2021). In Europe, geothermal heat pumps started to be applied
around the 1970s (Hasan 2013).

Figure 2-1. Diagram of the earth interior (Swiss Seismological Service 2020).
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2.1.2 World status
Referring to Figure 2-2, although emissions reduction and improved environmental impacts have
been advocated for several years, global energy production and development still strongly rely
on fossil fuels (IEA 2018). Oil, coal and natural gas account for almost 80% of global energy supply
(IEA 2018). However, given the focus on greenhouse gas emissions reduction, there is a very
strong motivation for transition from fossil fuel based energy generation to renewable forms of
energy generation. However, geothermal energy, despite having massive potential application
globally, currently only occupies no more than 2% of total energy supply (it is in the ‘other’
category in Figure 2-2.

Figure 2-2. Global share of total energy supply by source, 2018 (IEA 2018).
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Figure 2-3 presents the top 10 geothermal countries in terms of installed capacity in MWe at the
end of 2019. It can be seen that only 5 countries joined the 1+ GW geothermal production ‘club’
in which the U.S. has the most installed power generation capacity. As a renewable energy
resource, geothermal energy has great development opportunities but as yet there are still issues
of the understanding of geothermal resources as well as the best technology to use to harvest
maximal energy at the lowest cost from these resources. More studies and work are needed to
search for potential geothermal reservoirs with high enthalpy which could be exploited efficiently.

Figure 2-3. Top 10 Geothermal Countries - based on installed power generation capacity in
MWe (ThinkGeoEnergy 2020).
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2.2 Geothermal resources classification, utilization and exploration.

2.2.1 Classification of geothermal systems
Geothermal energy resources are typically classified depending on two parameters. The first is
temperature and the second is depth. Temperature is a measure of the amount of energy within
the rock – the key most basic task of an effective geothermal system is to move the heat from
the geothermal resource to the surface. The depth is a measure of the distance over which the
heat has to be moved – this can be related to the cost of the installation of the
injection/production wells as well as amount of energy that will be required to move the heat
transfer working fluid through the loop from the surface to the geothermal reservoir and back to
the surface again. The two parameters are interrelated: the deeper is the resource, the hotter is
the resource. Thus, there is a balance that has to be set between the cost of drilling deeper as
well as the extracted heat and efficiency of the heat extraction process. Here, another
classification could be linked to the underlying geological heat flux from the formations below
the geothermal reservoir. If high, then as energy is withdrawn from the geothermal reservoir, the
underlying formations replenish it relatively fast. If the heat flux is low, then the geothermal
reservoir may require a period of no-heat production for it to replenish itself. The determination
of the heat flux to a geothermal reservoir is difficult to determine given the complexity of the
geology and the nature of the fluids in porous rocks – whether water or petroleum (gas or oil). A
gas zone that is laterally extensive could serve as an ‘insulator’ that could potentially lower heat
flux rates from deeper heat sources.
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2.2.1.1 Temperature dependent classification
Temperature is the most commonly used criterion in geothermal reservoir because it is a simple
and relatively easily measured (Lee 1996). In general, geothermal energy is divided into three
classifications based on temperature:
1. high-temperature (>160°C),
2. medium-temperature (90-160°C), and
3. low-temperature (<90°C) (Lee 2001, Modi and Haglind 2017, Perez-Mora et al. 2017 and
Wang et al. 2017).
High-temperature and medium-temperature geothermal energy have sufficient energy that can
be utilized to produce electrical power whereas low-temperature geothermal energy is only
applicable for direct heating – for example for heating buildings.

2.2.1.2 Depth dependent classification
The depth of geothermal reservoir is often employed to represent its exploitation method to
some extent. The exploitation method consists of the injection and production wells and the
energy that has to be invested in producing energy from the reservoir. As a result, geothermal
systems are typically classified depending on depth as follows:
1. shallow geothermal systems (<400 m) or
2. deep geothermal systems (>400 m).
The number of 400 m is regarded as the boundary of classification but this is arbitrary and thus,
it depends on the nature of the resource (Laloui and Rotta 2020). The depth can also set the rock
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type – whether sandstone or carbonate or intact or fractured or wet or dry and combinations of
these descriptors. Due to the geothermal gradient, shallow geothermal systems have lower
temperature than that of deep geothermal systems. In practice, shallow geothermal systems are
mostly used for district and direct heating. Another aspect of depth is that it can influence the
ability of the working fluid to flow within the geothermal reservoir – the deeper is the reservoir,
the more likely it is that the reservoir is tight with relatively low porosity and permeability. This
may limit the ability of the working fluid to flow through the reservoir. This leads to the so-called
Enhanced Geothermal Systems (EGS) where the reservoir is hydraulically fractured to raise its
permeability to enhance its ability for fluid flow.

2.2.1.3 Geologic-geothermal play types
Moeck (2014) proposed a novel method of classification with consideration of heat transfer
under geological settings. In this system, geothermal systems are categorized by the heat
migration pathway, heat/fluid storage capacity, and the potential for economic recovery of heat
based on geologic controls of the heat source. Geological-geothermal play types help to
understand the potential temperature, fluid composition, reservoir characteristics (both
geological as well as geothermal), and its heat transfer capacity. Thus, not only site-specific
exploration can be identified easily but also corresponding technology strategies for field
development can be applied efficiently. Play types include both convective and conductivedominated geothermal plays (Hawkins and Tester 2018).
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2.2.1.3.1 Convection-dominated geothermal plays
Convection-dominated geothermal plays have been often referred to as systems with high
geothermal gradient and natural fluid flow. They are controlled by either igneous activity such as
magma chambers in volcanic areas, or faults in extensional terrains, or both, such as intrusive
bodies at faults zones. The fluids come from infiltration of meteoric water from higher elevations
with potential partial mixing with magmatic fluids. Based on active magmatism or active
extensional domains, convection-dominated geothermal plays can be further divided into
magmatic geothermal plays (volcanic field and plutonic type) and non-magmatic geothermal
plays (extensional domains). Magmatic play systems can be found in regions with active basaltic
volcanism at divergent plate margins. For non-magmatic geothermal plays, they are either faultcontrolled or fault-leakage controlled. Fluid flow along faults is controlled by the state of stress
in the crust.

Figure 2-4. Catalog scheme for convection dominated geothermal play systems based on the
geologic controls of igneous activity as magmatism (volcanic type with typus locality Java,
Indonesia), recent plutonism (intrusion type with typus locality Laderello Italy in the periphery
of the Alpine orogeny), and absent igneous activity but significant active extension (extensional
domain type with typus locality Basin 9 and Range, western USA.).1 – Play type, 2 – Typus
locality, 3 – Plate tectonic setting, 4 – Geologic habitat of potential geothermal reservoirs, 5 –
Heat transfer type, 6 – Geologic controls (Moeck 2014).
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2.2.1.3.2 Conduction-dominated geothermal plays
Conduction-dominated geothermal plays host low to medium enthalpy resources and are located
deeper than convection-dominated geothermal systems. These systems are mainly at passive
tectonic plate settings where no significant recent tectonism or volcanism occurs. Permeability
anisotropy is found significantly in these systems so these systems can be classified into
hydrothermal (fault controlled) and non-hydrothermal types (litho or biofacies controlled). Nonhydrothermal geothermal plays (basement type) are always represented by crystalline rocks
which host a large amount of heat in igneous areas. In contrast, hydrothermal geothermal plays
(intracratonic basins and orogenic belts) do not have active igneous activities. Tectonic activities
are also observed rarely in these systems.

Figure 2-5. Conduction dominated geothermal play types, ranging from intracratonic basins to
foreland basins of orogenic belts with its characteristic foredeep to basement (igneous or
metamorphic) provinces. Geologic controls in conduction dominated plays are either litho- or
biofacies of sedimentary rock and faults and fractures. Typically, these play types are lacking
active faulting and seismicity (Moeck 2014). Labels are as in Figure 2-5.
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2.2.2 Geothermal energy utilization

2.2.2.1 Electricity generation
Global geothermal power generation capacity reached 15.4 GW at the end of 2019. An additional
planned capacity of 759 MW in 2020 represents the largest geothermal annual growth over the
past 20+ years (Richter 2020). The development of geothermal power is promising as the global
geothermal industry is forecasted to reach 16.5 GW by 2022 (IEA 2020). Thus, more and more
attention is being paid to geothermal energy production.

Three main technologies are employed for geothermal plants: dry steam, flash steam, and binary
steam (U.S. Department of Energy 2021), as shown in Figure 2-6. The temperature and pressure
of geothermal reservoirs are the key factors of the technology. Dry Steam Power plants use dry
steam (no liquid water) from geothermal reservoir through wellbore transportation. The
superheated steam passes into the turbine that turns a generator to produce electricity. Dry
steam power plant has been operated at the Geysers in northern California (DiPippo 2012). Flash
steam plants are the most common type of geothermal power generation plants in operation
today (Csányi et al. 2010). Flash steam refers to wet steam created at low-pressure from hot
water at high pressure. In this case, the steam condensate is separated from the steam produced
from the geothermal reservoir. Flash steam power generation has also been applied in Coso
geothermal field (Coso Operating Company 2021).
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Figure 2-6. Types of geothermal power plants (U.S. Department of Energy 2019).

Different from both dry steam and flash steam power plants, binary cycle power plant produces
electricity through a heat exchanger where hot water in the wellbore coming from underground
transfers heat to working fluid in a parallel wellbore on the surface (Assad et al. 2017); this is
shown in the right-most image in Figure 2-6. The heated working fluid is then flashed and
produces electricity through a turbine. This technology has been applied in the Mammoth Pacific
binary geothermal power plants at the Casa Diablo geothermal field (Ormat 2021). Over the past
few years, geothermal plants use a binary plan design – these designs are preferred due to their
minimal environmental impact (Bošnjaković et al. 2019).

2.2.2.2 Direct heating
According to Lund and Toth (2020), at the end of 2019, thermal power installed for direct
utilization is estimated to be of order of 110,000 MW with a compound growth rate at 8.73%
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annually in 82 countries. As shown in Figure 2-7, these systems consist of heat pumps, naturally
heated bathing and swimming, space heating, greenhouse heating, aquaculture pond heating,
and industrial heating applications. In many applications, these systems are shallow and are used
for heating houses and residential buildings. Geothermal heat pumps accounts for 71.6% of the
installed capacity and 59.2% of the annual energy use which is the largest use of geothermal
energy globally.

Figure 2-7. Comparison of worldwide direct-use of geothermal energy in TJ/year from 1995,
2000, 2005, 2010, 2015 and 2020 (Lund and Toth 2020).

31

For developing and implementing a geothermal project, as presented in Figure 2-8, there are
typically six phases that are done: preliminary survey, exploration, test drilling and project review
and planning, field development, power plant construction, and commissioning and operation
consequently. In the preliminary survey, data collection is done to analyze the potential area as
well as issues that should be considered such as land use issues, possible regulations or legal
rights and environmental assessment, and community consultation. In Phase 2, localized studies
consist of surface studies, geochemical surveying and geophysical surveying to understand the
resource as well as to estimate project costs. In phase 3, evaluation of the geothermal resource
is carried out by drilling 2 or 3 (typically) deep wells to test the commercial feasibility of the
project – in this phase, the temperature of the formation is confirmed. After the temperature of
the resource is known, this provides the basis for the nature of the energy that will be realized
from the geothermal system – whether district heating or power. At this stage, a feasibility report
is prepared to help decide whether to proceed with the development of the project. In Phase 4,
the wells are drilled and connected to the central processing facility. In the next stage, the power
plant is constructed and thereafter, the field is put into energy production. During continuous
improvement, as the geothermal plant is operated, the operation is modified to enhance heat
recovery and reduce operation costs (GeothermEx Inc. 2013).
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Figure 2-8. The range of business models previously used in successful international
geothermal developments ((ESMAP Geothermal Handbook, 2012); IPP = Independent Power
Producer.
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Figure 2-9 represents a simplified workflow for the development of a tight geothermal resource
where an EGS is required. The process typically consists of three steps: locate site, create
reservoir (meaning stimulate the reservoir so that heat can be effectively produced from it), and
after the surface facilities are constructed, operate the EGS system. EGS technology is commonly
applied in deep hot dry rock where rock located at above 3,000 m depth with only heat but no
water (Soelaiman 2016).

Figure 2-9. Sketch of EGS system development (Altarock Energy 2021).
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2.3 Field Operations

2.3.1 Fenton Hill EGS Project
The Fenton Hill Enhanced Geothermal System (EGS), as the first development project of this kind,
is a great example of a typical EGS project in the world (Breede et al. 2013). Located in volcanic
field of north-central New Mexico, U.S.A., this area hosts a long-lived <300°C geothermal system
between 3,000 and 5,000 m depth. Although the reservoir has not developed into a commercial
electricity producer, several successful field tests have been conducted with learnings that have
implications for application of EGS systems. The reservoir is a crystalline Precambrian basement
rock; the rock is relatively tight and thus pressure stimulation (hydraulic fracturing) has been used
to open joints within the reservoir. Traditional two well pattern system tests were conducted and
were deemed successful. An additional production well was added which improved the
geothermal heat productivity of the reservoir. The results from the pilot tests suggested that a
constant geothermal power generation of about 20 MWe could be achieved for at least 15 years.
The results showed that there is less flow impedance (ratio of pressure and flow rate) around the
injection well than that at the production well and to solve this issue, the pressure at the
production well was needed to be increased which dilated flow outlets in the jointed rock body
in the vicinity of the wellbore [Brown et al. 2012, Fenton Hill Geothermal Area 2019]. A closed
loop system was also tested in the Fenton Hill project; it was referred to as the Initial ClosedLoop Flow Test (ICFT) and was done in the deeper (Phase II) reservoir (3,500m) and operated for
30 days. The test was conducted successfully with fluid produced at 192°C (Dash et al. 1989,
Brown 2009).
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2.3.2 The Deep EGS Soultz Project
The EGS project at Soultz-sous-Forets in Alsace, France is one of the earliest as well as most
successful EGS project launched in Europe (Gerard et al. 2005). The target geothermal reservoir,
shown in Figure 2-10, contains brine and is located in the granitic rock basement which is in turn
covered by a 1500 m layer of sedimentary formations in the Upper Rhine graben (Gerard et al.
2005).

Figure 2-10. Schematic block diagram of the 1997 circulation test performed at Soultz when
heat was extracted at a rate of 10MW. The pumps used to circulate the fluids consumed less
than 250kW of electricity. Tracer tests showed that the stable flow and temperature
observed could be due to the fact that around 30% of the reinjected fluid was recovered by
the production well (Gerard et al. 2005).
The first long-time circulation test was operated between 2 boreholes GPK1 (Injector) and GPK2
(Producer) at 3,000-3,500 m depth. The test demonstrated that producing hot saline fluid at a
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constant flow rate and stable temperature while reinjecting cool water was possible. To produce
electricity, GPK2 was deepened to 5,000 m to reach a higher temperature resource (200°C)
reservoir while another two wells, GPK3 (Injector) and GPK4 (Producer), were drilled to the same
depth. These three wells were drilled directionally from one platform at about 600 to 700 m
separation in the geothermal resource to reduce the risk of hydraulic short-circuiting between
the wells, as shown in Figure 2-11 (Dezays et al. 2005, Cuenot et al 2008). This kind of well
configuration is efficient because only a single surface location is used which disturbs relatively
little land area and simplifies the surface installation. Hydraulic circulation was achieved between
the wells in 2005 and a binary power plant was constructed and operated with an installed gross
power capacity of 2.2 MWe (Genter et al. 2013).

Figure 2-11. N-S cross section of the Soultz well field (Dezays et al. 2005)
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2.3.3 Geothermal energy in Iceland
Geothermal energy is widely applied in Iceland due to its huge geothermal resources (Magnússon
2007). Although geothermal power generation has achieved significant development over the
past few decades (Power Technology 2019), it only accounts for 29% of the country’s total
electricity production and 40% of total geothermal energy utilization (Generation of electricity
using geothermal energy, 2013). Iceland is an island country located on the boundary of divergent
tectonic plates with active volcanism leading to high-temperature geothermal reservoirs
(Björnsson 2012, 2015). One of the famous projects that is still in progress is The Iceland Deep
Drilling Project (IDDP). IDDP was established in year of 2000 for the purpose of drilling a 4 to 5
km well into a hydrothermal system to extract water at supercritical conditions (Frioleifsson et
al. 2014). Current results show that it is possible to drill the well to 5 km depth and obtain hot
fluid at 400 to 600°C (IDDP 2020).

2.4 Geothermal application in Alberta, Canada
Relative to other geothermal jurisdictions, geothermal energy development in Alberta and
Canada in general has been at a slow pace. In Alberta, this is likely due to only because of mature
oil and gas industries locally but also the relatively low geothermal gradient that exists within
Alberta that renders economic exploitation challenging. However, EGS technology could
potentially bring enough heat from deep underground. Majorowicz and Moore (2008) first
investigated the potential for developing EGS in Alberta, Canada. From their assessment, as
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shown in Figure 2-12, they demonstrate seven potential areas which show relatively high
temperature at a depth of 5 km.

Figure 2-12. Potential areas of EGS in central and northern Alberta at depth of 5 km
(Majorowicz and Moore 2008).

39

Majorowicz and Moore’s results show that the seven potential areas are not suitable to provide
power to nearby cities or high-demand areas because of their distant locations. In 2014,
Majorowicz et al. (2014) studied heat flow in the region of Western Canadian Sedimentary Basin
(WCSB) in Alberta using well-log data. The analysis found that at a depth of between 2.5 and 3
km, high temperature is found within the Precambrian basement rock in parts of Northwest
Alberta. In some areas, the temperature is >170°C at 4 km depth, >200°C at 5 km depth,
and >230°C at 6 km and that EGS should be considered for these locations. Hoffman et al. (2013)
compared the cost of geothermal energy production of intact reservoirs and stimulated
reservoirs in central Alberta, Canada. The results of their analysis are displayed in Figures 2-13
and Figure 2-14.

Figure 2-13. Cost of geothermal energy production from intact reservoir for 30 years
continuous production (Hoffman 2013).
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Figure 2-14. Cost of geothermal energy production vs. time for stimulated reservoirs with
different fracture and well (Hoffman 2013).
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The results show that shallow formations, such as the Nisku, Wabamun, and Cooking Lake
Formations could potentially produce economical geothermal energy. However, the cost per unit
energy is relatively expensive when compared to natural gas prices which tend to be between
$2-3/GJ. They suggested that the operation would require three horizontal wells with paralleled
fractures to the wellbores – this could be hard to realize in reality.

There have been suggestions to use geothermal energy for supporting the oil recovery industry.
In many heavy oil and oil sands reservoirs, heat is required to lower the viscosity of the oil so that
it can be produced to the surface. Alberta is rich with heavy oil and bitumen and geothermal heat
could be applied to enhance the oil recovery by heating the oil reservoir thus reducing the
viscosity of the oil (Majorowicz 2013). Pathak et al. (2014) investigated the applicability of
harnessing geothermal energy as a heat source for the production of bitumen from oil sands
reservoirs in northern Alberta. A single porosity approach was used to model the fractures
properties in the geothermal reservoir and flow and a sensitivity analysis was performed to study
how properties of the fracture would affect energy output. The results revealed that compared
to burning natural gas and its consequent greenhouse gas emissions, geothermal heat recovery
has the potential to contribute to oil sands extraction. In terms of economic analysis, their results
indicated that geothermal energy extraction for water heating has great potential to achieve
positive economics. Ardakani and Schmitt (2016) evaluated the geothermal potential of the
Athabasca region. An integrated regional-scale three-dimensional (3D) model was constructed
by using geologic and geophysical data. Five Paleozoic formations were identified and simulated
in terms of spatial distribution, thickness, formation porosity and permeability analysis. The
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results demonstrated that the sedimentary basin in the Athabasca region has a high amount of
thermal energy content but all with relatively low enthalpy and thus heat pump technologies
would be recommended for local direct heating applications.

Very recently, over the past two years, there has been a renewal of the focus on geothermal
energy in Alberta and Saskatchewan with companies such as Eavor Technologies, DEEP
Corporation, and Alberta No. 1. Eavor has developed its own closed loop well configurations
where the circulation working fluid can be heated by a deep heat exchanger. Eavor claims that
its technology can produce electricity or heat for 16,000 homes with a single installation (Vany
et al. 2020, Eavor 2020). The Deep Earth Energy Production (DEEP) company plans to produce
geothermal power at a capacity of 100 MW in Saskatchewan and its first flow test has been
completed. The results of this test exceeded their expectations. They plan on installing
geothermal power plant with a capacity of 20 MW with 10 horizontal wells. They claim that their
operation will generate sufficient energy to meet the needs of 20,000 households and eliminate
114,000 metric tons of carbon dioxide (CleanTechnica 2021). Another project named Alberta
No.1 is to be operated near Grovedale, Alberta with both electricity and heat production. They
recently evaluated the temperatures in the target geological unit, the Beaverhill Lake Group
(3,104 m to 4,094 m deep) and found that it ranges from 87 to 123°C. In the Precambrian
Basement (3,205 m to 4,223 m deep), the temperature ranges from 74 to 124°C. They have
proposed a 5 well design which will generate 10 MW of electricity by using Organic Rankine Cycle
(ORC) power generation as well as supply 300 TJ/year of district heating (Hickson et al. 2020,
Huang et al. 2021, Alberta No.1 2021).
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2.5 Energy efficiency
Systems such as furnaces provide heated air by combusting a fuel (e.g. natural gas or heating oil)
which generates heat which is added to the air (Grillo 2013). In these systems, some fraction of
the amount of heat generated from combustion of the fuel is lost to the environment (e.g. the
hot flue gases that are released to the atmosphere and radiant heat losses) (James 2019) and as
a result, the efficiencies of these systems are less than 100% - only a fraction of the heat
generated by combustion is transferred to the air. In a heat engine, thermal (heat) energy is
converted to mechanical work which defines an efficiency which is defined by the ratio of the
work obtained and the thermal energy input (Appleby 2009).

In a geothermal system, for the action of transferring heat from the geothermal reservoir to the
surface, the production of heat is done differently than that of a furnace or a unit that does work
on a fluid to create the action of heating the fluid. In a geothermal system, the mechanism is the
same as that of a heat pump where heat is transferred from one location to another. More
specifically, a working fluid transfers the thermal energy from one location to another location.
The energy invested in the process is the energy used by the pump to circulate the working fluid.
The energy produced is the amount of enthalpy carried by the working fluid from one location to
the other location (Sam 2017). This means that the ‘efficiency’ of the heat pump process can be
greater than 100%. In other words, the amount of thermal energy produced can be greater than
the amount of energy invested to circulate the working fluid. (Sonntag et al. 1998)
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It is thermodynamically impossible for a heat engine to have a first and second law
thermodynamic efficiency greater than 100% (Desmond and Ali 2015) – in other words, the
system cannot produce more energy than what is being put in – put another way, energy is
neither created nor destroyed. For this reason, for a geothermal system, the ‘efficiency’ is
referred to as a Coefficient of Performance (COP; Kanoglu et al. 2008, Cocchi et al. 2013, Corberan
et al. 2018, Chahartaghi et al. 2019, El-Dairi et al. 2019, Ruhnau et al. 2019). The COP is the ratio
of the energy (rate) produced (enthalpy (rate) in the working fluid at surface) and the electrical
energy (rate) required to pump the working fluid to obtain the produced energy (rate). The
energy rate produced from the system is given by:

2.1

! = #̇%! ('"#$%&'(% − ')*+(',(% )

where #̇ is the mass flow rate, %! is the average specific heat capacity of the working fluid (in
this research, pure water is used and thus the specific heat capacity is 4.2 kJ/kg°C), and
('"#$%&'(% − ')*+(',(% ) is the change of temperature of the working fluid from its injection point
to the production point at surface. The pump energy is given by:

-̇
*̇ = / Δ,

where

-̇
/

2.2

is the volumetric flow rate of the working fluid and Δ, is the overall pressure drop

required to pump the working fluid from the injection point to the production point. From
Equations 2.1 and 2.2, the COP is given by:
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0

2.3

-., = 1̇

The COP can be determined as an instantaneous number using Equation 2.3 or as a value
averaged over an interval of time. For example, if a geothermal system has a COP of 4, it yields 4
kJ (kW) enthalpy (rate) per unit electrical energy (rate) invested.

In this research reported in this thesis, the COP is referred to as the energy produced to energy
invested (EPEI) ratio simply because it is a more intuitive term to use. The higher the EPEI, the
more efficient and effective is the geothermal process.

From a first law thermodynamic point of view, the for a heat pump, the ideal COP is given by:

-.,)%(23 = 0

0!

2.4

! 40"

where !5 is the heat transferred to thermal reservoir 1 and !6 is the heat removed from thermal
reservoir 2; from the first law of thermodynamics for a reversible system, we have !5 = !6 + *̇ .
At ideal conditions for a heat pump operating a maximum efficiency, the ideal COP becomes:
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where '5 and '6 are the absolute temperatures of thermal reservoirs 1 and 2, respectively. For
example, if the surface produced temperature is 50°C (reflecting the heating of the working fluid
from the geothermal reservoir and heat losses from a geothermal well bore) and the surface
injection temperature is 17°C, then the ideal COP is equal to 9.8 (Frano 2013).

Note – the research documented here does not include a power generating station at the surface
of the geothermal operation. Thus, the only measure of efficiency that is reported in this thesis
is the EPEI (the COP). The second law efficiency, as is used in determining the efficiency of power
generation as would be case from a heat engine is not evaluated in the research conducted in
this thesis.

2.6 What is missing in the literatures?
There are many published papers on the specifics of geothermal operations, well designs,
evaluation of geothermal resources, and the integration of low temperature energy harvesting
in the form of Stirling or Organic Ranking Engines. For the research documented in this thesis,
chapter 4, 5 and 6 contain their own detailed literature review. The research documented in this
thesis aims to add to the narrative for geothermal energy production in Alberta, Canada and in
particular, a specific potential geothermal reservoir in the WCSB in Alberta. The target reservoir
is the Basal Cambrian Sandstone Unit (BCSU), a sandstone geothermal reservoir roughly 2,330 m
deep located in central Alberta which has a temperature of about 100°C. The work is completely
novel – there are no published papers on the subject matter of the research documented in this
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thesis. More specifically, there is no detailed study on how the well configuration affects
geothermal energy harvesting from the BCSU. It also remains unclear on how much energy could
be recovered from this resource as well as the difference between open-loop and closed-loop
geothermal methods. Furthermore, it is not clear if variable flow rate for the working fluid could
be used to enhance the performance of the system.
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Chapter 3 : Geothermal Model of Basal Sandstone Unit

Summary
The Basal Cambrian Sandstone Unit (BCSU) has been studied and has been confirmed as a
potential geothermal resource in central Alberta. To evaluate the thermal performance of
geothermal reservoir in BCSU, geological and reservoir models must be created. This model must
be created from the surface to the geothermal reservoir so that the heat gain and losses can be
fully modelled. The geological model represents the geological properties of all of the formations
– this includes properties such as the density, porosity, and permeability. Given that heat transfer
occurs within all of the layers that are penetrated by the geothermal wells, thermal properties
for all of the rock layers are also required – this includes the specific heat capacity and thermal
conductivity.

The input data used for the geological model consists of log data from 50 wells, as listed in Table
3-1. This data includes the tops of each formation as well as the porosity distributions along each
well. The porosity distributions within each formation for all of the wells are averaged to provide
an overall value to represent the entire formation. Core data, and data obtained from the
literature (Hofmann et al. 2014, Weides et al. 2012 and 2014) are used to create porositypermeability transforms which, using the average porosity, are used to create an average
permeability for each formation. In total, 21 formations were identified from just under the base
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of the BSCU to the surface. The thermal properties of each rock type were determined from the
literature.

3.1 Background Information
Canada is well endowed with natural resources such as oil and gas as well as potential geothermal
energy (Geological Survey of Canada 2012). In particular, Alberta has potential regions for
electrical generation and heat harvesting. Alberta hosts the Western Canada Sedimentary Basin
(WCSB) where the underground geothermal gradient ranges from 25 to 40°C/km. The
temperature at the base of the WCSB in Alberta increases from the northeast to the southwest
of the province and remains relatively high in west-central and part of northwestern Alberta
(Hofmann et al. 2014). Figure 3-1 displays a map of Canada indicating the distribution of
geothermal potential. As shown in Figure 3-1, the region with green color (T > 90°C) can be
considered for power generation (Richter et al. 2012). In Alberta, Canada, given that there is a
wealth of well data that was used for oil and gas exploration and production over the past 70
years, the feasibility of recycling abandoned wells may be a potential option for geothermal
energy extraction in Alberta.

According to Hofmann et al. (2014) and Weides et al. (2014), in central Alberta, the Basal
Cambrian Sandstone Unit (BCSU), with properties listed in Table 3-1, has the most potential for
heat extraction due to its relatively high temperature. However, the BCSU is deep at about 2,330
m depth on average and because there are few wells drilled to that depth, there is sparse
geological formation data on this unit.
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Figure 3-1. Map showing distribution of geothermal potential in Canada based on end use
(Richter et al. 2012).
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Table 3-1. Summary of key properties of the four potential target formations for geothermal
energy extraction in the Edmonton Area (Hofmann et al. 2014).
Formation

Wabamun

Nisku

Cooking Lake

Rock type
Total vertical depth
(formation center), m
Thickness, m
Horizontal permeability, mD
Vertical permeability, mD
Porosity, %
Temperature, °C

Carbonate
1,367

Carbonate
1,558

Carbonate
1,825

Basal
Cambrian
Sandstone
Unit (BCSU)
Sandstone
2,330

180
11
6
7
65

44
19
5
5
72

134
315
367
8
82

33
1.9
0.4
15
100

3.2 Model Creation
Well log data from 50 wells were collected and analyzed by using the geoSCOUTTM (geoLOGIC
2019) geomodelling software package. In this package, the well logs can be viewed providing
estimates for the formation tops as well as well as the porosities obtained from the average of
the neutron and density porosities. Amongst the 50 wells examined, the most complete
information was found for Wells 103/07-11-059-20W4/00 and 100/08-19-059-20W4/00 where
more detailed stratigraphic data was collected. Other wells, including 100/11-06-041-22W4/02
were used to supplement the data for the geological model. The porosities from the well log data
profiles were averaged over each formation interval. The geological model, displayed in Figure 32, consists of a domain 1,000 m by 1,000 m in the horizontal directions and 2,800 m vertically.
The BCSU is a fractured unit but the fracture density is low, and thus, the fracture spacing was
set equal to 50 m. From the surface, 21 layers were identified from the well log data for the
model, corresponding to formations, and analyzed in a stratigraphic succession from the
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Bearpaw Formation at the top to the Precambrian at the bottom. With respect to rock types, six
main types were identified with each formation having a different average permeabilities and
porosities as well as thermal properties as listed in Table 3-2. The permeabilities were obtained
from permeability-porosity transforms obtained from core reports in geoSCOUTTM.

The target unit for geothermal heat extraction in the BCSU is at depth 2,330 m deep with
thickness of about 47 m where its temperature is equal to 99.8°C (calculated by the average
geothermal gradient 35.6°C/km with surface temperature on average equal to 16.85°C; Weides
et al. 2014). The permeability of the BCSU is low with average horizontal permeability equal to
1.9 mD and average vertical permeability of 0.37 mD. Its average porosity is equal to about 15%
which means that the BCSU has a good rock content which further implies that it has high heat
storage but due to its low permeability, there may be flow limitations that constrain the amount
of working fluid that can flow through the rock unit. However, the fractures likely contribute to
convective heat transfer through and from the system.
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Table 3-2. Geological properties of each formation in the geothermal model (thermal properties from Chekhonin et al. 2012,
Somerton and Boozer 1959, Beach et al. 1987, Mojorowicz et al. 2014). The geothermal target is the Basal Cambrian sandstone unit
(highlighted in the table).
Formation

Rock Type

Average
Depth
(m)

Average
Thickness
(m)

Average
Vertical
Permeability
(mD)
7.66
232.31
397.96
21.30
0.03

Average
Porosity,
fraction

Average
Compressibility (1/kPa)

361.5
245.6
135.7
221
99.0

Average
Horizontal
Permeability
(mD)
39.12
452.96
587.23
1998.0
0.47

Bearpaw
Belly River
Lea Park
Colorado
Second White
Specks
Belle Fourche
Viking
Ostracod
Wabamun
Calmar
Nisku
Ireton
Leduc
Cooking Lake
Beaverhill Lake
Slave Point
Elk Point
Cambrian
Deadwood
Eldon
Pre-Cambrian

Sandstone
Sandstone
Sandstone
Sandstone
Shale

303
361.5
607.1
742.8
963.8

Shale
Sandstone
Sandstone
Dolomites
Carbonate
Sandstone
Carbonate
Carbonate
Carbonate
Carbonate
Siltstone
Siltstone
Sandstone
Sandstone
Sandstone
Crystal

1062.8
1100.9
1302.1
1367.6
1547.5
1558.4
1602
1635.6
1824.5
1958.3
2138.8
2172
2330.2
2377.4
2614.6
2738.3

0.2100
0.2961
0.2377
0.1998
0.0903

38.1
201.2
65.5
179.9
10.9
43.6
33.6
188.9
133.8
180.5
33.2
158.2
47.2
237.2
123.7
61.7

129.05
28.77
1.88
11.45
27.93
19.17
7.60
516.44
314.72
9.58
0.23
1.13
1.9
1.2
1.0
0.88

53.09
9.55
0.50
6.13
4.05
5.07
4.80
201.49
367.08
4.36
0.03
0.2
0.37
0.21
0.17
0.15

0.1251
0.1612
0.1052
0.0713
0.0603
0.0526
0.0435
0.0771
0.0818
0.0570
0.0171
0.0877
0.1484
0.0800
0.0531
0.0250
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4.03x10-8
4.83x10-8
4.27x10-8
3.92x10-8
2.96x10-8

Average
Heat
Capacity,
J/m3 °C
2.50x106
2.50x106
2.50x106
2.50x106
2.50x106

Average
Thermal
Conductivity,
J/m day °C
2.68x105
2.68x105
2.68x105
2.68x105
1.81x105

3.30x10-8
3.72x10-8
3.02x10-8
2.59x10-8
2.42x10-8
2.23x10-8
1.99x10-8
2.69x10-8
2.74x10-8
2.34x10-8
3.72x10-8
2.74x10-8
3.63x10-8
2.74x10-8
2.23x10-8
1.53x10-8

2.50x106
2.50x106
2.50x106
2.50x106
2.50x106
2.50x106
2.50x106
2.50x106
2.50x106
2.50x106
2.50x106
2.50x106
2.50x106
2.50x106
2.50x106
2.50x106

1.81x105
2.68x105
2.68x105
4.06x105
2.42x105
2.68x105
2.42x105
2.42x105
2.42x105
2.42x105
2.33x105
2.33x105
2.68x105
2.68x105
2.68x105
2.42x105

3.3 Governing Equations
In this study, the thermal reservoir simulation, CMG STARSTM is used to simulate our target
formation (CMG 2019). STARSTM is a commercial reservoir simulation software package, based
on the finite volume method, that models multiphase flow and heat transfer in porous media;
more details of its formulation can be found in the user manual. For completeness, the governing
equations are presented in the following subsections. STARSTM uses Newton’s method to solve
the non-linear system of equations for both flow and heat transfer in both the reservoir as well
as the wells at each time step with Euler’s method for time integration (CMG 2019).

3.3.1 Conservation Equations
For modelling, geothermal reservoirs are normally idealized as systems consists of saturated
porous rocks with a single-component fluid (water or brine). Due to the temperature and
pressure, the water may exist in either vapour and/or liquid phases. The material balance is given
by (CMG 2019, Pruess and Narasimhan 1985):

!(#! $)
!&

= −∇ ∙ (&') + *

3.1

where +' is the pore volume, & is mass density of water, t is time, ' is the velocity vector, and *
represents net flow from external sources (for example adjacent water zones or the amount
injected into a porous rock). The velocity is given by Darcy’s law:
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(

3.2

' = − ) (∇, − &-∇.)

where / is the viscosity of water, 0 is absolute permeability of the rock, , is pressure, g is the
acceleration due to gravity, and . is depth. The energy conservation equation is given by:

!
!&

(+' &2 + +* &* 3* 4) + ∇ ∙ (&'5) − ∇ ∙ (0 + ∇4) = *, − *-

3.3

where +* is the volume of the rock, &* is the density of the rock, 3* is the specific heat capacity
of the rock, 4 is temperature, 2 and 5 are the specific internal energy and enthalpy of water,
0 + represents the total effective thermal conductivity, *, represents heat sources whereas *represents heat losses to overburden and underburden.

3.3.2 Boundary and Initial Conditions
Equations 1 to 3 requires boundary and initial conditions. For boundary conditions, at the vertical
faces (side boundaries), no flow (both water and heat) conditions are imposed. At the bottom
boundary of the model, the temperature of the bottom of the model is set equal to 106.53°C
consistent with the geothermal gradient with a no water flow condition imposed there. At the
top boundary, the Vinsome and Westerveld’s (1980) heat loss model is used governing heat
losses from the top surface to the atmosphere (atmospheric temperature equal to 16.85°C).
Similar to the bottom boundary, no fluid flow is allowed through the top boundary.
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At initial conditions, the domain is allowed to reach a vertical pressure distribution aligned with
the hydrostatic pressure gradient – the pressure at the bottom of the model is equal to 30 MPa.
In all porous formation, the pore space was filled with water at density at the prevailing pressure
and temperature. For temperature, at initial conditions, the system was allowed to establish
thermal equilibrium conditions between the imposed temperature at the base of the domain and
the heat loss to the environment at the top of the model.

3.3.3 Grid and Dimensions
In STARSTM, Equations 1 to 3 are discretized into grid blocks using a finite volume approach which
is fully described in CMG (2019). For grid block dimensions, the domain is divided into fifty 20 m
long grid blocks in both horizontal directions. In the vertical direction, a variable grid is used, as
illustrated in Figure 3-2 where the finest grid is placed in the target interval (the BCSU). More
specifically, in the vertical direction, the 21 stratigraphic layers are divided into 106 grid block
layers. In the target interval, the vertical dimension of the grid blocks is equal to 5.24m whereas
at the top of the model, the first layer is 120.5 m thick. The total number of grid blocks in the
model is 26,500.

The system of discretized non-linear equations, derived from Equations 1 to 3, are solved at each
time step using Newton’s method and an implicit time integrator (CMG 2019). The convergence
criterion for the non-linear solver is set equal to 1x10-6 so as to constrain mass balance errors to
less than 0.001% of the injected water into the target zone.
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A grid refinement study was conducted where the grid block dimensions were halved in all
directions – the results changed by less than 0.1% and thus, the original grid is considered to be
sufficiently resolved. On a 40-core (3.2 GHz) workstation, the running time for the model took
just over two hours (in parallel mode).

Figure 3-2. 3D model domain and dimensions.
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3.4 Fracture flow system
The fracture density is taken to be relatively low within the model. For modelling flow between
the matrix and fracture and between fractures themselves, the Multiple Interacting Continua
(MINC) approach (CMG 2019, Pruess 1992) was used which allows for coupling between fluid and
heat flow and has been reported to provide better performance in describing flow from inner
side to the outer side of matrix (CMG 2019, Pruess and Narasimhan 1985, Pruess 1992). In the
model, the MINC is only assigned to the target interval and fracture spacing is set equal to 50 m
in the horizontal directions. The fracture porosity and permeabilities are only set in target
formation, which is equal to 8.4% and 1.9 mD in both horizontal directions and 0.38 mD in the
vertical direction, respectively.

The initial temperature of the geothermal reservoir is equal to 99.8°C and the surface
temperature of the injected working fluid is 16.85°C. Thus, the maximum temperature change in
the geothermal reservoir is equal to about 83°C. Under this temperature change, the geothermal
reservoir rock will shrink due to its thermal expansion coefficient. However, the geothermal is
loaded from both sides and top by the surroundings and the working fluid that is pressurized and
flows through the reservoir maintains the fracture apertures open (as did the original fluid that
was in the geothermal reservoir initially). Thus, as a first approximation, we assume that the
aperture of the fractures does not change as heat is withdraw from the system and the
temperature of the rock drops.
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3.5 Final Remarks
In this chapter, the construction of a detailed geothermal model was constructed with well log
and core data. The dimensions of the model are 1,000 m x 1,000 m x 2,800 m model with total
number of 265,000 blocks. The model consists of 21 formations with 106 vertical grid block layers.
The model has a geothermal gradient of 35.6°C/km applied over its vertical extent and the
temperature of the BCSU, the target geothermal reservoir, is 99.8°C. This model is used in the
studies described in the following chapters.
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Chapter 4 : Evaluation of Energy Extraction from a Geothermal Resource in Central Alberta,
Canada using Different Well Configurations

Summary
Geothermal energy harvesting offers a clean option for energy generation with nearly zero
greenhouse gas emission. However, due to the lack of understanding of geothermal resources,
optimal well placement and operation for energy generation, and energy return on energy
invested, geothermal development has been slow. Recently, geothermal energy extraction is
drawing attention again for its global potential due to environmental concerns about carbonintensive energy generation from fossil fuels. Here, we examine a potential case of a sandstone,
moderate temperature, low permeability geothermal resource in Central Alberta, Canada, which
has not been simulated before. We construct a detailed earth model of dimensions 1,000 m by
1,000 m horizontally and 2,800 m vertically from the surface to the geothermal reservoir using
well log data. Heat losses along the wells are taken into account. From detailed geological
modelling and thermal reservoir simulation, we demonstrate that different well configurations
affect energy extraction from the geothermal resource. The results show that that energy
produced to energy invested ratio ranges from 1 to 6 GJ/GJ depending on the well configuration,
operating rate, and permeability of the reservoir. The outcomes from the research suggest that
geothermal development in Alberta will require careful design and operating strategy to yield
useful energy returns.
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4.1 Introduction
Geothermal energy generation extracts heat energy from underground natural heat to be either
used for heat or for power or both (Csányi et al. 2010). It is considered renewable since the
harvested energy is naturally restored from natural sources over a meaningful time scale. Hightemperature (>160°C) and medium-temperature (90-160°C) geothermal energy can be utilized
to produce power since the working fluid is hot enough to move a turbine whereas lowtemperature (<90°C) geothermal energy is more useful for district heating. Other than during
assembly and construction and operating the pump to circulate the fluids through a geothermal
reservoir, geothermal energy harvesting does not directly generate carbon dioxide to the
atmosphere. Thus, it is relatively clean compared to other energy generation systems. One key
benefit of geothermal is that it can operate at a constant energy extraction through time unlike
solar and wind. Thus, it does not suffer the intermittent energy generation and as a consequence,
the issue of energy storage for times when energy generation is not occurring e.g., nighttime for
solar, is not an issue in geothermal systems (Geothermal Energy Association, 2014).

As of January 2016, global geothermal power generation was operating at about 13.3 GW of
capacity across 24 countries; an additional 12.5 GW was planned across 82 countries
(Geothermal Energy Association, 2016). The global geothermal industry is forecasted to reach
18.4 GW by 2021 (Geothermal Energy Association, 2016). Given that global power generation is
around 6,171 GW in 2015 (World Energy Council 2016), geothermal-derived power is a small
fraction of the total human energy flow on the planet.
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In the research documented here, we explore heat harvesting from a geothermal reservoir in
central Alberta by examining the effect of well configuration and production rate of the working
fluid on the energy extracted and the energy produced on energy invested (EPEI) ratio. Well
pattern configuration is an essential element of geothermal system design because it controls
the amount of energy harvested as a consequence of heat transfer through the geothermal
reservoir. Heat transfer, in turn, is controlled by the temperature gradient of the system, effective
heat transfer coefficient between the hot rock and the fluid and the well, as well as the contact
area between the working fluids and the hot rock. Jiang et al. (2016) proposed a concept of
underground well pattern systems which suggested that when the horizontal well length is 10
times the fractured reservoir length, the wellhead temperature of produced fluid is elevated. Deo
et al. (2014) simulated and compared five geothermal models of the Great Basin in the United
States under different permeabilities, temperature and layer arrangement using a five spot well
pattern systems. The results showed that a higher fraction of the heat can be swept from lower
permeability seal units through vertical distributed reservoir layers. However, there are few
published studies on the impact of well pattern related to geothermal heat extraction especially
in Alberta. Here, we consider vertical wells in two configurations: first, two well and second, five
well patterns are examined.

4.2 Well Configurations and Wellbore Flow/Heat Transfer Model
The geologic model is described in Chapter 3. In this study, we consider two well configurations:
first, a two-spot and second, a five-spot well pattern, illustrated in Figure 4-1. In both well pattern
systems, wells were drilled in the middle of the area with 500 m well spacing and perforations
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were open at all layers of the BCSU (layers 60 to 68) for the injector and producer wells. Water
was injected at 16.85°C at the well head (surface). For all wells, both heat transfer to and from
the wells from and to the surrounding formations are modelled. Furthermore, a flow model is
used in the wellbore to take into account pressure losses in both injection and production
wellbores. This was done by using the Semi-Analytical Model (SAM) based on pipe flow and heat
transfer models derived by Fontanilla and Aziz (1982) and Bahonar et al. (2010). In the production
wellbores, we have used an internal tubing string within each well (this helps to reduce heat
losses to the surrounding formations) as illustrated in cross-section in Figure 4-2 (dimensions and
example temperature distribution are also displayed). The working fluid (water) flows within the
insulated tubing string that is in turn surrounded by an annular space and then the casing, cement,
which is in contact with the surrounding formation. Heat transfer from the well to/from the
surrounding formation occurs in the radial direction via conduction using the model described by
Fontanilla and Aziz (1982). The properties of the materials in the wellbore are listed in Table 4-1.
Table 4-1. Wellbore material properties (Kaya and Hoshan 2005, Thorbjornsson 2017).
Tubing
Casing
Insulation
Annulus
Cement

Material
Carbon steel
Carbon steel
Calcium Silicate
Water (assumed not moving)
Cement
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Thermal Conductivity, W/m K
44.96
44.96
0.03
0.66
0.35

500 m

500 m

Figure 4-1. Two (top) and five (bottom) well configurations (red and green dots indicate
injection and production wells, respectively). In all vertical wells, perforations are open in
layers 60 to 68 (depth 2335.44-2377.40 m).
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Tubing
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Figure 4-2. Production wellbore schematic (with temperature profile obtained at depth of
1475.7 m when the water production rate is 100 m3/day).

4.3 Operating Conditions
Water was employed as working fluid in this study. For both two and five well configurations,
nine injection rate cases are considered: 100, 200, 300, 400, 500, 600, 800, 1000, and 1200
m3/day. For the two well cases, due to maintenance of mass balance, the production flow rate is
roughly equal to the corresponding injection rate. In the five well cases, the production rates
from each well are equal to about one-quarter of the injection flow rate (since there are four
production wells in the pattern). At the well head (surface), the production wells have a pressure
set equal to 100 kPa. The total operating time of the geothermal operation is set to 30 years.
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4.4 Results and Discussion
In total, 18 cases were evaluated at the nine injection rates (listed above) for the two and five
well configurations. Specifically, the bottom hole temperature of the produced water, energy
produced, surface temperature of produced water, and energy return on energy invested were
analyzed.

For the two well configuration, due to the low permeability of the target formation, the produced
fluid rate was not always equal to that of the injection rate as shown in Figure 4-3, especially at
the higher injection rates. Although this effect starts to occur at an injection rate of 500 m3/day
for the two-well configuration, it does not occur in the five-well configuration because the flow
to each corner well is one-quarter the injection rate and the permeability does not present a
sufficient restriction to flow in that well configuration. The total energy produced depends on
the produced water flow from the geothermal reservoir. The results demonstrate that well
configuration plays a role and that Figures 4-4 and 4-5 display the evolution of the temperature
distribution for the two and five-well configurations, respectively, in the target geothermal zone
(top view in the mid-plane of the target zone and side view in the plane of the two wells) at an
injection rate of 600 m3/day. The initial temperature of the geothermal reservoir is equal to
100.93°C. The results show that the temperature falls rapidly in the near-well region of the
injector as cold fluid is injected into the formation. After five years, the cooled zone (<50°C) has
extended about 50 m around the well. Due to the presence of the fractures and directed flow
from the injector to the producer (arising from the pressure difference that exists when the
producer is being pumped) in the geothermal zone, the temperature reduction is more
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pronounced in the target formation than in the formations above and below the target zone. This
due to both convective and conductive heat transfer in the target zone whereas it is more
dominated by heat conduction from the zones directly above and below the target zone. After
15 years of operation, the temperature of the ~75 m region around the injector is lower than
40°C. At 30 years, the reduced temperature zone has extended to reach the production well. The
results displayed in Figure 4-5 for the five-well case are similar to that of the two-well case with
strong convective and conductive cooling in the geothermal zone due to the injected fluid. Due
to the distribution of fluid towards the four production wells, the inter-well cooling is less
pronounced than is the case with the two-well configuration.

Figure 4-3. Injection and production performance of the two and five-well cases.
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Figure 4-4. Two-well configuration (600 m3/day injection rate) – top and side views of
evolution of temperature distribution in target geothermal zone (Cambrian).
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Figure 4-5. Five-well configuration (600 m3/day injection rate) – top and side views of
evolution of temperature distribution in target geothermal zone (Cambrian).
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4.4.1 Bottom hole temperature of produced water
Figure 4-6 displays the bottom-hole temperature (BHT) at the production well(s) for the two and
five well configuration cases. The BHTs for the five well configuration cases at each production
well were the same (given the uniformity of properties horizontally this is expected). The BHT is
the highest temperature achieved by the injected water reflecting the amount of heat that the
water harvested from the geothermal zone. Initially, as the water is injected into the geothermal
reservoir, it raises the pressure in the region surrounding the injection well and the resulting
pressure gradient between the injector and producer leads to water flow from the geothermal
zone into the production well and formation water at its initial temperature is produced from the
formation. At some point in time, given the relatively cool temperature of the injected water
and the amount of heat extracted from the geothermal zone, the temperature of the produced
water will drop below that of the initial water temperature. The results in Figure 4-6 reveal that
time at which the temperature of the produced water is lower than the initial water temperature
after about 5 years for the two well configuration and about 9 years for the five well configuration.
This defines what can be referred to as the breakthrough time when the cooler injected water
reaches and affects the produced water temperature lowering it below that of the initial water
temperature. The results also show that the higher the injected water rate, the faster is the
decline of the temperature of the produced water. As described earlier, the threshold for power
generation is about 90°C. If this value is used here, the results show that for all flow rates for the
two well case and the five well case, the temperatures persist above 90°C for 30 years of
operation. Since the flow of water through the geothermal reservoir from the injection well to
each of the four production wells in the five-well case is lower than that between the injection
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and production wells of the two-well cases, the breakthrough time for cooler water production
is longer in the five-well cases than that of the two well case at the same injection flow rate.
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Figure 4-6. Production well bottom hole temperature performance of the two and five-well
cases.
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4.4.2 Produced Energy
The surface temperature of the produced water reflects the additional heat losses that occur
when the produced water flows from the geothermal reservoir through the production wellbore
and loses heat to the surrounding formation and reflects the realized temperature of the working
fluid at the surface. Figure 4-7 presents the surface temperature of the produced water and
produced energy (enthalpy of the produced working fluid) versus the production rate for all well
configuration cases. The results show that the well configuration and injection rate affect the
produced surface temperature of the produced water. For the five well configuration, the
relationship is monotonic – the higher the production rate, the higher is the surface temperature
of the produced water although for the conditions examined here, the temperature is lower than
90°C for all cases. For the two well cases, there is a slight maximum of the surface temperature
of the produced water at about 500 m3/day equal to about 90°C. Despite the lower production
rate in the two-well case, the realized temperature of the working fluid at the surface is higher
than that of the five-well cases. The results also show that the higher the production rate of the
working fluid, the greater is the absolute produced energy for both well configurations. The twowell case tends to produce more energy than the five-well case at the same injection rate.
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Figure 4-7: (a) Surface temperature and (b) produced energy rate for two and five-well cases
versus production rate.
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4.4.3 Energy Efficiency
The Energy Produced to Energy Invested (EPEI) ratio measures the energy efficiency of the
process (Southon and Krumdieck 2013); as described in Chapter 2, it is the same as the Coefficient
of Performance (COP). It provides a basis to compare energy extraction alternatives for
geothermal systems (Mansure 2012) and can be regarded as a metric to determine if a
geothermal reservoir is efficient when energy is extracted. In this study, the available energy
generated from the process is realized from the flow of the working fluid and its specific enthalpy
at its given temperature and pressure; heat losses to the surrounding formations as the working
fluid is produced to the surface are taken into account in the geothermal reservoir model. For
the energy invested, we include the energy of pumping the water into the target formation
through the injection well and from the target formation through the production wells. More
specifically, the EPEI is given by:

6,67 =

Energy Produced
Energy Invested

=

>̇," (+"#$ @+%&' )

4.1

(̇
*

( )AB/D

where 8B is the specific heat capacity of the working fluid, 9̇ is the mass flow rate of the
produced working fluid, 4BEF is the produced surface temperature of the working fluid, 4GHI is
injected temperature of working fluid, Δ, is the pressure drop required to move the working
fluid from the surface through the reservoir rock and up to the surface,

>̇
$

is the volumetric flow

rate of the working fluid, and < is the efficiency of the pump (set equal to 75%).
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Figure 4-8 compares the energy invested and produced of the two-well and five well cases under
different injection and production flow rates. In the two-well case, the injection rate spans the
entire range of flow rates tested but the production rate is limited by the flow conductivity of the
geothermal reservoir. Despite the reduced liquid flow rate for these cases, the cumulative energy
produced is greater than that of the cumulative energy invested at each injection flow rate. For
the five-well cases, the total energy invested through the pump energy required to move the
liquid through the reservoirs in the five-spot pattern means greater cumulative energy invested
versus that of the two-well cases. The substantially greater energy requirement invested
especially at the higher inject flow rates speaks to the greater resistance of flow through the
geothermal reservoir. With respect to the cumulative energy produced at each flow rate for the
five-well cases, it is lower than that of the two-well cases. Furthermore, the cumulative energy
produced for the five-well cases does not rise as the cumulative energy invested rises and is equal
or below it for the majority of the cases – this means that the five-well cases are not significant
net energy generators.

Figure 4-9 presents the cumulative energy produced to the cumulative energy invested (EPEI)
ratios versus time for both the two-well and five-well cases. It is useful to define a lower limit on
the EPEI – Hall et al. (2009) has presented a value of 3 (GJ/GJ) as a reasonable estimate of the
lower limit of the EPEI. This suggests that when EPEI of the geothermal operation exceeds 3, the
geothermal reservoir is exploitable. The results reveal that for the two-well cases, as long as the
injection flow rate is lower than 800 m3/day, the EPEI exceeds 3. The highest EPEI is realized for
the two-well 100 m3/day injection rate case where the EPEI reaches a value close to 6. This is
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because of the reduced energy invested in terms of pump energy at this relatively low flow rate.
For all five-well cases, when the injection rate is between 100 and 1200 m3/day, the EPEI ratio is
equal or below 1 which is far below the threshold of 3. This suggests that the five-well
configuration, given its greater energy invested is not a viable energy generator given the
required invested energy.

The energy invested reflects the amount of energy required to pump the working fluid through
the geothermal reservoir and up to the surface. Given the nature of the porous reservoir as
fractured rock, the pressure drops across it as well as the pump energy needed to move the fluids
to the surface is large. This is the reason for the lower EPEI ratio found for the five-well case. To
examine sensitivity with respect to the matrix horizontal permeability (which is the main
contributor to the flow resistance in the geothermal reservoir), two additional models were run
where the matrix horizontal permeability was enlarged by a factor of 10 (10xk case) and 100
(100xk case) in the geothermal reservoir, with results displayed in Figure 4-10(b) and (c),
respectively, after 30 years of operation.
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Figure 4-8: (a) Cumulative energy invested under different injection rate and (b) cumulative
energy produced versus different production rate for the two-well and five-well cases.
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Figure 4-9. Energy produced to energy invested (EPEI) ratio versus time for (a) two and (b)
five-well cases versus production rate.
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Figure 4-10(a) displays the relationship between EPEI and injection rate in the original
permeability case. For the base case, the results show that the efficiencies of the two well
configurations are much higher than five well configurations under all tested flow rates with the
two-well case being the most efficient with EPEI ratio reaching almost 6 at 100 m3/day injection
rate. When the matrix horizontal permeability is raised by a factor of ten, the EPEIs for both well
configurations are raised but because the permeability is large enough such that amount of liquid
injected is equal to the liquid produced in the two-well case, its EPEI are significantly higher than
that of the five-well case. In the 10xk case, the peak EPEI occurs at an injection rate equal to 300
m3/day with an EPEI exceeding 8. In the 100xk case, the maximum EPEI is at 500 m3/day with an
exceeding 9. This suggests that larger matrix horizontal permeability does raise the energy
efficiency and that the increase could be significant for some extent of enhanced permeability –
ten and hundred times increases of the permeability raised the energy efficiency by about 46 and
61% from that of the base case, respectively. This suggests that there is potential benefit from
hydraulically fracturing the formation prior to geothermal energy recovery.

From an application point of view, for the most efficient operation, the results demonstrate the
balance between energy required to circulate the working fluid versus the amount of energy
produced from the geothermal reservoir is key and that the well configuration plays a role in this
balance. The results suggest, for the geothermal reservoir examined here, that the two-well
configuration will yield the best energy efficiency at low injection rate. However, the absolute
amount of energy produced is low in this case. Thus, within the context of reaching a prescribed
energy production target, another balance that has to be established is that between the cost of
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the operation (pump energy for the working fluid) also integrating the capital costs of the wells
themselves versus the revenue of the energy realized – this may alter the perspective on what is
the desired operating state should despite the energy efficiency obtained.

Given the requirement for the invested energy in these systems in the form of pump energy, this
suggests that alternative should be examined that reduce the requirements for pump energy.
However, for open-loop systems, this is hard to envision unless a thermosiphon effect is used or
natural water flow from a highly pressurized hot water source is exploited as the geothermal
resource.
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Figure 4-10. EPEI versus production rate for two and five-well cases after 30 years of operation
for (a) base case, (b) ten times matrix horizontal permeability case, and (c) one hundred times
matrix horizontal permeability case.
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4.5 Conclusions
An evaluation of geothermal energy extraction has been conducted for the Basal Cambrian
Sandstone geothermal reservoir at a depth of about 2,330 m in Alberta, Canada. A detailed
geological model was constructed sourced with data from log data. The geothermal reservoir
model that was constructed was used to evaluate the performance of a two-well configuration
and a five-well configuration versus injection flow rate in an open-loop configuration. The
working fluid for energy extraction is water. The results show that the target formation’s
permeability limits the production of water from the reservoir in the two-well cases at injection
rates above 500 m3/day. This is a design constraint on the productivity that must be taken into
account for geothermal systems. The results show that the two-well case yields the highest
energy produced per energy invested and that it occurs at relatively low injection rates. However,
the absolute amount of energy generated at this low flow rate is relatively low which suggests
that a practical operating condition would be set by the economics and not the efficiency of the
process. In most of the cases, the temperature of the produced water is close to 90°C and thus
low-enthalpy power can be produced from the geothermal resource that was studied in this
research. Furthermore, the results illustrate that if the geothermal reservoir could be stimulated
(e.g., by hydraulic fracturing), an enhancement of the matrix permeability does not raise the
energy efficiency of the two and five-well cases significantly. In other words, the flow resistance
of the geothermal reservoir is not reduced sufficiently to raise the energy efficiency significantly.
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Chapter 5 : Evaluation of Closed Loop U-Tube Deep Borehole Heat Exchanger in the Basal
Cambrian Sandstone Formation Alberta, Canada

Summary
Closed loop deep borehole heat exchanger (DBHE) systems for producing heat from geothermal
sources have the advantage that the heat transfer fluid is contained within the loop. In this study,
a U-configuration closed loop DBHE was examined to evaluate the energy produced per unit
energy invested from a 2,330 m deep geothermal reservoir in central Alberta, Canada. A detailed
earth model where the system is modelled from the surface to the geothermal source is used in
a numerical simulation model to understand the efficiency of the process. The results reveal that
the fluid flow reaches its highest temperature in the ascending section of the U-loop rather than
the bottom section which implies that the insulation on the working fluid should start in the
ascending section of the U-loop. The results demonstrate that the closed loop system can achieve
ratios of the energy produced and energy invested of 7 GJ/GJ. Although this efficiency is
promising, the absolute amount of heat energy harvested is limited by the heat transfer area in
the geothermal reservoir.

5.1 Introduction
In recent years, with the focus on lowering the emissions intensities of energy with the eventual
target of zero-emission energy, much attention has been focused on geothermal energy
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exploitation and production (Csányi et al. 2010, Panwar et al. 2011, Gehringer and Victor 2012,
IEA 2015, Nasruddin 2016, Bertani 2016, Yildirim and Genc 2017). In geothermal systems, the
produced temperature is the key parameter – the higher the temperature of the working fluid
that can be obtained from the reservoir, the more energy that can be produced and if it is
sufficiently hot, say greater than about 90℃, power can be produced (Lee 1996, 2001). In most
geothermal designs, the working fluid injected into the hot reservoir withdraws heat from the
rock and produces it to the surface. The hot working fluid is then used to either generate power
or to provide heat for example for district heating (Balat et al. 2009, Molavi and McDaniel 2016).
In these open-loop systems, the working fluid is typically the geothermal formation brine
(groundwater) which can cause issues such as solids precipitation as the brine experiences
different temperatures through its path from geothermal reservoir to surface and back (Izgec et
al. 2005, Herbet et al. 2011 and Setiawan et al. 2019). Also, in some cases, the disposal of the
working fluid can be an issue (Roy 1983, Vetter 1983 and Sahar et al. 2010).

An alternative to open loop geothermal systems are closed loop geothermal systems (Carotenuto
et al. 2001, Ghoreishi-Madiseh et al. 2013, Casasso and Sethi 2014, Riahi et al. 2017, Strang 2017)
where the working fluid is circulated in a closed loop through the geothermal reservoir from the
surface. In many applications, closed loop systems are applied in shallow (<50 m) geothermal
applications for household heating (Lund 2001). Recent work has been done on the use of closed
loop geothermal systems for deeper, greater than 2,000 m deep, geothermal resources (Kohl et
al. 2002, Cho et al. 2016, Vany et al. 2020). The main challenges faced by these systems is the
drilling and completion technology to create the closed loop system (Allahvirdizadeh 2020). The
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other key challenge faced by closed loop systems is the amount of heat transfer that occurs
across the loop from the geothermal reservoir. In these systems, heat is delivered only by thermal
conduction from the formations directly surrounding the loop. Thus, the limitations of heat
transfer area become an issue.

For deep geothermal resources, the two main types of designs for closed loop designs are the
closed U-Tube and co-axial configurations (Pejic et al. 2005, Wood et al. 2012, Law et al. 2015,
Zhang et al. 2019, Alimonti et al. 2020). The closed U-Tube is similar to that commonly applied in
shallow geothermal systems (Song et al. 2017) with insulation placed to minimize heat losses.
The working fluid flows from the surface down one leg of the U to the target geothermal resource,
then accumulates heat from the geothermal reservoir, and then flows back to the surface
through another leg carrying the collected heat. The co-axial well configuration has the wells in
a annular arrangement: the outer annulus is used to carry the working fluid from the surface to
the geothermal resource and a central flow pipe which conveys the working fluid back to the
surface (Wood et al. 2012).

In an open loop system, the heat transfer fluid is sourced from the reservoir rock and thus, the
heat transfer area is relatively large whereas in a closed-loop system, the heat transfer area is
the outer area of the flow loop itself. This means that the length of the loop or the number of
closed laterals placed or both within the geothermal resource become key design parameters for
the amount of heat produced. Another design parameter is the appropriate placement of
insulation within the loop to ensure maximum heat production from the geothermal resource
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and then minimizing the heat losses from the loop after the working fluid has achieved its
maximum possible temperature. The circulating fluids in a closed-loop wellbore are completely
isolated from underground hot rock and water existing in the reservoir. For closed loop
geothermal reservoir production, effective design of the loop placement, insulation length, and
flow rate of the working fluid depends on an understanding of the anticipated temperature
profile in the loop.

Early studies mostly focus on achieving a targeted temperature profile at surface using traditional
geothermal wellbores instead of closed loop geothermal wellbore. Several models have been
developed to predict temperature profiles (Sagar et al. 1991, Kabir et al. 1996). In general, these
models demonstrate the potential for energy recovery by using closed loop well arrangements.
Some pointed out that the maximum temperature occurs at the place at higher elevation than
the well bottom. In more complex numerical models, Hecht-Mendez et al. (2013) demonstrated
using numerical modelling that underground bore hole heat exchangers can be severely affected
by groudwater flow. Radioti et al. (2016) investigated the impact of bedrock heterogeneity on
the performance of a closed loop geothermal system. By measuring high-resolution temperature
profiles along the well, a correlation of the temperature profiles to the geological characteristics
of the surrounding bedrock was identified. Wu et al. (2017) predicted the heat extraction from a
U-Tube closed-loop well in a geothermal reservoir by a mathematical model. An approximate
approach was proposed to compute the heat power and the results imply that the output
temperature can be used to predict the heat extraction while heat extraction can also be affected
by the injection rate, injection temperature and fluid viscosity. Song et al. (2018) studied the heat
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production performance of a closed loop geothermal system by analyzing temperature profile
calculated through an unsteady state heat transfer model. The results indicated that the heat
production performance is mainly influenced by the flow rate, inlet temperature, and horizontal
heat exchanger section length. A critical flow rate was determined which yields the highest outlet
temperature at surface. Sun et al. (2018) investigated the circulating process of CO2 by proposing
a mathematical model of a U-Tube closed-loop well in a geothermal reservoir. From temperature
profile, it was observed that the temperature of CO2 flow is equal to the temperature of
formation during ascending wellbore which can help to evaluate the geothermal recovery
performance. Gharibi et al. (2018) tested the feasibility of applying an abandoned oil well for
geothermal energy development. A three-dimensional numerical model of U-Tube heat
exchanger was simulated and the results proved that the repurposed well can be exploited to
obtain geothermal energy both for electricity generation and direct heating. Lyu et al. (2018)
analyzed characteristics of a U-Tube heat exchanger in a geothermal well in Bazhou field, China.
They found that depth, porosity, permeability and heterogeneity of the formation influenced the
performance of the heat exchanger.

There still remains uncertainty on the optimal design and operating conditions of deep closed
loop geothermal systems. Here, the results of a detailed numerical model is presented, for the
first time, on a U-Tube closed loop well configuration in the Basal Cambrian Sandstone Unit (BCSU)
in central Alberta, Canada to yield optimal enthalpy delivery rates at surface. The key variables
that can be altered, after the geometry of the system is specified, is the working fluid flow rate,
placement of insulation, and the length of the horizontal interval in the geothermal reservoir.
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5.2 Well configurations
In the work reported here, the 3D earth model that was described in chapter 3 is used. A U-Tube
closed loop well system based on existing designs (Schultz 2008, Wu el at. 2017 and Sun et al.
2018) is applied for geothermal heat recovery, as shown in Figure 5-1. There are three sections
in the U-tube closed loop: 1. a descending wellbore from the surface, 2. a horizontal wellbore to
accumulate heat from the geothermal resource, and 3. an ascending wellbore conveying the
heated working fluid to the surface. There is no fluid flow between the loop and the geothermal
reservoir. This means that the reservoir geological properties, e.g., the porosity and permeability,
can only affect the accumulation of heat in the working fluid through the hydrological flow of
brine past the well: beneficial in the geothermal resource since this could help heat transfer to
the working fluid or harmful in the layers above the geothermal resource since this flow can
remove heat from the working fluid. In the U-Tube, the first section descends to a depth of 2,330
m. The second section is the horizontal part which is 400 m long. There are two kick-off intervals
(transition from vertical to horizontal) at the ends of the horizontal interval – each is 50 m in
horizontal extent and thus, the horizontal separation between the vertical intervals is 400 m.
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Figure 5-1. U-tube well configuration.
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The completion design for the vertical and horizontal intervals of the well are displayed in Figure
5-2. The temperature of the underground increases with depth so as soon as fluid flows down
the descending section of the well, providing there is no insulation added along the well, it starts
to accumulate heat. As shown in Figure 5-2(a), the working fluid flows through an inner tubing
string. The annular space is filled with air. Heat transport from the surrounding rock goes through
the cement and casing via conduction and then the annular space (convection and conduction),
and then through the tubing string wall by conduction. When the fluid arrives at the bottom of
the U-tube and flows horizontally with the completion design shown in Figure 5-2(b). The working
fluid continues through the internal tubing string but annular space is connected to the surround
formation so that hot fluid can flowing to the annular region of the well. In this manner, the
tubing string containing the working fluid has more intimate connection with the formation fluid
and its temperature is raised in the horizontal section. After the fluid reaches the end of the well,
in the ascending section, at the point where the working fluid starts to lose heat to the formation,
as shown in Figure 5-2(c), the tubing string is insulated. In this section, the annular space could
be filled with gas to add further insulation to the tubing string.
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(a)
Formation
Cement
Casing
Fluid Flow
Casing
Cement
Formation

(b)

(c)
Figure 5-2. Well completion design: (a) descending interval, (b) horizontal interval, and (c)
ascending section.
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In the annular space and tubing string, the pressure drop depends on viscous drag (friction),
kinetic energy, and gravity; the method used here is based on Oballa et al. (1997). In this model,
the pressure drop depends on the flow regime. The working fluid that flows through the closed
tubing string is water and it remains as a single-phase liquid at the conditions in the well. Under
turbulent flow, the frictional pressure gradient is determined by:
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where ? is the friction factor, determined from Colebrook’s equation (Colebrook 1939), @A is the
average fluid speed, B is the diameter of the tubing string, and & is the fluid density. In the
annular space, the hydraulic diameter is given by:
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where EK is the annulus radius and EM is the wall radius. More details of the fluid flow in the
tubing and annular spaces are described in CMG (2019).

In each grid block containing the well, heat transfer occurs between the rock and the fluid within
the tubing string according to a one-dimensional series radial heat transfer model where the heat
transfer resistances are composed of the cement, casing, annulus space, insulation layer (if
present), and tubing string wall. This means that the dimensions and thermal conductivities of
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each of these components must be specified and are listed in Table 5-1. For the tubing string,
since flow occurs within it, the roughness must also be specified; here, it is set equal to 0.0001.
For heat transfer at the tubing string wall to the working fluid within, the heat transfer coefficient
determined according to the method described by Fontanilla and Aziz (1982).

Table 5-1. Wellbore material properties (Gallup 2003, Engineering Toolbox 2003-2018, Kaya
and Joshan 2005, Thorbjorsson 2017).
Object
Tubing
Insulation
Casing
Annulus
Cement

Dimensions and other
properties
Inner diameter 0.163 m
Outer diameter 0.168 m
Roughness 0.0001
Outer diameter 0.173 m
Outer diameter 0.23 m
Outer diameter 0.245 m
Outer diameter 0.3 m

Material
Carbon steel
Calcium Silicate
Carbon steel
Water
Cement

Thermal Conductivity,
W/m K
44.96
0.03
44.96
0.66
0.35

5.3 Numerical Model
The reservoir simulation model uses the same grid block discretization as was used in the
geological model as described in Chapter 3. Tests were done to evaluate the impact of grid on
the results. It was found that doubling the grid in each direction changed the results by less than
0.1% and thus, the grid block discretization shown in Figure 5-3 was used for all cases (cases
described below). As described in Chapter 3, the thermal reservoir simulation package CMG
STARSTM (CMG 2019) is used to solve the governing equations as listed above. The trajectory of
the well is shown in Figure 5-3. The well is discretized from the surface to the target formation
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and back to the surface with each section of the well having a discretized length equal to the
dimension of the grid block through which it is traversing, in the vertical wells section, it is the
equal to the vertical dimension of the grid block and in the horizontal direction, it is equal to the
horizontal dimension of the grid block. The tolerance on the linear solver is set equal to 10-6. The
models developed in this work were run on a 2.3 GHz workstation taking roughly 2 hours per
case using 2 cores in parallel solver mode.

Figure 5-3. Discretization of domain into grid blocks. In the horizontal directions, there are
50x50 grid blocks and in the vertical directions, there are a total of 106 grid blocks with
dimensions ranging from 5.24 to 120.5 m (finest grid blocks are in the geothermal reservoir).
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The geothermal operation is run for 30 years. The working fluid is chosen as pure water. We
examine five flow rate cases (100, 200, 300, and 400 m3/day) with and without insulation along
the ascending section of the U-tube. The cases are listed in Table 5-2.

Table 5-2. Summary of cases.
Flow Rate (m3/day)

Case
No Insulation
With Insulation
No Insulation
With Insulation
No Insulation
With Insulation
No Insulation
With Insulation

100
200
300
400

5.4 Results and Discussion

5.4.1 Temperature Profile
Figure 5-4 shows the temperature profile of all flow rate cases with and without insulation (when
present, insulation only placed in the ascending section) versus the overall flow path versus time.
The results show that as the flow rate is raised, the temperature realized by the working fluid
before it enters the horizontal section is lower: after 1 year of operation, at 100 m3/day, the
temperature of the working fluid before entering the horizontal section is equal to about 85°C
whereas for the 400 m3/day case, the temperature reaches about 54°C. After about 10 years, the
temperature profiles have reached a steady-state profile where the withdrawn heat is equal to
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the amount replenished from below. After 10 years, at 100 m3/day, the temperature of the
working fluid before entering the horizontal section is equal to about 68°C whereas for the 400
m3/day case, the temperature reaches about 37°C. In the 400 m horizontal section, after 10 years
of operation, at 100 m3/day, the temperature rises to 80°C whereas at 400 m3/day, it increases
to 53°C. The temperature profiles reveal that in the no insulation case, at 100 m3/day, the highest
temperature achieved by the working fluid is about 500 m beyond the end of the 400 m
horizontal section in the ascending interval and when the fluid reaches the surface, the
temperature drops to about 64°C (for all time). At the higher flow rates, the maximum
temperature achieved is generally between 500 and 700 m above the end of the horizontal
section. The higher the flow rate, the lower is the heat losses in the ascending section. At 400
m3/day, after 10 years of operation, the temperature of the fluid at surface is equal to about 56°C.
The highest achieved temperature at the surface after 10 years of operations is at a flow rate of
200 m3/day at about 63°C. As expected, when the insulation is present, the temperature of the
produced fluid at surface is higher than that of the no insulation case. This is more pronounced
at the lower flow rate: at Year 1, at 100 m3/day, the insulation in the ascending section maintains
the temperature about 8°C higher than that of the no insulation case; at 400 m3/day, the
temperature difference is about 2°C. Beyond Year 1, the temperature differences drop to below
2°C for all flow rates. These results indicate that insulation may not be that beneficial given the
flow rates considered here.

Figure 5-5 displays the temperature distributions of the formations in the plane of the U-tube
loop versus time. The results show that the temperature of the formations in the near well region
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drops as the 16.85°C water is injected downhole. The heat flux from below is sufficient to keep
the temperature relatively constant in the geothermal reservoir. The temperature reduction
observed in the near well region for the ascending section is due to the fluid being cooler than
the formation there. However, higher up, about 700 m depth, the working fluid temperature is
higher than that of the surrounding formation and the formation is heated by the working fluid.
The distributions for the other flow rates are similar to that shown in Figure 5-5.
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Figure 5-4. Fluid temperature profiles versus path length versus flow rate and time in the case
of no insulation.
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Figure 5-5. Example of temperature distribution in the plane of the U-tube well at flow rate of
400 m3/day.
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5.4.2 Energy Produced
Figure 5-6 compares the produced energy versus flow rate for the closed loop configuration and
a two-well open loop configuration (with 400 m horizontal separation between the vertical wells)
as reported in Chong et al. (2021) for flow through the Basal Cambrian Sandstone unit (same unit
as used here for closed loop system). In both cases, the greater the flow rate through the system,
the higher is the produced energy. The absolute produced energy from the open-loop
configuration is greater than that of the closed-loop case. This is because the available heat
transfer area for the open-loop configuration where the working fluid flows through the
geothermal reservoir rock is significantly larger than that of the closed loop system.

5.E+5
Closed Loop

Energy Produced (MWh)

4.E+5

Open Loop

3.E+5

2.E+5

1.E+5

0.E+0
0

100

200

300

400

500

Flow Rate (m3/day)

Figure 5-6. Energy produced in closed and open loop configurations (open-loop results from
Chong et al. 2021).
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5.4.3 Energy Efficiency
Energy efficiency is indicated by the ratio of the energy produced from the geothermal resource
at surface and the energy invested to move the working fluid through the loop, denoted as the
EPEI ratio. The energy invested is equal to the pump energy required for moving the fluid from
the surface through the flow loop and back to the surface. In geothermal applications, the EPEI
ratio is often termed as the coefficient of performance (COP) (Ghoreishi-Madiseh 2013, Cho 2016,
Zheng 2017).

Figure 5-7 displays the effect of working fluid flow rate on the EPEI for the closed loop system as
well as the equivalent open-loop system as described in Chong et al. (2021). The results show
that for the closed-loop configuration, the highest EPEI ratio is equal to about 7 GJ/GJ when the
flow rate is 100 m3/day whereas the lowest EPEI ratio reaches to about 5.8 GJ/GJ when the flow
rate is 400 m3/day. For the open-loop system, the EPEI is significantly lower than that of the
closed-loop results with the highest result equal to 5.9 GJ/GJ at 100 m3/day and 4.3 GJ/GJ at 400
m3/day. The EPEI ratio decreases faster in the open-loop system as the flow rate is raised. The
reason for the lower EPEI ratio of the open-loop system is due to the additional pressure drop
required to move the working fluid through the geothermal reservoir rock – this greater energy
investment requirement causes the lower EPEI ratio for the open-loop system.

A lower limit for the EPEI has been defined by Hall et al. (2009) and is suggested to be equal to 3
GJ/GJ to be useful and beneficial to society. The results in Figure 5-7 show that for both the open
and closed loop configurations that the EPEI exceeds 3.
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Figure 5-7. Energy produced to energy invested ratio (EPEI) versus working fluid flow rate for
the closed and open loop geothermal systems (open-loop results from Chong et al. 2021).

5.4.4 Effect of Horizontal Section Length in Closed Loop System
Given the temperature profiles displayed in Figure 5-4, the results suggest that the length of the
horizontal section in the closed loop system could be extended to improve the amount of heat
recovered from the reservoir. To test the effect of horizontal section length, the model (no
insulation) was tested with horizontal lengths of 600, 800, and 1,000 m at a flow rate of 200
m3/day. Figure 5-8 shows the rise of the averaged peak temperature achieved by the working
fluid along the length of the U-tube loop and the surface produced average temperature
(averages taken over the last 20 years of the operation) versus the length of the horizontal section.
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The results show that the temperature rise is relatively small (an increase of about 1.2°C) even
when the horizontal section is more than doubled to 1,000 m. These results suggest that there is
not a significant benefit from extending the horizontal section length.

Figure 5-8. Effect of length of horizontal section on the peak temperature and produced fluid
temperature (temperature values are the average of the last 20 years for case of 200 m3/day
working fluid flow rate).

Figure 5-9 displays the relationship between the energy produced and the length of the
horizontal section at a fluid flow rate of 200 m3/day for the closed loop system. The results show
that as the length of the well is increased from 400 to 1,000 m, the amount of energy produced
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rises by about 6%. This increase of the energy is relatively small suggesting that well length
beyond 400 m is not justified.

1.5E+5

Energy Produced (MWh)

1.4E+5

1.3E+5

1.2E+5

1.1E+5

1.0E+5
300

400

500

600

700

800

900

1000

1100

Length of Horizontal Section (m)

Figure 5-9. Energy produced versus the length of the horizontal section for the closed-loop
system at 200 m3/day fluid flow rate.

Figure 5-10 displays the effect of the length of the horizontal well section on the EPEI ratio at a
flow rate of 200 m3/day for the closed loop system. The results show that the EPEI ratio is lowest
when the horizontal length is equal to 400 m. at longer horizontal lengths, the working fluid has
a greater residence time in the geothermal reservoir to accumulate heat and thus, the EPEI ratio
becomes relatively large as a result. This demonstrates that the increased residence time created
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by the longer horizontal interval benefits the system over that of the additional working fluid
pressure drop associated with the longer horizontal section with respect to the EPEI ratio.
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Figure 5-10. EPEI versus the length of the horizontal section for the closed-loop system at 200
m3/day fluid flow rate.

5.5 Conclusions

For the first time, a closed loop U-tube geothermal underground borehole heat exchanger has
been examined the Basal Cambrian Sandstone geothermal resource at depth of 2,330 m in
Alberta, Canada. The analysis was conducted using a thermal reservoir simulator that solved both
the flow and heat transfer equations in the reservoir rock as well as the loop well. The results
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demonstrate that the closed loop system can yield energy produced to energy invested around
7 GJ/GJ for the working fluid flow rates and system geometry considered here. A comparison to
open-loop system results for the same geothermal resource indicate that the closed-loop system
is more energetically effective than that of the open-loop system although the absolute energy
recovered from the resource using the closed loop system is smaller than that of the equivalent
open-loop system. The findings show that insulation in the ascending section provides limited
benefit with respect to the produced surface temperature especially at low flow rate – at high
flow rate, the heat losses are even smaller. The results also suggested that produced surface
temperature of the working fluid does not strongly depend on the length of the horizontal section
in the U-tube due to heat losses in the system. Therefore, the use of U-tube closed loop systems
for geothermal energy production should be considered for Albertan geothermal resources.
However, the surface temperatures tend to be low ranging from 60 to 70°C depending on the
flow rate and insulation. Thus, the heat recovered would be best used for district heating or
perhaps power production using organic Rankine cycle systems.
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Chapter 6 : Evaluation of U-Tube Deep Borehole Heat Exchanger with Variable Flow Rate
Strategy

Summary
U-Tube borehole heat exchanger is applicable for extract geothermal energy by circulating
isolated fluids through wellbore in the reservoir. In this research, based on a U-Tube closed loop
configuration developed in 2330 m deep geothermal reservoir in central Alberta, Canada,
investigation on variable working fluid flow rates was conducted to compare their thermal
performance and efficiency. Five cases were tested and analyzed under the 20 years’ operation
with pure water injection. The results demonstrate energy produced to energy invested profiles.
All five cases have similar overall EPEI number but the ramped down flow rate process has the
poorest energy efficiency compared to the other cases. With respect to the total energy
produced, the highest amount of energy produced over the 20 years of the operation was
achieved in the high-low stepped flow rate profile with the low-high stepped profile performing
slight below. The ramped down rate case also produced the least amount of energy from the
geothermal resource.

6.1 Introduction
Public environmental awareness and the growing demand for clean emissions-free energy
generation and use have led to a more focused effort to find new energy sources or revisit old
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ones. Geothermal energy production has been researched and used for more than a century and
yet in Canada, and in particular, in Western Canadian provinces such as Alberta, it is not widely
used. This is starting to change with recent activities of Eavor Technologies (Vany 2020) and
Alberta No. 1 (Hickson et al. 2020, Huang et al. 2021). Given the immensity of drilling operations
in Alberta and the knowledge of deep temperature profiles and the nature of potential
geothermal targets, it is a natural evolution of current oil and gas operations towards geothermal
operations in Alberta.

Geothermal sources harvest heat from the earth’s interior continually with no intermittency
issues as is the case with solar and wind (Edmunds et al. 2014, Gielen et al. 2019). Currently, open
loop systems and closed loop systems are two options for exploiting geothermal energy. In both
cases, the surface produced temperature of the working fluid determines the ultimate use of the
energy for power or for district heating. Geothermal resources can be divided into three
categories according to surface produced temperature: low enthalpy (<90°C), intermediate
enthalpy (90-150°C), and high enthalpy (>150°C). The temperature of the geothermal reservoir
depends directly on the depth of the reservoir and local geothermal gradient. Global geothermal
experience indicates that medium and high enthalpy resources can be produced to generate
power whereas low enthalpy resources are appropriate to provide district heat to buildings or
farms or other heating requirements.

In open-loop systems, the working fluid is transported from the surface, flows through the
geothermal reservoir extracting heat, and is then produced to the surface with likely production
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of fluids or minerals or both (dissolved in the working fluid) (Hebert et al. 2011, Setiawan et al.
2019). In these systems the invested energy in the process is largely that due to the pumps that
are circulating the working fluid through the geothermal reservoir. In this case, the energy
required to pump the working fluid through the geothermal reservoir can be high if its
permeability is low. In another mode of open loop geothermal systems, thermosiphons can be
used where heating of the working fluid gives rise to a natural convection loop between the
geothermal reservoir and the surface (Atrens et al. 2009, Pan et al. 2018).

In closed loop systems, the circulating fluid in the wellbore is completely isolated from the flow
in formation and thus the pressure drops for the working fluid, if actively circulated can be lower
than that in the open-loop system. These systems can be considered as being more eco-friendly
because the circulating fluid cannot cause any pollution in the reservoir environment and there
is no requirement for fracturing the geothermal resource to raise its permeability to achieve
sufficient flow rates through the reservoir as would be the case in an open-loop system. In the
closed loop system, the well array in the geothermal reservoir acts as a heat exchanger – in most
of the literature, these systems are referred to as deep borehole heat exchangers. The working
fluid through the closed loop absorbs heat from the underground and the geothermal reservoir,
in particular, and then brings it directly back to the surface (Wood et al. 2012, Law et al. 2015,
Song et al. 2017). Thus, the limitation of closed loop systems is the amount of heat exchange area
(the pipe wall area) in the underground (Reuss and Sanner 2001, Casasso and Sethi 2014, Zhou
et al. 2016). One significant advantage of closed loop geothermal systems is the ability to use an
optimal working fluid (Brown 2000, Sun et al. 2018, Zhang et al. 2019); given that it never directly
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flows into the geothermal reservoir, it cannot be lost to the formation – this means a fluid can be
design with the optimal heat transfer properties as has been done for using nanofluids
(Daneshipour and Rafee 2017, Sui et al. 2017, Sun et al. 2018, Du et al. 2020). Closed-loop systems
can also be configured to work as a thermosiphon thus reducing the pump power required for
the handling of the working fluid; again, the properties of the working fluid can be tuned so that
the thermosiphon maximizes the recovery of heat.

Closed loop systems have been commonly used to extract heat from shallow reservoir for direct
heating; in many cases, these units are used for residential heating and cooling. Over the past
two decades, the concept of using deep closed loop systems has been growing more interest
within the context of deep borehole heat exchangers (DBHEs). For example, Kohl et al. (2002)
investigated co-axial DBHE systems installed in abandoned boreholes in Switzerland by proposing
a heat transfer numerical model. It was found that DBHE systems can yield more power than
conventional shallow borehole exchanger systems. Schulz (2008) firstly proposed a U-Tube DBHE
system and confirmed its feasibility as well as states its potential applied in dry and impermeable
geothermal zones. Wang et al. (2017) presents investigation of DBHE system through field test
and numerical simulation. Results could be referenced for optimized utilization of deep
geothermal energy. Song et al. (2018) suggested an unsteady-state heat transfer model for coaxial DBHE system. Key factors such as temperature field and outlet temperature are tested to
improve system’s performance. Cai et al. (2018) perform numerical studies on DBHE systems
considering temperature, thermal properties and other parameters. Simulation results
demonstrate that DBHE systems could offer higher heat exchange capacity than conventional
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BHE systems. Li et al. (2019) introduce a U-Tube DBHE system and analyze its characteristics. The
findings present that system can provide daily heating while its heat transfer effect is greater
than co-axial DBHE system. Nian et al. (2019) applied a co-axial DBHE system in abandoned oil
wells containing geothermal energy. Heat transfer model was proposed at first and Monte Carlo
method was used then for obtaining optimized injection parameters. The results present that
DBHE system can supply more heat than conventional BHE system and an optimal inlet
temperature exists to get a maximum system efficiency number. Pan et al. (2020) carried out
sensitivity analysis of a DBHE system’s parameters and results suggest an optimization method
based on the lowest Average Energy Cost index under different geological conditions. CLGS has
been applied in deep geothermal reservoir successfully to transport heat for electricity
generation (Cho et al. 2016, Scherer et al. 2020, Vany et al. 2020).

For closed loop systems, two main configurations have arisen: the U-Tube design and the co-axial
configuration, as depicted in Figure 6-1. In the U-tube well system, a single resultant well is drilled
from the surface to the geothermal reservoir through which the well traverses and then it comes
back to the surface (Schulz 2008, law et al. 2015, Lyu et al. 2018). Thus, a U-tube system consists
of a descending vertical interval, a single horizontal interval, and a vertical ascending interval
(Ree and He 2013, Sun et al. 2018, Li et al. 2019). In a co-axial well system, a single well is used
consisting of a tubing string (pipe) within surrounded by an annular space. In typical co-axial
systems (which tend to be vertical), the fluid flows downwards through the annular space and
then flows back to surface through the tubing string (Wood et al. 2012, Song et al. 2018, Mochio
and Fossa 2019). There are advantages to both U-tube and co-axial systems. In the work reported
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here, we focus on the U-tube configuration. As yet, operating strategies for U-tube closed loop
systems have not been resolved.

Figure 6-1. Deep borehole heat exchanger systems: U-Tube and co-axial.

Given a geometric arrangement, there are several parameters that affect the performance of a
U-tube closed loop geothermal system. This includes the choice of working fluid and the working
fluid flow rate profile versus time. Pahud and Matthey (2001) assessed the thermal performance
of a double U-Tube borehole heat exchanger configuration. They demonstrated the feasibility of
a response test method for constant heat rate injection. Rees and He (2013) presented a
numerical study for borehole heat exchangers in a three-dimensional domain enabling forecasts
of the dynamic behaviour of the system over short and long timescales. They demonstrated that
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under long timescales, high flow rate indicates the heat transfer performance whereas flow rates
did not largely impact the produced heat harvesting profile over short timescales. Le Lous et al.
(2015) investigate DBHEs by building a numerical model based on a homogenous porous media
at depth of 5 km and determined the relationship between the surface produced working fluid
temperature and circulation rate as well as thermal-affected zone over a 25-year operation. They
show that energy production could range from 125 to 600 kW under flow rates ranging from 150
to 600 m3/day. Park and Lee (2020) developed a closed loop Lake Water Heat Pump (LWHP)
system to extract geothermal energy for heating. The results of their analysis suggested that
systems can be efficient when 16 helical tubes are installed at 50 m depth at a working fluid
circulation flow rate of 189 L/min. Montagud et al. (2014) presents an experimental study on
Ground Surface Heat Pump (GSHP) in terms of water circulation frequency and rate to optimize
the system’s energy performance. The results show a reduction of 28% of annual electricity
consumption indicating potentially high energy savings by using the system. Shin and Cho (2018)
proposed a variable flow rate control method to improve the efficiency of a geothermal heat
pump system. Their results showed that variable flow rate could lead to a reduction of 57,017
kW of total energy invested to actualize the geothermal system. Xu et al. (2020) established a
wellbore-reservoir coupling model based on historical data by using TOUGH2. Heat production
performance was examined under several flow rates and injection temperatures. The results
show that finite production cycles are more effective for overall heat extraction and system
maintenance.

133

Among the published studies, it can be concluded that flow rate is an important parameter for
closed-loop geothermal systems given a specific well configuration. However, constant flow rate,
although conceptually easy to apply, may not be the optimal flow rate strategy for energy
recovery. Furthermore, there is little understanding on the effect of variable flow rate on closedloop geothermal system performance and efficiency. The purpose of this study is to evaluate the
efficiency of a U-Tube closed loop geothermal system under variable flow rate and to determine
if there is any advantage for using a variable circulating flow rate.

6.2 Reservoir Models
The reader is referred to Chapter 3 for details of the geothermal reservoir and Chapter 5 for
concept of closed loop well configurations. A brief summary is provided here. The target
geothermal reservoir is located in Basal Cambrian Sandstone Unit (BCSU) in the western province
of Alberta, Canada (Hofmann et al. 2014, Weides et al. 2014). This geothermal resource has been
identified as one of the most promising opportunities for geothermal exploitation in central
Alberta.

The reservoir model has the same domain and grid block discretization as that of the geological
model as described in Chapter 3. The U-tube closed loop deep borehole heat exchanger system
was placed from the surface to the geothermal reservoir as shown in Figure 6-2:
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Figure 6-2. U-Tube well configuration.

The U-tube consists of three sections: the descending vertical interval which drops to a depth of
about 2,330 m, the horizontal interval which is 1,000 m long, and the ascending vertical interval
which goes back to the surface. The circulation fluid flows from the surface to the bottom and
back to surface through the internal tubing string. For the vertical intervals, the annular space is
closed whereas in the horizontal interval, the annular space is open to the fluid in the geothermal

135

reservoir. This is designed this way to enhance heat transfer from the reservoir – both conduction
from the formation and convection by the reservoir fluids moving past and through the annular
space enhances heat transfer there. In the ascending vertical section, the annular space acts as
an insulator and insulation are added to the outside of the tubing string. As the fluid descends
from the surface, it starts to accumulate heat from the surrounding rock formations. The fluid is
pumped from the surface through the entire U-tube loop.

6.3 Methodology
In the reservoir model used here, both water flow in the rock formations and the tubing string of
the U-tube are taken into account as described in Chapter 5. Since there are no hydraulic
connections between the reservoir and the flow within the U-tube, from a flow point of view, the
two systems are separate. However, the reservoir and well flow systems are connected through
heat transfer which is accounted for radially through the well architecture.

For the domain, at the bottom boundary no fluid flow is allowed and the temperature is imposed
at 116.53°C. At the top boundary, no fluid flow is permitted and the temperature is set at 16.85°C.
This yields a temperature gradient of 35.6°C/km. At the side boundaries, the domain is connected
to the planet through an aquifer model which allows flow from and to the domain depending on
whether the pressure changes in the domain. Given that there is no imposed flow in the domain,
the water in the domain is stationary. At the side boundaries, with respect to heat transfer, a
symmetry boundary condition is applied. The pressure datum is set equal to 30 MPa at a depth
of 2,350 m (hydrostatic pressure sets the initial pressure throughout the domain).
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In the tubing string, the continuity equation applied. We also need relationships between the
pressure gradient and the flow rate. Here, Dukler's approach is used to calculate friction pressure
drop (Dukler et al. 1964, Oballa et al. 1997). In this model, the pressure drop depends on the flow
regime which is simple in the cases looked at here where the working fluid is water and it remains
as a single-phase liquid at the conditions in the well (the conditions are always above the steam
saturation curve).

Heat transfer from the reservoir to the working fluid is modelled using a radial heat transfer
approach as described by Fontanilla and Aziz (1982). In this approach, an overall heat transfer
coefficient is determined from the individual heat transfer resistances across the entire radial
system including the annulus, casing and tubing string walls, cement, and insulation (if present).

For the working fluid loop, water is injected at constant surface temperature of 16.85°C. At the
top of the model, the temperature is imposed at 16.85°C. At bottom of the model, the
temperature is set to be at 116.53°C reflecting the uninterrupted heat flux from the planet to the
domain to maintain the geothermal gradient in a large scale. It has been assumed that all void
space in the model is filled with water. To ensure that the sides of the model is in fluid
communication with the rest of the planet, large volume aquifers were arranged at all sides and
at the bottom of the model. However, since flow in the reservoir is only due to density-driven
flow due to heat withdrawal by the closed-loop, the aquifers have little impact on the results.
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There are several indexes that can be calculated to evaluate the efficiency of a geothermal
reservoir. These include the coefficient of performance (COP) (Kanoglu et al. 2008, Cocchi et al.
2013, Corberan et al. 2018, Chahartaghi et al. 2019, El-Dairi et al. 2019, Ruhnau et al. 2019),
energy return on investment (EROI) (Hall 2009 and 2014, Mansure 2012, Southon 2013). The COP
is the ratio of the heat produced over electrical energy input. Essentially, they are the same. We
use the term energy produced to energy invested (EPEI) which is the total energy produced at
surface divided by the total energy invested in the process. In this study, the flow rate of the
working fluid is varied to understand its impact on the performance on the heat energy harvested
and the efficiency of the process. The cases examined here are listed in Table 6-1. The total
operating time is 20 years.

Table 6-1. List of cases.
Case
1
2

3

4

5

Flow rate profile
Constant 250 m3/day
100 m3/day for Years 1-5
200 m3/day for Years 6-10
300 m3/day for Years 11-15
400 m3/day for Years 16-20
400 m3/day for Years 1-5
300 m3/day for Years 6-10
200 m3/day for Years 11-15
100 m3/day for Years 16-20
400 m3/day for Years 1-5
100 m3/day for Years 6-10
400 m3/day for Years 11-15
100 m3/day for Years 16-20
100 m3/day for Years 1-5
400 m3/day for Years 6-10
100 m3/day for Years 11-15
400 m3/day for Years 16-20

Total water circulated over life of the operation, m3
1,826,250
1,826,250

1,826,250

1,826,250

1,826,250
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6.4 Results and Discussion
The temperature profiles along the length of the U-tube loop well for each of the cases are
presented in Figure 6-3. For Case 1 (constant flow rate), the greatest temperatures achieved from
the closed loop system is in the first year; thereafter, the temperature profiles are lower and by
Year 10, have evolved to a quasi-steady state (in that the temperature profiles are no long varying
very much after 10 years of operation). This is the point of time when the amount of heat being
supplied from the region below the geothermal reservoir is equal to the amount of heat being
produced from the geothermal reservoir. The peak temperature tends to occur directly after the
horizontal section in the ascending section of the U-tube well. After 10 years of operation, the
surface produced temperature reaches about 65°C. The results for Case 2 (ramp up flow rate
through time), the temperature as the fluid flows in the descending interval of the U-tube is
higher than that of Case 1 for Years 1 to 11. The lower circulation rate during these years means
that the residence time of the working fluid in the U-tube is higher – during the heating stage,
the working fluid accumulates more energy and thus its temperature is higher. However,
especially for Years 1 to 5, the surface produced temperature is lower due to the greater amount
of time that the working fluid is exposed to heat losses in the ascending interval of the well. As
the working fluid circulation rate is raised, in Years 11 to 15, the surface produced temperature
is higher than that of the constant rate case but by Year 20, the surface produced temperature
of the operation is similar to that of the constant rate case. The results for Case 2 reveal that due
to the changing working fluid flow rate, the system never reaches a quasi-steady state condition
where the temperature profiles converge to a near single profile.

139

The results for Case 3 (ramp down flow rate through time) show that the due to the lower amount
of heat losses due to the faster flow rate of the fluid in the ascending section over the first 5 years
of the operation, the surface produced temperature is higher than that of Cases 1 and 2. Over
the period from Years 6 to 20, even though the temperatures achieved in the horizontal interval
and the first part of the ascending interval are higher than that of Case 1, the surface produced
temperature is lower than that of Cases 1. A comparison of Cases 2 and 3 over the last 10 years
of the operation reveal that for Years 10 to 16, the surface produced temperature of Case 3 is
lower than that of Case 2. At Year 20, Case 3 achieves higher produced temperature than that of
Case 2. Similar to Case 2, the variable working fluid flow rate does not allow the system to achieve
a quasi-steady state temperature profile over the 20 years of the operation. It is interesting to
note the ear flat temperature profiles through the horizontal interval at Years 11 and 16 – these
correspond to the years where the working fluid flow rate was lowered from the prior higher
flow rate. The geothermal reservoir, due to the higher flow rate in the preceding years was
depleted to the extent that when the flow rate was lowered, the temperature profile was nearly
uniform. After a few years of that lowered flow rate, a new temperature profile was established
which showed that heating occurred in the horizontal interval (see temperature profiles at Years
15 and 20).

The results for Case 4 where the flow is stepped between 400 and 100 m3/day show that the
temperature profiles are overlapped (or nearly so) at each flow rate. This is most evident when
comparing Years 6 and 10 and 16 and 20 (both time intervals where the flow rate is lowered to
100 m3/day. The temperature profiles for the Years 1 and 11 are higher than that of the constant
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rate case but by the end of those flow rate intervals (Years 5 and 15), the temperature profiles
are lower than that of the constant rate case. The results for Case 5 are similar to that of Case 4
with the results inverted given the opposite flow rate steps. Although both Cases 4 and 5 do not
achieve quasi-steady state temperature profiles through the U-tube loop, the variability of the
temperature profiles in Case 5 are larger than that found in Case 4.

The surface produced temperature reflects the collective action of heating and heat losses of the
working fluid in the U-tube well loop whereas the peak temperature reveals the greatest
potential heating achieved in the U-tube loop. The separation between the average surface
produced and averaged peak temperatures (averaged over the time interval), displayed in Figure
6-4, reflects the heat losses in the ascending interval of the well. It would be desired that this
separation is as small as possible reflecting low heat losses). The results demonstrate that the
smallest separations between the surface produced temperature and the peak temperature over
the entire operating life of the process is the constant rate case. However, the other cases exhibit
smaller separations than that of the constant rate case but over different time intervals: Case 2
has a narrow separation over Years 16 to 20 (flow rate 400 m3/day) whereas Case 3 exhibits a
small separation over the first 15 years of the operation (where the flow rate ramps down from
400 to 200 m3/day). For Cases 4 and 5, the smallest separations are achieved during the high
flow rate steps in their flow rate profiles.
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Figure 6-3. Fluid temperature profiles versus path length and time for each case.

142

Figure 6-4. Average temperature versus time period for each case.
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Figure 6-5 presents the averaged surface produced and peak temperatures for each case over
the entire life of the operation. Cases 2 and 5 have higher average peak temperature representing
better ability to heat the working fluid. However, due to the large separation, these two cases
also show poor performance in preserving heat within the working fluid. In contrast, Cases 1 and
3 shows better performance in holding heat instead of warming fluid where case 1 has higher
STP. The results reveal that the smallest separations are achieved with Cases 1 and 3. However,
the lowest average surface produced temperature of all of the cases is achieved by Case 3. The
other cases achieve very similar averaged surface produced temperatures.

Average Temperature (C)

90

70

50

Surface Production
Temperature
Peak Temperature

30

Case 1

Case 2

Case 3

Figure 6-5. Average temperature for each case.
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Case 4

Case 5

The averaged energy produced to energy invested (EPEI) ratios (over each time interval) for the
cases are displayed in Figure 6-6. The results show that for all cases, the EPEI ratios are all above
3. Figure 6-6(a) compares the EPEI ratios of Case 1, 2 and 3. The results show that Cases 1 and 3
start with relatively high EPEI ratios but by the second time interval, the efficiency of the Case 1
and 3 processes are lower than that of Case 2. For Cases 4 and 5, the relative lower EPEIs
correspond to the high working fluid flow rate periods. Table 5-3 lists the overall EPEI ratios for
the cases at the end of the 20-year operation. The results show that the EPEI ratios for Cases 1,
2, 4, and 5 are similar with Cases 1 and 2 performing slightly better than that of Cases 4 and 5.
Case 3 (ramp down fluid flow rate through time) perform considerably poorer than the other
cases. Table 5-3 also lists the total energy produced from each geothermal case. The results show
that the greatest amount of energy produced is produced in Case 4 and the lowest amount
produced is from Case 2. The results reveal that a variable flow rate can yield more energy from
the reservoir than a constant flow rate. The two step-flow profiles (Cases 4 and 5) achieve the
greatest amount of energy produced over the life of the processes with slightly lower EPEI ratios
than that of the top EPEI cases (Cases 1 and 2). This suggests that from an efficiency and energy
produced point of view, the step-profiled working fluid injection rate is a better process than that
of the constant rate and ramped processes. The key behind these results is that the step-profiled
flow rate enables the system to replenish heat when it is operating under the lower flow rate
conditions.
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Figure 6-6. Averaged EPEI ratio versus time period: (a) Cases 1, 2, and 3, and (b) Cases 1, 4,
and 5.
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Table 6-2. Comparison of EPEI ratio and total energy produced at the end of 20 years.
Case
1
2
3
4
5

EPEI after 20 years
9.51
9.55
9.00
9.35
9.45

Total energy produced at end of 20 years, MWh
107,834
107,349
106,285
112,173
111,052

6.5 Conclusions
In this research, variable working fluid flow rates were explored to determine if there was any
benefit for operating a U-tube closed loop geothermal with variable flow rate. The cases
evaluated here had relatively simple flow rate profiles – constant (base case), ramped up and
down, and stepped. The results reveal that a variable flow rate profile can yield complicated heat
transfer interactions between the working fluid and the geothermal reservoir and the heat losses
in the interval bring the working fluid back to surface. Although some cases show greater
produced surface temperature profiles or more variability of the temperature profiles along the
trajectory of the closed loop U-Tube well, the energy produced to energy invested profiles reveal
that the ramped down flow rate process has the poorest energy efficiency compared to the other
cases. With respect to the total energy produced, the highest amount of energy produced over
the 20 years of the operation was achieved in the high-low stepped flow rate profile with the
low-high stepped profile performing slight below. The ramped down flow rate case produced the
least amount of energy from the geothermal resource. The results speak to the need to consider
a flow rate profile that enables the geothermal system, local to the closed loop well, to replenish
itself after high flow rate (high heat withdrawal) time periods.
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Chapter 7 : Conclusions and Recommendations

After an assessment of target geothermal resources in Alberta, Canada, it was decided to conduct
an assessment of a geothermal operation in the Basal Cambrian Sandstone Unit (BSCU) in the
Western Canadian Sedimentary Basins. This decision was further confirmed via an examination
of well log data as well as temperature data. A geological model of dimensions 1,000 m by 1,000
m horizontally and 2800 m vertically was constructed. Six main types of rock with different
physical and thermal properties were identified and divided into 21 layers from bottom up to the
surface. The target formation is at depth of 2,330 m with thickness of 47 m and its temperature
is at 99.8°C. Thus, given this depth and temperature, given criteria for viable geothermal
resources that are commonly used in the geothermal industry, it was decided to evaluate this
resource further through both studies on open-loop and closed-loop studies as well as control
strategies to improve thermal energy recovery. A reservoir model was created from the
geological model. The BCSU has relatively low permeability but it was decided, given the costs
and potential surface seismicity of hydraulic fracturing that an enhanced geothermal system
would not be evaluated in the resource. This implies that potential geothermal operations may
be limited by the natural permeability of the geothermal reservoir. The overall conclusions of the
research are as follows:

1. Two open loop configurations were evaluated: first a two-well pattern system and second,
a five-well pattern system. Water was injected into the formation at 16.85°C for 30 years.
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The results show that low permeability of reservoir does limit the production of water in
two-well cases when injection rate is above 500 m3/day. However, in most cases, the
temperature of produced water was close to 90°C indicating the possibility of lowenthalpy power generation. In the five well case, the flow is not limited by the
permeability of the reservoir but given the additional work required to circulate the
working fluid through the geothermal reservoir, the efficiency of the process is lower than
that of the two-well cases. Thus, the results show that the geothermal resource can
produce meaningful amounts of energy from the reservoir for the two-well cases.
2. The results show that for open loop configurations, during operation, there exists a
breakthrough time when temperature of the produced fluid starts to drop significantly.
For the two-well pattern system, the time is at about five years whereas for the five-well
pattern systems, this time is at about 9 years. The breakthrough time can become longer
as the decrease of injection rate for both cases. This implies that flow path in the reservoir
is cooled faster under two-well pattern system than five-well pattern system. However,
despite the better produced fluid temperature from the five-well case, the additional
energy required to circulate the working fluid renders the process less efficient than that
of the two-well process.
3. A sensitivity analysis was examined with respect to matrix horizontal permeability in the
BCSU to model the case where the geothermal reservoir was stimulated. The results show
that an enhancement of matrix horizontal permeability can help the movement of flow
of the working fluid but it does not raise the energy efficiency of two-well cases and five-
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well cases significantly. Thus, it is concluded that stimulation may not be as beneficial
from an energy efficiency point of view for the BCSU for geothermal operations.
4. A closed loop U-Tube deep borehole heat exchanger (DBHE) was examined for evaluation
of thermal performance in the BCSU. A U-Tube well configuration was designed with three
sections: descending, horizontal and ascending sections separately. It was found that
circulation fluid can be heated until it enters into the ascending section. It is concluded
that the closed-loop system can provide meaningful amounts of thermal energy from the
geothermal reservoir and that it does so with relatively high energy efficiency.
5. Two sensitivity analyses were examined for the closed-loop DBHE systems. First, the
impact of insulation was tested and the findings show that cases with insulation in the
ascending section have limited higher surface production temperature. It is concluded
that the requirement for insulation may depend on the rate of fluid flow in the ascending
section of the well. If the flow is relatively fast, then the heat losses may be small. Second,
the length of the horizontal section in the U-Tube was analyzed. The results showed that
it has limited benefit to the surface produce temperature and thus, the total energy
produced and energy efficiency of the process. It is concluded that the horizontal section
length for the BCSU could be of order of 400 m long for meaningful thermal energy
recovery.
6. A comparison of open-loop system and closed-loop system indicates that although
closed-loop system can produce less total energy from the geothermal reservoir than that
of the open-loop system, it is more energetically effective. However, the relatively low
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produced surface temperature of closed-loop system suggests that its main utilization
would be direct heating and not power generation.
7. Several variable flow rate strategies were examined on the closed loop U-Tube DBHE
system where the total amount of working fluid circulated over the life of the operation
is the same. The results are complicated because the effect of heat recovery during
different time period is different under different flow rate. However, the findings suggest
that over a 20-year operation period, the high-low stepped flow rate profile can produce
the highest amount of energy. The ramped down flow rate profile has the lowest energy
efficiency whereas constant flow rate and ramped up flow rate profiles have similar
results. It is concluded that variable flow rate can help the overall amount of energy
recovered from the reservoir. It is also concluded that the variable flow rate should align
with the ability of the underlying rock formations to replenish the heat content within the
geothermal reservoir.
8. In general, the results from the cases examined in the research demonstrate that
geothermal recovery of thermal energy from the BCSU is feasible.

Novel contributions that arise from the research conducted and documented in this thesis are as
follows:
1. This is the first research dedicated to an assessment of the Basal Cambrian Sandstone
Unit in central Alberta as a geothermal resource.
2. This is first time that a detailed earth model has been constructed (from geological log
data) to assess the BCSU for geothermal energy recovery.
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3. This is the first time that two-well and five-well open-loop geothermal systems have been
compared in the BCSU with respect to thermal performance of a geothermal reservoir.
4. This is the first time that closed-loop U-tube Deep Borehole Heat Exchanger (DBHE)
geothermal system has been evaluated in the BCSU.
5. This is first time that variable flow rate has been assessed for a closed-loop U-tube
geothermal system.
6. This is the first time that energy efficiency has been assessed and compared for multiple
well configurations and flow rates.

The application of the research outcomes are as follows:
1. The research provides detailed approaches for evaluating a geothermal reservoir, and in
particular, the Basal Cambrian Sandstone Unit (BCSU) in central Alberta.
2. The results suggest that if the BCSU is used for geothermal energy production, it will yield
heating for district heating purposes only.
3. The research outcomes suggest that well design should be taken into account to obtain
the maximum energy recovery or where the energy efficiency is maximized; however,
these two goals may not align with each other.
4. The research outcomes suggest new results for use of insulation and horizontal length of
deep borehole heat exchanger for closed-loop U-tube system.
The outcomes can be utilized as basis for future corresponding work such as gas
injection or EGS.
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Recommendations that arise from the outcomes research are listed below:
1. More geologic data should be collected to describe the detailed shape of the BCSU
geothermal reservoir as well as to better characterize the heat transfer properties of the
reservoir. The heterogeneity of the reservoir should be taken into account.
2. Gas injection or supercritical fluid injection is an alternative method to optimize the
thermal performance of the reservoir with respect to energy produced and energy
efficiency. It will be much easier for gas to lift in the production well which can reduce
energy invested. It is recommended that gas systems are examined as the working fluid
for production of energy from the geothermal reservoir.
3. It is recommended that an evaluation of the use of an Enhanced Geothermal System (EGS)
in the reservoir is done both from a technical point of view but also from a cost point of
view. The risk of induced seismicity should also be assessed.
4. Alternative options for lifting the working fluid from the geothermal reservoir to the
surface should be examined including thermosiphon systems.
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