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ABSTRACT 

 

Earth’s interior contains an enormous amount of heat that can be exploited for carbon-

free direct-use or electricity generation. Even though numerous studies have predicted 

that geothermal power will become an important contributor to the world’s energy 

mix, the use of these resources is still growing at a notably slow speed compared to 

other renewable energy alternatives. This thesis uses computational models to explore 

the technical challenges that two kinds of geothermal resources face to reach full 

commercialization. In particular, the temporal evolution of heat production of several 

fractured and closed-loop geothermal reservoirs is investigated. 

 

Thermal-hydraulic simulations are conducted for a fractured meso-scale 

geothermal reservoir in northern New York, USA. The modeling parameters 

considered here are constrained by empirical data related to lithology, hydrogeology, 

and thermal behavior measurements collected on site. This work shows how the 

addition of realistic complexities, that are well-constrained by field data and often 

disregarded, can significantly improve the thermal performance predictions compared 

to overly simplified models. Additionally, the results presented here highlight the 

importance of characterizing subsurface permeability distributions in order to optimize 

thermal efficiency and devise appropriate reservoir management strategies that extend 

the lifespan of geothermal reservoirs. 

 

To evaluate how closed-loop or advanced geothermal systems (AGS) compare to 

alternative ways of extracting geothermal energy, several AGS designs displaying 

varying reservoir and operating conditions are evaluated to estimate their heat and 

temperature generating potential. Our findings indicate that the thermal efficiency of 



 

AGS is characterized by a considerable exergy loss. Sensitivity analyses show that 

varying different parameters have slight and moderate improvements on thermal 

performance, however, AGS designs appear to present multiple technical challenges 

making them less cost-competitive than both conventional hydrothermal systems and 

enhanced geothermal systems (EGS).  

 

The following key findings summarize the results of these two studies: 1) if well-

constrained, computational models are a good tool to assess, manage and intervene 

geothermal reservoirs to ensure their long-term sustainability, 2) non-uniform 

permeability can drastically modify fluid flow and heat transport processes in 

geothermal reservoirs compared to theoretical models that consider homogenous 

reservoir properties, 3) prospecting adequate subsurface properties is of critical 

importance to develop geothermal reservoirs, and 4) despite their recent popularity, 

closed-loop systems are expected to be considerably less productive than other types 

of geothermal resources at a similar scale.  
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Chapter 1: Introduction 

 
1.1) The case for energy transition  

The use of fossil fuels during the last century has led to a dramatic and steady increase of 

atmospheric CO2 concentration over the last 60 years, increasing the risk of extreme weather 

events in the future (Baker et al, 2018). As a result, in October 2018, the U.N. Intergovernmental 

Panel on Climate Change (IPCC) reported that global greenhouse gas emissions need to be 

halved by 2030 to avoid catastrophic climate impacts (UN IPCC, 2018). As of December 2020, 

fossil fuels still account for almost 60% of the world’s electricity generation sector and around 

80% of its total primary energy consumption (EIA, 2020). As a result, several industrialized 

countries around the world are taking aggressive actions to reduce the intensive use of fossil 

fuels by driving the cost of renewable energy generation down and implementing 

decarbonization policies that seek to promote clean energy. Wind and solar energy are the main 

contributors thus far to the 21st century renewable energy transition, propelled by significant 

reductions in their generation costs over the last decade (Figure 1.1). From 2008 to 2018, the 

levelized cost of electricity for wind energy was reduced 66% while solar energy costs dropped 

by 85% in the same time period (Lazard, 2018). Levelized cost of electricity, or LCOE, is a 

measure of the average net present cost of producing one unit of electricity taking into account 

all expenses over its lifetime (i.e. development, construction and equipment, financing, operation 

and maintenance, etc). 
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Figure 1.1 Global LCOE1 benchmarks – PV, wind, and batteries (BloombergNEF, 2020). Global 
benchmarks are country-weighted averages using the latest electricity capacity additions. The storage 
LCOE is reflective of utility-scale projects with four-hour duration, and it includes charging costs.  

The United States is one of the countries that has heavily invested in renewable energy research, 

development, and implementation but still remains a major contributor to greenhouse gas 

pollution worldwide (EIA, 2020). This is due in part to the lack of renewable electricity 

generation and a predominant use of fossil fuels in multiple sectors of its economy (Figure 1.2). 

In order to comply with the aggressive decarbonization goals of multiple states, during the last 

decade, low-carbon, renewable energy capacity has been installed at unprecedented rates across 

the country—mainly in the form of wind and solar energy. Nonetheless, logistical uncertainty 

and low capacity factors of these conventional renewable energy sources fail to provide 

continuous baseload power throughout the year, with consequent concerns about its effects on 

grid security, price stability, and resource adequacy (Matek and Gawell, 2015; Sepulveda et al., 

2018). 
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Figure 1.2. U.S. Energy consumption distribution in 2020 by sector. Taken from the Lawrence Livermore 
Laboratory annual report (2020). 

 

1.2) Geothermal energy at the cornerstone of scalable decarbonization 

Sparked by the shortcomings of conventional renewable energy sources, geothermal energy has 

recently become an important item in the agenda of many industrialized and developing 

countries worldwide. The Earth is continuously radiating thermal energy originating from the 

primordial heat trapped in the planet’s core and the constant radioactive decay of elements 

contained in the crust and mantle (Blodgett and Slack 2009; Gando, 2011). The temperature of 

the Earth increases steadily with depth and this thermal difference, or geothermal gradient, can 

be used for heating and cooling applications as well as electricity production (Moya et al., 2018; 

Nicholson, 1993). Contrary to conventional renewable energy sources like hydropower, solar, 

and wind energy, the heat that emanates from the subsurface is continuous and independent of 

weather conditions making it highly resilient to surficial phenomena. The amount of thermal 

energy stored within the first upper kilometer below the continental surface area has been 

estimated at ~3.9∙108 EJ (Rybach et al., 2000), which is many orders of magnitude more than the 
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current primary energy consumption worldwide, calculated at ~600 EJ (EIA, 2020). The 

ubiquitous and reliable nature of geothermal energy has the potential of providing abundant 

dispatchable, low-carbon, flexible, and affordable power to displace fossil fuel consumption 

globally (Fox, 2016; DOE, 2020). Moreover, despite having higher capital costs, Sepulveda et al 

(2018) found that non-intermittent resources, such as nuclear, natural gas with carbon capture 

storage and sequestration (CCSS) and geothermal energy, consistently reduce the system cost of 

decarbonizing power generation relative to scenarios in which these resources are excluded from 

the energy mix. Additionally, Matuszewska et al (2019) claim that geothermal energy generation 

has the lowest life cycle environmental impacts compared to all other electricity-generating 

technologies due to its minimal land footprint, high resilience, and long-term sustainability.  

 

 
Figure 1.3. Relative aggregate footprints (RAF) derived from life cycle assessment methods of different 
conventional and renewable energy sources (Reproduced from Matuszewska et al, 2019). Color bar 
modified to represent baseload, intermediate and peaking resources in green, yellow and red bars, 
respectively (Sepulveda et al., 2018). 

Subsurface geothermal systems display varying characteristics in terms of lithology, structural 

style, fluid geochemistry, and recharge mechanism, among others (Renner, 2006, Augustine et 

al., 2019). However, there are essentially three main types of deep geothermal resources that 
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have been exploited and/or are currently being tested for commercial deployment: Hydrothermal 

Systems, Enhanced Geothermal Systems (EGS), and Advanced Geothermal Systems (AGS). 

Hydrothermal systems are naturally-occurring aquifers located at relatively shallow depths (<4 

km) in geological units that exhibit naturally high values for porosity, permeability, and 

temperature (Tester et al., 2012). These reservoirs are usually restricted to volcanic regions and 

tectonic plate boundaries where sufficient heat flow, water content, and permeability at depth 

coincide. This alone presents a challenge for scalable deployment of this resource since there is 

only a small percentage of land that lies above areas that inherently display these three 

characteristics. As a result, many sites with this rare combination of pre-existing heat, water, and 

permeability at depth have already been developed, and new sites are increasingly difficult to 

find.  

 

In contrast, EGS are man-made reservoirs that are stimulated to create fracture networks that 

emulate the high fluid productivity properties of conventional hydrothermal resources (Tester 

and Smith, 1977; Bodvarsson and Hanson, 1977; MIT, 2006). The idea of extracting energy from 

EGS, previously known as Hot Dry Rock systems, was proposed five decades ago at Los Alamos 

National Laboratory during the first oil crisis worldwide in the early 1970’s (Armstead & Tester, 

1987; Brown, 2009). EGS reservoirs are composed of large volumes of hot yet naturally 

impermeable rock—in sedimentary, igneous and/or metamorphic units. By removing the criteria 

that there must be natural high permeability, a geothermal reservoir can be located in deeper 

formations where heat is abundant and fluid flow paths can be artificially introduced/enhanced to 

allow for facile fluid circulation and heat extraction. The reservoir is stimulated by the injection 

of high-pressure fluids to reactivate pre-existing fractures in the rock (hydro-shearing) or induce 

new ones (hydro-fracking). For comparison, Figure 1.4 depicts both hydrothermal and an 

enhanced geothermal system. As illustrated in the figure, hydrothermal systems mainly differ 

from EGS in that fluid flow in conventional hydrothermal systems occurs naturally, whereas in 

EGS, it must be engineered. As of December 2020, commercial exploitation of deep geothermal 
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energy has been restricted to areas where the naturally-occurring conventional hydrothermal 

resource exists (Kruger & Otte, 1973; Lund & Toth, 2020; DOE, 2020). However, previous 

studies have estimated that only 2% of Earth’s exploitable geothermal resources reside in 

naturally permeable regions (Geiser et al, 2016) meaning that EGS represent the vast majority of 

the untapped generating potential for geothermal energy. 

 

 

                                       (A)                                                                                   (B) 
Figure 1.4. Schematic representation of two types of deep geothermal reservoirs. Panel A represents a 
hydrothermal system with two extraction wells exhibiting natural recharge whereas Panel B depicts an 
Enhanced Geothermal System operating with an injection/extraction geothermal well pair. Diagrams not 
to scale. 

Additionally, new research and developments on reservoir and drilling engineering have 

reinvigorated the discussion on the possibility of using closed-loop or Advanced Geothermal 

Systems (AGS) to mine thermal energy from Earth’s subsurface. This concept is far from new 

(Hodgson, 1927), however, advocates of AGS believe that the recent cost reductions and 

technology improvements of drilling and well completion, among others, could be the turning 

point for these designs to become viable (Van Oort, 2021). In principle, AGS circulation is 

completely isolated from the surrounding formation and will neither leak the working fluid out of 

the pipes nor allow formation fluids to enter the wellbore—resembling a large, underground 

radiator since working fluids are not in direct interaction with the host rock. Operating 

companies such as Eavor (Canada) and GreenFire (USA) have ongoing demonstration projects 
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that seek to prove the techno-economic viability of such designs. Figure 1.5 depicts an AGS 

configuration that one of these companies is currently testing.  

 

 
Figure 1.5. The EavorLoop system (after Eavor, 2021) is an example of a proposed industrial-scale 
geothermal buried-pipe system. Advanced Geothermal System in which a series of deviated geothermal 
closed-loop wells act as an underground radiator or heat exchanger.   

Even though EGS and AGS are still at pre-commercial stages, increased efforts on research and 

development for this type of technologies are underway to make these designs economically 

viable (Van Horn et al, 2020; Amaya et al., 2020). Recent analysis by the U.S. Department of 

Energy (DOE) has shown that geothermal power in the United States could increase nearly 26-

fold from today, to reach 60 gigawatts-electric by 2050, if these unconventional resources are 

developed (DOE, 2020). However, according to the International Renewable Energy Agency, 

from 2010 to 2019, geothermal installed capacity worldwide only increased from 10 GWe to 14 

GWe (IRENA, 2020). Geothermal energy in most cases is still seen as an immature technology 

even though its uninterrupted and successful operation dates back more than one century. In 

1904, the first geothermal power plant in the world was built in Tuscany, Italy. This facility, 

known by the name of Larderello (~760 MW of nameplate capacity), is still in operation and is 

currently the second largest geothermal power plant in the world, behind the Geysers (~1200 

MW) in California, USA (Minissale, 1991; Parri & Lazzeri, 2016). In the United States, direct-



 

8 

use geothermal energy started being exploited in the 1890’s in the city of Boise, Idaho to supply 

district heating for commercial and residential buildings (Mink, 2017). As of December 2020, 

this system is still in operation. Since then, its use has expanded to include more direct heating 

and cooling applications, and competitive utility-scale electrical generation (IEA, 2020). This 

growth led to a hasty development of less promising sites that were not successful, which in 

return exacerbated the negative perceptions of the value proposition and the risk associated with 

the business model of geothermal energy (Scherer et al., 2020). Thus, geothermal development 

still must overcome significant technical and non-technical barriers to accomplish a higher 

market penetration. Subsurface exploration and drilling are still the most pressing technical 

barriers geothermal development faces given their expense, complexity, and uncertainty. Thus, 

innovations in numerical modeling, geophysical surveying, drilling technologies, and stimulation 

techniques are being developed, with the goal that operating costs for accessing and enhancing 

geothermal resources will continue to lower and, therefore, increase the odds that various types 

of geothermal systems will reach full commercialization in the future (Augustine, 2011; Ziagos 

et al, 2013).  

 

 
Figure 1.6. Overview of LCOE values for a range of electricity generation technologies as of 2020. Box 
plots indicate maximum, median, and minimum values. Values were estimated using a 7% discount rate. 
Figure taken from IEA (2020). 
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1.3) Objectives and Organization 

This thesis seeks to explore the distinct challenges and opportunities of extracting geothermal 

energy through EGS and AGS reservoirs. In order to do this, this thesis is divided into two 

studies. Chapter 2 explores the effects on the thermal performance of EGS reservoirs that result 

from spatial variations in fracture aperture. This study reconciles experimental data and 

numerical modeling while addressing the impact of fracture roughness, regional flow, buoyancy 

effects, and well placement, among others, on the thermal performance and efficient reservoir 

management of fractured geothermal reservoirs. This work was presented virtually at the 2020 

AGU Annual Fall Meeting and is intended for submission as a journal article. Chapter 3 presents 

preliminary results from the thermal-hydraulic modeling of a wide array of AGS configurations, 

and their economic viability compared to current alternatives. In this chapter, the thermal 

performance of AGS or closed-loop geothermal systems is evaluated for electric power 

generation and direct-use heating. This study is part of a larger group effort and separate 

manuscript that will be submitted for publication to Geothermics (Beckers et al., in prep.). 

Chapter 4 contains a discussion that encompasses the findings of both studies followed by 

conclusions and recommendations for future work.  
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Chapter 2: Effects of Realistic Aperture Distributions on the Thermal Performance of 

Discretely Fractured Geothermal Reservoirs 

 

Abstract  

Adequate stewardship of geothermal resources requires accurate forecasting of long-term 

thermal performance. In enhanced geothermal systems (EGS) and other fracture-dominated 

reservoirs, predictive models commonly assume constant-aperture fractures, although spatial 

variations in aperture can greatly affect reservoir permeability, fluid flow distribution, and heat 

transport. Whereas previous authors have investigated the effects on thermal performance of 

theoretical random aperture distributions, here we further explore the influence of aperture 

variability considering field-constrained aperture distributions from a meso-scale field site in 

northern New York, USA. Using COMSOL Multiphysics, we conduct thermal-hydraulic 

simulations for a reservoir consisting of a relatively impervious porous matrix and a single 

fracture. The simulations explore the influence of spatial variations in aperture, temperature-

dependent density and viscosity, buoyancy effects, and regional groundwater flow. Our results 

indicate that realistic aperture distributions can exhibit considerably more flow-channeling than 

random aperture fields. In such fields, several well design configurations and operating 

conditions will result in extreme rates of thermal drawdown. However, some other scenarios may 

also enhance heat extraction if mass flow rate is not excessively high and geothermal extraction 

is not aligned with the direction of the largest permeable features. These cases are rare and, in 

occasion, may worsen the reservoir hydraulic performance, yet they also enable fluids to access a 

larger portion of the fracture surface area allowing for a higher rate of heat extraction compared 

to the constant-aperture fracture. Using a parametric approach, we illustrate that well separation 

distance and relative positioning play a major role in the long-term performance of highly 

channelized fields and can be used to help mitigate premature thermal breakthrough. Our results 

highlight the importance of characterizing aperture distributions in EGS in order to optimize 

thermal efficiency and devise appropriate reservoir management strategies. 
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2.1)  Introduction 

Predicting the long-term thermal performance of geothermal reservoirs is of critical importance 

to the technical and economic viability of exploiting geothermal energy, whether this is for 

electricity or direct-use heat (Lu, 2017; Watanabe et al., 2009). Understanding the thermal-

hydraulic behavior of a geothermal reservoir is essential to 1) determine the appropriate project 

size and extraction parameters, 2) select optimal locations for injection and production wells that 

minimize resource degradation, and 3) evaluate and implement reservoir management strategies 

that optimize resource exploitation (Franco & Vaccaro, 2014). Hence, construction of the 

reservoir model must be supported by detailed information for the subsurface and the spatial 

distribution of reservoir properties such as thermodynamic properties of the host rock and fluid, 

reinjection temperature, mass flow rate, well spacing, and regional flow, among many others 

(Schulz, 1987; Schulz et al, 2007; Ekneligoda & Min, 2014; Pandey et al., 2018).  

 

For EGS reservoirs located in fractured-dominated media—such as limestones or crystalline 

rocks—fluid flow and heat exchange will preferentially occur along fractures since these are 

usually more permeable than the host rock matrix. Although fractures in EGS are often modeled 

with idealized geometries and smooth surfaces, fracture roughness is known to be a critical 

parameter that influences the heat recovery efficiency and long-term performance of geothermal 

systems (Candela et al., 2009, Aguilar et al., 2017; Huang et al., 2017). Gringarten et al (1975) 

present an analytical solution for basal fluid flow in parallel vertical fractures displaying uniform 

aperture. Neuville et al (2010) and Luo et al (2016) discuss the role that fracture wall surface 

variations have on deteriorating the mechanical, hydraulic, thermal and transport behavior of 

single-fracture geothermal reservoirs. Similarly, using randomly generated, self-affine aperture 

fields, Fox et al. (2015) demonstrates the effect that maldistributed flow has on the thermal 

performance of single-fracture reservoirs. Maldistributed flow due to non-uniform permeability, 

also referred to as flow channeling, is caused by the creation of preferential pathways along a 

few conduits in the fracture plane where the permeability is higher (Brown 1987; Tsang et 
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al.,1987; Tsang & Neretnieks, 1998). As Hawkins et al (2017a, b) demonstrate, random aperture 

distributions fail to reproduce extreme flow channeling behavior observed in field experiments 

caused by real rock morphologies. Additionally, modeling these fine rock characteristics in detail 

is challenging because subsurface permeability data are limited and sparse (Smith, 2019). This 

situation has led to the creation of several techniques to up-scale rock properties from core data 

to reservoir scale (Farmer, 2002; Corbett et al., 1998). 

 

Here, we expand on the work done by Hawkins et al. by exploring the influence of considering 

realistic field-constrained aperture distributions on the thermal performance of geothermal 

reservoirs. Additionally, we evaluate the impact of including often neglected physical processes 

or attributes on the temporal evolution of heat extraction. Lastly, considering permeability is a 

one of the most important properties for reservoir engineering, we up-scale the permeability 

distribution from a meso-scale field site to study how these surface variations would affect fluid 

flow and heat transfer calculations in a utility-scale reservoir. By this means, we list potential 

implications that these findings have for well field design and reservoir management strategies in 

large-scale, highly-channelized geothermal fields. 

 

2.2) Field Site and Previous Computational Modeling 

In order to study the thermal-hydraulic behavior of a single-fracture reservoir exhibiting non-

uniform permeability, we use data collected from field experiments over the last decade at the 

Altona Field Laboratory. The Altona Field Laboratory (Altona) is a meso-scale geothermal 

analogue field site located ~6 km northwest of West Chazy in northernmost New York, USA 

(Figure 2.1). Altona has been extensively used for studying fracture-dominated fluid flow, heat 

transfer, and chemical transport processes (Hawkins et al., 2017a; Hawkins et al., 2017b; 

Hawkins et al., 2018). The geologic formation of interest, the Cambrian-aged Potsdam 

Sandstone, is a well-cemented unit with low primary porosity (~1%). Naturally-occurring 

ubiquitous fracturing makes the formation highly permeable (Rayburn et al., 2005; Olcott, 1995). 
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A 5-well configuration has been drilled at Altona throughout a 10x10m field, reaching a depth of 

7.6 m below the surface where a conductive sub-horizontal fracture with an ambient temperature 

of 11.7 ºC is found (Figure 2.1). A strong hydraulic gradient with a flow direction orientation 

away from Chasm Lake, estimated at ~0.04 by Beckers and Tsoflias (2010), acts towards well 

304 to the east of the field site. Conventional pump tests indicate a mean hydraulic aperture of 

~0.5 mm for the Altona fracture (Talley el al., 2005) which agrees with estimates based on inert 

tracer tests (Hawkins et al., 2017a).  

 

 
Figure 2.1. On the left, a Digital Elevation Map (DEM) of the region surrounding the Altona Field 
Laboratory in upstate New York, USA. White rectangle represents an approximate location of the 5-well 
field site and its layout (Taken and modified from Hawkins, 2018). On the right-hand side, a three-
dimensional schematic of Altona showing the 5-well configuration and the spatial distribution of 
temperature measurements recorded via Fiber-Optic Distributed Temperature Sensing (FO-DTS). Red 
and blue arrows depict the circulation of fluids being injected into the reservoir at high temperatures and 
being pumped back up to the surface to be heated through a heat exchanger and re-injected again, forming 
a fluid circulation loop (Taken and modified from Hawkins et al. 2017a). 

 

In the fall of 2015, heat transport experiments were conducted at Altona that emulated an 

analogue geothermal operation. For 6 days, hot fluids were continuously injected into the 
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fracture through well 204, in the western sector of the field site (Figure 2.1), at a volumetric flow 

rate of 5.7 L/min and a relatively constant temperature of 74ºC. Meanwhile, fluids were pumped 

at the same rate out of the system from well 304 in the eastern sector, separated by a distance of 

~14.1 m from injection well 204. Subsurface temperature was continuously monitored through 

Fiber-Optic Distributed Temperature Sensors (FO-DTS) in 10 observation wells throughout the 

well field as indicated in Figure 2.1. Figure 2.2 displays the field site observations for production 

temperature corresponding to this experiment and the numerical predictions for a simulation that 

considers the mean hydraulic aperture of 0.5 mm reported by Talley et al (2005). 

 

 
Figure 2.2. Panel A: Simulated thermal exchange map for a horizontal fracture displaying uniform permeability 
after six days of fluid circulation. White arrows represent fluid flow velocity proportional to its magnitude. 
Simulation considers a constant fracture aperture of 0.5 mm. Black triangles represent the location of the injection 
and production wells. Panel B: Field site observations collected by Hawkins et al. (2017a) and numerical results for 
144 hours and 500 hours of thermal experiment, respectively. The red dashed line marks the end of the thermal 
experiment conducted on site (6 days or 144 hours).
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As seen in Figure 2.2 panel B, there is a clear disagreement between the empirical observations 

and the numerical results that consider a constant-aperture fracture. After 500 hours (or ~3 

weeks) of fluid circulation, the production temperature predictions at the extraction well estimate 

a 4.5ºC increase, whereas the data obtained on site recorded an increase of 17.4ºC after just 144 

hours. Hawkins et al (2020) illustrates that the controlling feature for thermal performance in 

geothermal systems is the area available for heat transfer and not the reservoir volume. This 

means that for a constant-aperture fracture system, the aperture magnitude is irrelevant for 

thermal performance estimates because this parameter has no effect on the area available for heat 

transfer along the fracture. During reservoir heating at Altona, the temperature rise recorded at 

the 10 observation wells showed the higher temperature increase in a distinct and direct path 

between the injection and production wells, indicating that Altona does not follow a dipole flow 

behavior. This and prior ground penetrating radar (GPS) surveys on-site instead suggest strong 

flow channelization along a narrow channel (~1-2 m wide) between the well pair (Hawkins et al., 

2017a). 

 

In 2015 and 2016, tracer experiments were conducted at Altona to further characterize the 

reservoir, using a variety of tracers: some inert, some adsorptive, and some thermally-degrading. 

The introduction into the fracture and subsequent recovery of inert and adsorptive tracers served 

the purpose of informing Hawkins et al. (2017b) about the inter-well reservoir geometry and 

dimensions, while the thermally-degrading tracer compound was used to monitor the 

advancement of the thermal front over time (Hawkins et al, 2017a). More recently, via a machine 

algorithm calibrated by the frictional pressure loss and the inert tracer breakthrough curve data, 

Hawkins et al. (2020) derived a spatial distribution for fracture aperture at Altona (Figure 2.3 

panel A). For specific details on the implementation of the machine learning algorithm, the 

reader is referred to Hawkins et al. (2020). Figure 2.3 panel B shows the residence time 

distribution (RTD) curve for the inert tracer test experiment during roughly 300 hours of fluid 

circulation alongside the model fit simulation conducted using the optimized aperture 
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distribution in panel A. The resulting thermal-hydraulic simulations that used the optimized 

aperture distribution yield good agreement to frictional pressure loss and the RTD curves 

obtained on site. Although modeling the spatial variations in the aperture field improves the 

agreement between the numerical model that assume constant aperture and the field 

observations, the advective heat transfer predictions are still grossly inaccurate (Figure 2.3 panel 

C). While the numerical model predicts a delayed thermal onset and a total temperature rise of 

17.4ºC after ~250 hours of simulation, the same thermal increase at Altona occurred in just 144 

hours (i.e. about 100 hours before the breakthrough time predicted by the advective heat transfer 

model).   
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Figure 2.3. Panel A: Best fit aperture distribution calibrated by frictional pressure loss and tracer test data. Black 
triangles represent the location of the injection and production wells. Panel B: Measured and simulated RTDs for 
inert tracers throughout 6 days of fluid circulation. Note that lighter gray lines represent multiple repetitions of the 
machine learning algorithm, while the black line represents the repetition that provided the best agreement with field 
observations. Panel C: Measured and simulated production temperature at well 304. Highlighted model fits in Panels 
B and C used the best fit aperture distribution in Panel A as input. (All panels are reproduced and modified from 
Hawkins et al., 2020). 
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The specific goal of this study is to improve on the series of investigations carried out by 

Hawkins et al. and assess how realistic aperture distributions in combination with other 

influencing factors affects thermal performance. Previous studies have studied these aspects 

individually, but here we want to explore and quantify the joint influence of them together and 

apply them to a real meso-scale system. Using COMSOL Multiphysics, we construct a new 

numerical framework for modeling thermal performance for the Altona reservoir that is capable 

of incorporating additional physical processes and influencing factors. By constraining our 

models by “realistic” aperture distributions and now modeling the effects of temperature 

dependency of fluid properties, buoyancy effects, and regional groundwater flow, we emphasize 

the importance of using site-specific data to create well-constrained models when simulating heat 

extraction in geothermal reservoirs. Lastly, considering the above, in Section 2.7 we provide 

guidelines that would optimize the operation of commercial geothermal fields that display high 

spatial variability of subsurface permeability and/or uncertainty in reservoir properties at depth.   
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2.3) Methods 

To simulate the thermal-hydraulic behavior of a single-fracture reservoir displaying non-uniform 

permeability surrounded by porous media we utilize a 3D conductive-convective model using 

COMSOL Multiphysics 5.6.  The COMSOL Multiphysics software is a finite element method 

(FEM) numerical software that solves partial differential equations (PDEs) in a wide variety of 

scientific and engineering settings that require the simultaneous coupling of multiple physical 

phenomena (Comsol, 2019). Our model fully couples the heat transfer from the bulk rock 

assuming 3D thermal conduction—by discretizing the matrix entirely—and solves the governing 

equations of fluid flow and heat transfer in the fracture based on the tangential derivatives along 

the internal boundary representing the fracture.  

 

2.3.1) Governing equations  

Fluid flow 

Understanding the best practices to model fracture flow still is an ongoing area of research 

(Romano-Pérez & Díaz-Vera, 2015; Wang et al., 2020). Laminar fluid flow in a single fracture 

can be defined analytically by the Hele-Shaw equation, also known as the “cubic law” 

(Witherspoon et al., 1980; Zimmerman & Bodvarsson, 1996): 

 

					" = 		 !
!"#$
%&'( 				$. &.		' ≫ ).                                       (1) 

 

where Q is the volumetric flow rate, b is the fracture aperture, w is the fracture width, "# is the 

frictional pressure loss, $	is the dynamic viscosity of the fluid, and L is the length of the fracture 

channel. This analytical solution requires the fluid to be viscous and incompressible and the 

fracture width w to be much larger than fracture aperture b. Comparing Equation 1 with Darcy’s 

Law, it is possible to express the permeability of the fracture kf in terms of the fracture aperture 

as:  
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*) =		 !
"

%&																																		                          (2) 

 

A fracture assumed to be bounded by two smooth, parallel plates will be uniformly separated by 

a constant aperture, hence, its permeability will be homogeneous along the fracture. However, 

for non-uniform apertures caused by rough fracture surfaces, the permeability will be spatially-

variable. Equation 2 shows how fracture aperture can be treated as an analog for permeability in 

fractured media, thus, these two terms are used interchangeably throughout this thesis when 

appropriate.   

 

Although the bulk rock will contribute heat through conduction, in presence of highly permeable 

fracture networks, fluid flow in relatively impermeable porous media can be considered 

negligible (National Research Council, 1996). As most fluid flow will be concentrated within the 

fracture network, the conservation of mass equation for a single-fracture reservoir can be written 

as:  

) ++& 	,-)."/ + 1*,)."2)/ = 	)"+																																(3)	

 

where t is time, &!	the fracture porosity, '" the water or working fluid density, (# indicates the 

gradient operator restricted to the fracture’s tangential plane, )! is the Darcy velocity of the fluid 

inside the fracture, and *$ is mass source term. Note that the velocity field can be spatially 

variable in accordance with the aperture field but remains constant over time as long as the 

pressure conditions along the fracture are not altered. This term can also be expressed as:  

 

2) = −*)7 	(1*8 + .9)																																																	(4)	

 

where + is the pressure and , is the acceleration of gravity. Equation 3 relates the mass transfer 

to the fracture from the porous media where fracture aperture b can vary spatially. Equation (3) 
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is then solved to calculate the pressure and velocity fields in the system. The fractures are 

bounded by no-flow boundaries in the x-direction meaning no mass flow is allowed through 

them.  

 

Heat transport 

The heat transfer in this system occurs both in the bulk rock matrix through conduction and in 

the fracture via convection. Heat conduction in the reservoir will be governed by the three-

dimensional thermal diffusion equation:  

 

	,.;,/-))
.*
./ +	.";,."2 ∙ 1= + 1 ∙ ,−*-))1=/ = "/1																						(5)	

	
,';,/-)) = (1 − -2).2;,.2 +	-2.";,."																																	(6)	

	
where -'.%/&!! is the effective volumetric heat capacity for the bulk rock matrix, T is the 

temperature of the rock, &' is the rock porosity, 0&!! the effective thermal conductivity of the 

bulk rock matrix, '' and 	.%.' are the density and specific heat capacity of the rock, respectively, 

and *)* is the surface heat flux term. The heat transfer equilibrium between the porous media 

and the fracture is derived from the conservation of energy law and is given by the following 

equation: 

	
),.;,/-)).)

.*

./ + ).";,."2) ∙ 1*= + 1* ∙ ,−)	*-)).)	1*=/ = )"/1.)										(7)	

	
where the subindex f corresponds to the properties stated above in Equation 6, now within the 

fracture. The heat source term in the fracture *)*.! is the result of the rate of convection along 

the fracture surface and it is coupled to the thermal conduction from the bulk rock matrix in 
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Equation (6). As a result, Equations (5) and (7) are solved simultaneously to obtain the surface 

heat flux term into the fracture and the temperature field for the entire system.   

 

Thermal energy transfer between the rock and the fluid is considered to be at local equilibrium, 

which means that the temperatures of the fluid are in equilibrium with the porous matrix. This 

relationship is given by the following equations: 

 

1(3, 5, 6, 7) = 	1																																																																				(8)	

 

where T is the temperature of both the rock and the fluid at all times t.  

 

The governing equations are restricted to initial and boundary conditions as follows: 

 

1(3, 5, 6, 0) = 	1'&+																																																																				(9)	

 

1(3, , 5, , 6, , 7) = 	1,-. ,					7 > 0																																																											(10)	

 

Equation (9) implies that at time equal to zero, the rock and fracture fluids will be at a constant 

reservoir temperature 1', whereas Equation (10) indicates that the injection point will remain at a 

constant reinjection temperature 1,-. for all times greater than zero where the fluid is being 

injected at a constant mass flow rate ?̇. The temperature at the production well and sustained 

heat production for the system are the key variables of interest and are dependent on time:  

 

1%'/0(7) = 	1-3%'/0 , 5%'/0 , 6%'/0 , 7/																																															(11)	

 

*̇(7) = 	 ?̇.%.!-1%'/0 − 1,-./																																																						(12)	
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Where heat rate or heat production *̇ depends on time and is measured in watts. Lastly, it is 

beneficial to normalize this production temperature to a dimensionless value that is bounded 

between zero and 1, as indicated by the following equation: 

 

	1-0 =	
-1%'/0 − 1,-./		

-1' − 1,-./		
																																																										(13)	

 

Therefore, when the production temperature of the fluid equals that of the reinjection 

temperature, the dimensionless temperature 1 assumes a value of zero, indicating absolute 

thermal depletion of the reservoir. A value of one for 1 means that the production fluid is at the 

same temperature as the original reservoir temperature before the geothermal operation began.  

 

2.3.2) Model validation 

To ensure that our numerical model is accurate, we validate our results with benchmark 

numerical solutions for fluid flow and heat transfer in fractures (Fox et al., 2015; Ghassemi et al., 

2003). Both Fox et al. and Ghassemi et al. use an inverse approach to the one implemented in our 

models by solving for the heat transfer in the porous medium analytically and solving the 

fracture flow equations numerically (see references for details). Our approach differs by solving 

the fluid flow and heat transfer equations numerically throughout the whole domain: the 

surrounding porous medium is discretized in 3D while the flow within the fracture is reduced to 

a 2D system based on the tangential derivatives along the internal boundary to optimize the 

computation efficiency (Bruderer-Weng et al. 2004).  

 

Despite the different implementations, models by Fox et al. and Ghassemi et al. are in good 

agreement with our COMSOL model. Figure 2.4 panel A depicts the results comparison between 

our model and that of Fox et al. for different values of mass flow rate through a circular fracture 

radius of 500 m displaying uniform aperture distribution and an inter-well separation distance of 
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600 m. Similarly, Figure 2.4 panel B shows the comparison with the model of Ghassemi et al. for 

which mass flow rate was fixed at 80 kg/s but two different fracture sizes and inter-well 

separation distances were evaluated. For the latter, fracture size R was varied between 200 and 

300 m, and the injection and extraction wells are located at ±E/2 on the x-axis. The rest of 

modeling parameters for both simulations are contained in Table 2.1.  

 
Table 2.1. Summary of the modeling parameters for the cross-validation with benchmark numerical 
solutions. Specific values on the third and fourth column correspond to those reported by Fox et al. (2015) 
and Ghassemi et al. (2003), respectively. 

 

Parameter 
 

Symbol Values for Fox et al. 
(2015) validation 

Values for Ghassemi et al. 
(2003) validation 

Fracture aperture b	 5 mm 5 mm 
Specific heat capacity of the fluid Cp.f	 4184 J/(kg*K) 4050 J/(kg*K) 
Specific heat capacity of the rock Cp.r	 1000 J/(kg*K) 1100 J/(kg*K) 
Thermal conductivity of the fluid kf	 1e-10 W/(m*K) 1e-10 W/(m*K) 
Thermal conductivity of the rock kr	 2.40 W/(m*K) 2.58 W/(m*K) 

Dynamic viscosity of the fluid $ 1e-3 Pa*s 1e-3 Pa*s 
Fluid density 'f	 1000 kg/m3 1000 kg/m3 
Rock density 'r	 2300 kg/m3 2650 kg/m3 

Reinjection temperature Tinj	 50ºC 60ºC 
Reservoir temperature Tr	 200ºC 140ºC 
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Figure 2.4. Model comparison with benchmark numerical solutions for single-fracture reservoirs. Panel A) 
Model comparison with Fox et al (2015). The graph shows simulations for four different mass flow rates (20, 
40, 60, and 80 kg/s). Panel B) Model comparison with Ghassemi et al (2003). Graph shows simulations for two 
fracture lengths (200 and 300 m). The rest of modeling parameters for both validations are contained in Table 
2.1.  
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2.4) Numerical Modeling of the Altona Field Laboratory 

To assess the influence of spatial variations in fracture aperture on thermal performance, our 

models recreate the conditions of the thermal experiments conducted at the Altona Field 

Laboratory in 2015 (Hawkins et al., 2017a). An injection/production well-pair separated by 14.1 

m is considered and a continuous water flow rate at constant reinjection temperature is simulated 

for 144 hours. The optimized aperture distribution contained in Figure 2.6 is used to determine 

the permeability distribution for the simulations. Additional attributes or complexities are 

progressively discussed and added to the model below to evaluate their individual impact on 

thermal performance estimates. The rest of modeling parameters can be found in Table 2.2.  

 
Table 2.2. Summary of the modeling parameters for Altona Field Laboratory experiments. Specific values 
correspond to those reported by Hawkins et al (2017, 2018, 2020). 

Parameter Symbol Values 
Rock porosity &r	 1% 

Specific heat capacity of the fluid Cp.f	 4200 J/(kg*K) 
Specific heat capacity of the rock Cp.r	 1000 J/(kg*K) 
Thermal conductivity of the fluid kf	 1e-10 W/(m*K) 
Thermal conductivity of the rock kr	 7.6 W/(m*K) 

Rock density 'r	 2500 kg/m3 
Reinjection temperature Tinj	 74ºC 
Reservoir temperature Tr	 11.7ºC 

Mass flow rate &̇	 0.095 kg/s 

Figures 2.5 depicts a comparison between the thermal performance predictions of our base case 

simulation, the numerical model results reported by Hawkins et al., and the production 

temperature recorded on site. The first simulation, referred to the base case, uses Altona’s 

spatially variable permeability distribution, yet it does not include any of the additional attributes 

that were tested in subsequent simulations. Good agreement between the Hawkins et al. model 

and our base case model serves the purpose of verifying the accuracy of our results and thereby 

demonstrating the model’s applicability not only to smooth fractures but rough surfaces as well. 

Our model considers no-flow boundaries surrounding the fracture; thus, the reservoir is assumed 

to be hydraulically isolated from the formation. Fluid density and dynamic viscosity values are 
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constant for this initial simulation and are set at 1000 kg/m3 and 1E-3 Pa*s, respectively. As seen 

in Figure 2.5, onset of thermal breakthrough occurs within the first hour of geothermal extraction 

on site, whereas both models exhibit a delayed response to the hot water circulation. After 144 

hours of water circulation, production temperatures of 29.4 ºC were recorded at Altona, while 

both models predict a temperature in the 25 ± 0.5	º. range at the end of the experiment. 

Assuming that the aperture distribution derived by Hawkins et al. (2020) is accurate, there are 

probably additional physical processes that are not considered in the models to date that are 

causing the mismatch between the field observations and the numerical predictions. Possible 

causes for these discrepancies are addressed below.  

 

 
Figure 2.5. Comparison between the field-constrained thermal performance predictions reported by Hawkins 
et al. (2020), our initial model, and the field observations after 6 days of hot water circulation. The onset of 
thermal breakthrough at Altona occurs considerably faster than predicted by the numerical models and the 
production temperatures are constantly underestimated as well.  
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2.4.1) Regional groundwater flow 

In situ regional flow in analytical and numerical modeling has been proved to have an influence 

in the hydraulics of aquifers and the thermal performance of geothermal reservoirs by Gringarten 

and Sauty (1975), Wu et al (2017), Schulz (1987). To assess the potential influence of regional 

groundwater flow in the Altona system, hydraulic head boundary conditions are set in 

accordance with the 0.04 (-) hydraulic gradient reported by Becker & Tsoflias (2010). This 

background flow creates a uniform pressure gradient that decreases away from Chasm Lake, 

acting predominantly east-bound at the field site. Under these pressure and non-uniform 

permeability conditions, higher fluid velocities are found along paths where the fracture 

aperture/permeability values are larger (Figure 2.6). The perpendicular direction of this hydraulic 

gradient is roughly aligned with the direction of geothermal extraction (i.e. injection well 204 is 

located in the western sector of the field site, while production well 304 is located in the eastern 

sector). We note that adding the influence of background flow results in a faster thermal 

breakthrough in the simulations since this increases the fluid velocity along the entire fracture, 

but especially along the preferential channels where thermal exchange is taking place (Figure 

2.8A). Contrary to the induced flow imposed over the system by the presence of the well-pair, 

the background flow is uniform creating an evenly distributed pressure field. Although the 

induced hydraulic gradient resulting from the imposed fluid circulation is roughly 2.53 times 

larger than the background gradient, including the hydraulic gradient in the numerical simulation 

results in a 22.8% increase in the production temperature at the end of six days of thermal 

exchange. Compared to our base case COMSOL simulation that validated the numerical results 

reported by Hawkins et al. (2020), the final production temperature rises from 25.4 to 31.2 ºC. 

Therefore, adding Altona’s regional background flow causes the numerical results to over-

estimate the production temperature by roughly 2 ºC compared to measurements collected on 

site. 
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Figure 2.6. Optimized aperture distribution at Altona from Hawkins et al. (2020). White arrows represent the 
background Darcy’s flow velocity field before geothermal extraction takes place, arrow length is proportional to 
fluid velocity. Hydraulic gradient value used was that reported by Becker & Tsoflias (2010). Red and blue triangles 
represent the approximate location of the injection and production wells, respectively. 

 

2.4.2) Temperature dependency of fluid properties 

Fluid density and dynamic viscosity vary as a function of temperature and pressure. However, 

under the typical conditions of low-enthalpy geothermal reservoirs, the mechanical properties of 

water are mainly dependent only on temperature (Bundschuh & Suárez-Arriaga, 2010). Another 

common assumption in subsurface modeling is that, since water remains in its liquid state, fluid 

viscosity and density can be considered as constant. However, as seen in Figure 2.7, as the 

temperature rises, the fluid becomes less dense and less viscous. Our second simulation, 

presented in Figure 2.8 panel B, explores the effect of modeling the temperature dependency of 

fluid properties by restoring the hydraulic gradient to zero and modeling the fluid mechanical 

properties based on the approximations reported by Chandrasekharam and Bundschuh (2008):  

	

1(3) = 	 7 1000.0 ∗ (1.0 − 8.0 ∗ 10!" ∗ (3 − 3.98)#)	, 0ºA	 ≤ 3	 ≤ 20ºA
996.9 ∗ (1.0 − 3.17 ∗ 10!$(3 − 25.0) − 2.56 ∗ 10!" ∗ (3 − 25.0)#)		, 20ºA	 ≤ 3	 ≤ 150ºA																				(14)	

G(3) = 		 {10!% ∗ (1.0 + 0.015512(3 − 20.0))!&.()#, 0ºA	 ≤ 3	 ≤ 100ºA	241.4 ∗ 10!) ∗ 10
#$).*

+,&%%.&(		, 100ºA	 ≤ 3	 ≤ 150ºA											(15)	
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Thermal dependence of water properties 

 
Figure 2.7. Thermal dependence of the mechanical properties of water in liquid state with temperature from 
0ºC to 150ºC. Left panel shows water density in kg/m3 while the right panel shows dynamic viscosity in Pa*s  
on the y-axis. Approximation functions obtained from Chandrasekharam and Bundschuh (2008). 

Lower values for viscosity and density improve the mobility of the fluid making it more 

susceptible to flow channeling. This process gradually fosters and intensifies the thermal 

resource depletion since the ease at which water reaches the permeable paths or “short-circuits'' 

from the injection to the production well is steadily augmenting. We observe how Figure 2.8 

panel B demonstrates that the difference between this simulation and the base case progressively 

becomes more apparent with time, as the fluid progressively increases temperature. Thermal 

exchange between the rock and the fluid directly affects the thermodynamic properties and 

seepage of the working fluid. For the Altona experiment with heating the rock by injecting hot 

water, those progressive changes negatively affect the overall thermal performance of the 

reservoir, making this a strongly coupled relationship (Luo et al., 2016). As demonstrated by 

Okoroafor et al (2021), the opposite can be expected when dealing with traditional geothermal 

extraction of heat, because when the reservoir temperature gradually drops, an increase in the 

water viscosity allows for more contact between the rock and the fluid for a longer time. A 

higher viscosity enables the water to be less susceptible to flow channeling, hence, this 

phenomenon increases the residence time of the fluid and the flow-wetted surface area, resulting 

in an overall better exploitation of the thermal resource.  
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2.4.3) Buoyancy-driven flow 

The third attribute that is added to our model is the influence of buoyancy-driven flow. As 

density fluctuates with temperature while the force of gravity acts on the reservoir, natural 

convection processes are triggered both within the porous medium and the fracture. Thus, 

modeling geothermal extraction should simulate these mass variations as they could potentially 

be a mechanism of natural replenishment for the reservoir (Abdallah et al., 1995; Ogino et al., 

1999) Figure 2.8 panel C contains the results for this last simulation along with the one in which 

gravity effects are not activated, for visual comparison. As observed in the figure, buoyancy-

driven flow plays a negligible role at Altona because fluid flow is mainly concentrated in a 

horizontal fracture that has a maximum aperture in the order of 6 mm. Considering this and the 

fact that the fracture is surrounded by an impervious rock matrix, the influence of buoyancy-

driven flow on the thermal performance of the Altona meso-scale reservoir is insignificant. 

Nonetheless, we expect buoyancy to be a more important factor in vertical fractures and in 

permeable reservoirs for which conduction is not the key mechanism of heat transfer. In such 

systems, natural convection can replenish the heat content of the fracture surfaces continuously 

as the cold pore fluids progressively sink, due to their higher density, and make room for hotter 

fluids that were previously located below. This, however, was not observed for the Altona 

reservoir.  
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Figure 2.8. Thermal performance results for Altona as different model attributes are added to the simulations. 
Field observations and base case simulation are graphed in all panels for comparison. Individual panels 
consider the influence of (A) Altona’s hydraulic gradient of 0.04 (-) towards production well 304, (B) 
Temperature-dependency of fluid viscosity and density, and (C) Buoyancy-driven flow within the reservoir, 
respectively. 
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2.4.4) Composite simulation 

The last model we simulate for the Altona 2015 thermal experiments considers the joint 

influence of the various effects described above. Comparison of these results (Figure 2.9B) to 

simulations in which each feature is considered independently (Figure 2.8) or to those that 

assume a uniform aperture distribution (Figure 2.2) show how sensitive thermal-hydraulic 

models are to the addition of varying complexities of real groundwater systems. Figure 2.9 Panel 

A depicts the simulated thermal exchange map at Altona at the end of the sixth day of hot fluids 

circulation. The hot fluids clearly accumulate along one preferential narrow channel, 

approximately 1-2 m wide, and fail to reproduce ideal dipole flow that would occur in a fracture 

displaying uniform permeability (Fig. 2.2A). The regions that are still cold (blue) in the thermal 

exchange map at the end of the sixth day correspond to the area that did not interact with the 

working fluids significantly during the thermal extraction process. The rapid resource depletion 

observed at Altona (Fig. 2.2B) does not reflect the total reservoir area but rather the limited area 

available for heat exchange caused by extreme flow channeling. Since fracture-dominated 

reservoirs are usually conduction-limited, if the surface area available for heat transfer is 

reduced, thermal exchange between the injected fluids and the porous matrix is considerably 

diminished, resulting in potentially disastrous consequences for reservoirs intended for long-term 

operation (Brown, 1987; Murphy et al., 1981; Robinson and Tester, 1988; Tsang et al., 1987). 
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Figure 2.9. Numerical simulation for the Altona Field Laboratory reservoir that combines far-field hydraulic 
gradient, temperature-dependent density and viscosity, and buoyancy effects (orange line with crosses). Dashed red 
line depict the thermal performance predictions reported by Hawkins et al. (2020) while the brown line shows the 
production temperature estimates for a constant-aperture fracture.  

Figure 2.9 Panel B shows the temporal evolution of the production temperature for the composite 

simulation, the constant-aperture fracture predictions, the Hawkins et al (2020) simulation, and 

the field observations. Root mean square error (RMSE) values are calculated for the three 

simulations compared to the observations collected on site. The constant-aperture predictions 

show the largest RMSE with 12.4 ºC, while the Hawkins et al (2020) model and our composite 

simulation yield RMSE values of 5.3 ºC and 3.2 ºC, respectively. The composite simulation 

provides improved predictions regarding the rapid thermal breakthrough and a slightly better 

forecast for the overall performance trend observed for the Altona reservoir. Comparison 

between the constant-aperture predictions and the simulation that considers the joint influence of 

multiple influencing attributes highlights the importance of modeling the complexities of real 

groundwater systems in order to estimate thermal performance in geothermal reservoirs 

accurately. Yet we still observe noteworthy differences between our composite simulation results 

and the field observations such as a delay in the onset of thermal breakthrough and a 

considerable mismatch between the field observations and the numerical results at later times. 

Remaining differences between observations and model results may reflect additional 
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complexities not accounted for in the models, such as turbulence in fracture flow or time-varying 

variations in fracture aperture distribution due to thermo-poroelastic effects (e.g., Jacquey et al., 

2016; Wang & Ghassemi, 2012). However, because turbulent flow and the temporal evolution of 

fracture aperture are poorly constrained, in marked contrast with the other complexities we 

evaluate, the evaluation of their effects is outside of the scope of this study.  
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2.5) Applications to theoretical large-scale geothermal fields 

The results of our analysis of the Altona observations illustrate the influence of geologic 

properties and conditions on the thermal performance of meso-scale reservoirs. Here, we now 

consider how similar natural aperture distribution would affect larger scale geothermal systems 

considering different operational design considerations. In particular, we consider mass flow 

rate, well spacing, and relative well positioning. To do this we up-scale the permeability 

distribution at Altona using a simple renormalization technique by multiplying the optimized 

aperture distribution spatial coordinates by a scale factor of 42.55 such that a previous well 

separation of 14.1 m at Altona, corresponds to a distance of 600 m in the upscaled model (Figure 

2.10). The resulting permeability distribution covers a circular area with radius of 500 m where 

the orientation of the fracture is rotated 45 degrees counterclockwise so that due North is aligned 

with the positive y-axis. By upscaling the fractal geometry and statistical appearance of the 

original rock surface, we are able to employ extraction parameters similar to the ones observed in 

utility-scale fields, while preserving between multiple scales the implicit internal spatial 

correlation self-affine rock surfaces (Yavari et al., 2002). This approach resembles similar 

methodologies employed by Candela et al. (2009), Glover et al (1998), and Gómez-Hernández & 

Journel (1990). For a thorough review on other techniques to upscale petrophysical properties 

from core-log to outcrop data or from outcrop to inter-well reservoir volumes, the reader is 

referred to Wen & Gómez-Hernández (1996), Renard & de Marsily (1997) and Farmer (2002).  

 

It should be noted that our local-global up-scaling technique is not intended to be representative 

of the regional permeability surrounding the Altona Field Laboratory or any region in particular 

for that matter. Instead, it represents a synthetic, self-affine permeability distribution for a large-

scale reservoir displaying a highly channelized hydrogeological behavior. Considering 

theoretical applications beyond the Altona site can potentially provide insights into well field 

design considerations and operational risks in the context of realistic variations in fracture 

aperture. In contrast to our Altona simulations above, we modify extraction parameters to 
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simulate utility-scale extraction (i.e., higher mass flow rates, longer operation times, etc) and 

simulate cold working fluids being introduced to a hot reservoir. It is worth noting that, since for 

these simulations the temperature of the injected fluids is lower than the original reservoir 

temperature, the trend of the production temperature over time is downwards—as expected for 

commercial reservoirs and traditional geothermal extraction. In this context the term “thermal 

drawdown” is applicable and is used from this point onwards to describe the progressive thermal 

depletion of the reservoir.  

 
Figure 2.10. Upscaled permeability distribution from Altona for a synthetic circular region of 500 m of radius. 
Permeability distribution was rescaled using a renormalization technique for the x and y coordinates (34 → 6 ∙ 34, 
38 → 6 ∙ 38) where k is 42.55. Permeability is expressed in standard m2 units. Orientation of the fracture was 
shifted so due North is aligned with the positive y-axis. 

Using a parametric approach, we conduct different sensitivity analyses for three non-naturally-

occurring influencing factors, in particular: mass flow rate (10 to 40 kg·s-1), well separation 

distance (300 to 500 m), and relative well placement along four perpendicular extraction 

directions. The manner in which these parameters are varied is described in detail in Table 2.3.  

Thermodynamic properties of the fluid are modeled to be dependent on temperature and no-flow 

boundaries surrounding the fracture are considered. Thermal drawdown plots for these 

simulations are expressed in both absolute temperature and normalized temperature to be 

indicative of the rate of thermal depletion for any injection and reservoir temperatures selected as 
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parameters. The assumptions and pressure conditions modeled in this study ensured that water 

remained in the liquid state, thus, the effects of flashing were not considered. 

 

2.5.1) Constant-aperture fracture vs spatially-variable aperture field 

As for previous sections, prior to adding different attributes that influence thermal performance 

to our model, a comparison between an ideal constant-aperture fracture and the up-scaled 

spatially variable fracture is included in Figure 2.11. For these simulations that consider a mass 

flow rate of 20 0, ∙ JKL, reservoir temperature of 200ºC, reinjection temperature of 50ºC, and an 

inter-well spacing of 500 m from West to East, we note a clear difference between the ideal 

dipole model and one characterized by a highly irregular thermal exchange map after 1 year of 

geothermal extraction. The influences of mass flow rate, well spacing, and fluid circulation 

direction are then individually added and assessed while keeping all other parameters fixed. The 

experimental chart in Table 2.3 shows the parameters we use in nine different simulations to 

evaluate the impact of the three attributes of interest. Table 2.4 shows the parameters that remain 

constant for all nine simulations.  

 
Figure 2.11. Thermal exchange maps after 1 year of geothermal extraction, for an injection well in left sector 
(down-facing triangle) to an extraction well in the right sector (up-facing triangle). Case 0, on the left depicts 
the dipole model that considers a constant-aperture fracture. Case 1, on the right, depicts the geothermal 
extraction that occurs for the up-scaled permeability distribution at Altona (Fig. 2.10). Both simulations 
consider the following parameters: mass flow rate of 20 () ∙ +(), reservoir temperature of 200 ºC, 
reinjection temperature of 50 ºC, and an inter-well spacing of 500 m from West to East.   
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Table 2.3. List of cases simulated. Case 0 represents the base case of an ideal fracture displaying constant 
aperture. The following cases use Altona’s upscaled permeability distribution. Cases 1 through 4 model the 
influence of mass flow rate. Cases 5 through 10 model the influence of well separation distance along the y- 
and x-axis. And Cases 11 through 14 evaluate the influence of the relative well placement. E, W, N, and S 
denote the four Cardinal points. *Note: The direction of fluid circulation in Case 0 was arbitrarily selected, yet 
it is insignificant because of the uniform permeability distribution.  

Case No. Mass flow rate, !̇ Well separation distance, Wsd Fluid circulation (-) 

0 20 #$ ∙ &!" 500 m W – E* 
    

1 10 #$ ∙ &!" 500 m W – E 

2 20 #$ ∙ &!" 500 m W – E 

3 40 #$ ∙ &!" 500 m W – E 
    

4 20 #$ ∙ &!" 300 m W – E 

5 20 #$ ∙ &!" 400 m W – E 

6 20 #$ ∙ &!" 500 m W – E 

7 20 #$ ∙ &!" 300 m N - S 

8 20 #$ ∙ &!" 400 m N – S 

9 20 #$ ∙ &!" 500 m N - S 
    

10 20 #$ ∙ &!" 500 m W – E 

11 20 #$ ∙ &!" 500 m N – S 

12 20 #$ ∙ &!" 500 m NW – SE 

13 20 #$ ∙ &!" 500 m NE - SW 

 

Table 2.4. Summary of the fixed modeling parameters for Cases 0 through 13 presented in Table 2.3. 
Parameter Symbol Values 

Rock block height H	 100 m 
Rock porosity &r	 0.1% 

Specific heat capacity of the fluid Cp.f	 4184 J/(kg*K) 
Specific heat capacity of the rock Cp.r	 1000 J/(kg*K) 
Thermal conductivity of the fluid kf	 1e-10 W/(m*K) 
Thermal conductivity of the rock kr	 2.4 W/(m*K) 

Rock density 'r	 2300 kg/m3 
Reinjection temperature Tinj	 50ºC 
Reservoir temperature Tr	 200ºC 

Mass flow rate &̇	 0.095 kg/s 
Well radius wr 0.15 m 
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2.5.2) Mass flow rate  

The mass flow rate sensitivity analysis is conducted by specifying the spatial coordinates (x,y,z) 

for the injection well at (-250 m, 0, 0) and production well at (250 m, 0, 0). Therefore, the inter-

well separation is 500 m and the fluid circulation is from West to East. The mass flow rate is 

varied as 10, 20, and 40 kg/s and thermal performance results are simulated over the course of 10 

years for all cases (Figure 2.12). The left y-axis contains the values of normalized temperature 

obtained using Equation 13. The right y-axis contains the absolute production temperature at the 

extraction well in degrees Celsius, where 200ºC is the original reservoir temperature (Tnd = 1) 

and 50 ºC corresponds to the reinjection temperature (Tnd  = 0).  

 

 
Figure 2.12. Impact of mass flow rate on the production temperatures at the extraction well. Fluid 
circulation occurred from West to East and the inter-well separation distance was fixed at 500 m. 

We observe that higher production temperatures are favored by low mass flow rates due to 

smaller thermal loads imposed on the fracture’s surfaces for heat mining. Although Figure 2.12 

may give the reader the impression that low mass flow rates lead to superior thermal 

performance over time, such flow rates will also lead to lower power generation, both thermal or 
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electric, due to a lesser volumetric throughput. The higher mass flow rate (Case 3) consistently 

yielded the lowest production temperatures, this flow rate also led to the highest power 

production compared to all other cases (Figure 2.13). Therefore, an optimum mass flowrate is 

one that ensures the long-term sustainability of the reservoir while still delivering a reasonable 

power output. According to Clauser (2006), flow rates and production temperatures in excess of 

50 kg/s and 150ºC, respectively, to allow an economical generation of electrical energy from 

geothermal resources. Therefore, based on the data in Figure 2.12, electricity generation would 

not be feasible if heat is being extracted from only one fracture displaying Altona’s up-scaled 

permeability. For the cases studied above, a system of at least three fractures, each one extracting 

heat at a mass flow rate of 20 kg/s would be required to allow for economical electricity 

generation. Hence, Case 2 was selected as the base case for subsequent analyses.  

 

 
Figure 2.13. Impact of mass flow rate on thermal power generation. Thermal power generation was 
calculated using - = &̇/*∆1 where P is thermal power, /* is the specific heat capacity of the fluid and 
∆1 is the difference between the temperature of the working fluid being produced and the reinjection 
temperature.  
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Since injection volumes also require a proportional energy input to pump the working fluid into 

and out of the reservoir, a full economic analysis should take into account the associated costs of 

parasitic pumping requirements to provide an accurate estimation of its levelized cost of energy 

(LCOE). However, LCOE calculations and economic analysis for this and subsequent analyses 

are not part of the scope of this study but are recommended as future work.  

 

2.5.3) Well separation distance 

After evaluating the influence of mass flow rate, further investigations are conducted with this 

framework model to understand how sensitive the thermal performance of a heterogeneous 

reservoir would be to variations in the inter-well separation distance. While in general lines it is 

true that higher production temperatures are favored by large separation distances between 

injection and production, Pandey et al (2018) and Nicol & Robinson (1990) show that this 

relationship between well spacing and heat extraction in heterogenous reservoirs is not linear, 

since the reservoir area available for heat extraction does not scale proportionally with well 

spacing. Thus, under such conditions, thermal performance improvements will not scale 

accordingly. In order to discover what is the relationship between well spacing and heat 

extraction for a reservoir displaying heterogenous hydrologic behavior, like Altona, the injection 

and production wells are arbitrarily located at 300, 400 and 500 m from each other along the x-

axis first, for Cases 4 through 6, respectively, and along the y-axis next, for Cases 7 through 9. 

These sets of simulations are presented in Figures 2.14 and 2.15, respectively. 
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Figure 2.14. Temporal evolution of the thermal front advance for cases 4 through 6 (interwell separation distance from 300 to 500 m along the x-
axis). Fluid circulation occurs from injection well in the western sector to an extraction well in the eastern sector in all panels, and Wsd represents the 
inter-well spacing. Columns depict thermal exchange state after 1, 2, and 3 years respectively. Image on the bottom right corner represents the up-
scaled permeability distribution. 
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Figure 2.15. Temporal evolution of the thermal front advance for cases 7 through 9 (interwell separation distance from 300 to 500 m along the y-
axis). Fluid circulation occurs from injection well in the northern sector to an extraction well in the southern sector in all panels, and Wsd represents 
the inter-well spacing. Columns depict thermal exchange state after 1, 2, and 3 years, respectively. Image on the bottom right corner represents the 
up-scaled permeability distribution.
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A superficial comparison between Figure 2.14 and Figure 2.15 indicates that varying 

the well spacing from 300 to 500 m along the y-axis does not have a major influence 

on the flow-wetted area available for heat transfer between the different simulations. 

All panels in Figure 2.15 appear to be affected to a similar extent by fluid injection. 

When the fluid circulation occurs from North to South, injected fluids readily reach 

the main conduit where they short-circuit to the production well, in spite of the large 

well spacing variations. Conversely, for the first set of cases in Figure 2.14, we clearly 

observe that a progressive increase of 100 and 200 m between the injection and 

production well, respectively, enables the fluids to be in contact with a much larger 

area of the fracture before being extracted from the reservoir. As there are no major 

large-aperture channels located transversally from West to East (Figure 2.10), the 

distance at which the fluids are injected from the center of the fracture will play a key 

role in determining the fluid flow distribution through other conduits that are relatively 

less permeable than the main channel. 
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Figure 2.16. Impact of well separation distance, along two arbitrary directions, on thermal 
performance. Panels in the left column show the thermal exchange map after 1 year of 
operation with well separation distance of 300 m in both cases. Simulated thermal drawdown 
plots in the second column depict the production temperature evolution for 10 years, for cases 
of 300 m, 400 m, and 500 m distances between the injection and production wells. 

As noted by previous studies (e.g. Rodemann, 1982; Ghassemi et al., 2003), when 

dealing with uniform permeability and dipole flow, well separation distance has a 

proportional relationship on thermal performance given that increasing the inter-well 

separation distance will proportionally increase area of the reservoir available for heat 

transfer. In contrast, in the presence of highly channelized fields, we observe that 
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cumulative heat production does not scale proportionally with well separation distance 

(Figure 2.16). The difference in average power production of Case 7 (Wsd = 300 m) 

with Case 8 (Wsd = 400 m), and Case 8 with Case 9 (Wsd = 500 m) is 1.049 kWth and 

6.660 kWth, respectively, despite that both represent a 100 m increase in Wsd over the 

previous case. The same relative differences for the West to East circulation set of 

cases (Cases 4, 5, and 6) show a much higher variability, yielding differences in power 

production of 26.374 kWth and 10.049 kWth, respectively. This shows there is a non-

linear relationship between well separation distance and yearly average power 

production. Furthermore, it is worth noting that, depending exclusively on well 

separation distance, the West to East fluid circulation generated both the best- and 

worst-case scenarios of power generation, averaging a yearly power production of 

74.3 kWth and 37.8 kWth, respectively. While the results of variations along the N-S 

axis were all located in a narrow range of 53.2 to 60.9 kWth.  

 

2.5.4) Relative well placement 

The findings of the well separation distance variations are indicative of the influence 

of the relative placement of wellbores in channelized fields. Understanding how the 

hydrothermal behavior is affected by heterogeneous subsurface permeability can help 

to determine what are the optimal places to drill geothermal well-pairs or if additional 

connectivity is needed in between the wells to maximize power production from the 

reservoir. Data contained in Figure 2.17 illustrate how a relatively arbitrary parameter 

like well positioning can be a critical factor that is either detrimental or advantageous 

for the thermal performance of a geothermal reservoir. In order to avoid premature 

thermal breakthrough, the reinjection strategy in EGS needs to take into account the 

site-specific circulation of the fluids in the regional model. The discussion above 

demonstrated that heat transfer in rough fractures is hindered by channeling effects 
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which is intensified by small well spacings for hydraulically isolated fractures. 

Considering this, a series of simulations (Cases 10 through 13) are conducted for a 

well separation distance of 500 m in which only the relative placement of the well pair 

is varied. Based on the reference frame used above and the Fig. 2.10 permeability 

field, the fluid circulation is simulated in four directions: West to East (W-E, case 10), 

North to South (N-S, case 11), Northwest to Southeast (NW-SE; case 12), and 

Northeast to Southwest (NE-SW, case 13) with a fixed well separation distance of 500 

m. The rest of modeling parameters remain unchanged (Table 3.4).  
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Figure 2.17. Up-scaled permeability distribution on the upper left-hand side of the figure 
alongside simulated thermal exchange maps for Case 0, on the bottom left-hand side, and 
Cases 10 through 13, on the right. Below, thermal drawdown curves for all cases over 10 years 
of geothermal extraction. Thermal exchange maps depict the advancement of the thermal front 
after 1 year of operation.  
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Figure 2.17 shows the thermal exchange maps and thermal drawdown plots of the base 

case with uniform permeability (Case 0) and the cases where the influence of relative 

well placement was assessed (Cases 10 through 13). Comparing the last set of 

simulations with the base case that assumes a constant-aperture fracture, we observe 

how the circulation from West to East (Case 10) and fluid circulation from Northeast 

to Southwest (Case 13) show marginal improvements relative to the thermal 

performance of the idealized fracture, while the production temperatures for cases in 

which the fluid circulation occurred from North to South (Case 11) and Northwest to 

Southeast (Case 12) significantly decreased due to extreme flow channeling. These 

results prove that, in order to avoid premature thermal breakthrough, the direction of 

geothermal extraction in reservoirs displaying non-uniform permeability should not be 

aligned with the direction of the pre-existing main channels. Enhanced thermal 

performance was observed when multiple pathways between injection and production 

wells were used by the fluids to mine heat from the rock. When fluid circulation was 

aligned with the most permeable feature along the NW-SE axis (Case 12), the 

normalized production temperature dropped more than 50% within the first year of 

operation and by the end of the 10th year this value was below 0.3 (<100ºC). For a 

perpendicular direction of extraction (fluid circulation from Northeast to Southwest), it 

can be seen that working fluids do not interact with a large area of the fracture, yet the 

cumulative power production for Case 13 (5,519 MW-hr) was almost 2.2 times larger 

than that of Case 12 (2,533 MW-hr). 
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All cases discussed in this section assume no-flow boundaries around the fracture, 

hence, the consequences of lost circulation into the formation are not considered. Our 

assumptions consider a 100% recovery of the injected fluids meaning that the effects 

of non-uniform permeability on the hydraulic performance are not studied in detail. 

However, thermal performance and hydraulic performance must be balanced to ensure 

the viability of any geothermal project. A reservoir too large in size would increase the 

area available for heat transfer but would also make it much more challenging to 

retrieve the injected fluid. According to Armstead and Tester (1987), water loss into 

the formation is inevitable in EGS, but having a loss rate greater than 5% is not 

acceptable. Both Clauser (2006) and MIT (2006) estimate that economic flow rates of 

geothermal systems intended for electricity generation should exceed 50 kg/s. A large 

pressure drop between the injection and production wells may impede such flow rates. 

Future work on thermal-hydraulic modeling should account for fluid circulation loss to 

the formation. Additionally, for simplicity, all models assume that freshwater is being 

injected to the reservoir and that it is the same fluid composition that is being extracted 

at the production well. The unintended production of subsurface brines would also 

have an effect on fluid flow and heat transfer in thermal aquifers. Since the density of 

brine is higher, by using freshwater the total amount of thermal energy in the 

formation is lower, yet its heat capacity is smaller, meaning that freshwater would 

have a higher heat extraction rate (Smith, 2019; Ramalingam and Arumugam, 2012). 

Thus, a sensitivity analysis on the chemical composition of the working fluid using 

freshwater, multiple brines, and supercritical CO2 is also recommended for future 

work.  
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2.6) Conclusions  

In most enhanced geothermal systems (EGS) and other fracture-dominated reservoirs, 

faults and fractures are the main conduits for fluid flow and heat transfer. Since rock 

fractures are rough in nature, they inherently create non-uniform permeability fields 

along reservoir surfaces that modify the short and long-term behavior of the reservoir. 

Although this aspect is often ignored in geothermal modeling, non-uniform 

permeability has a tremendous effect on the thermal-hydraulic performance of 

fractured geothermal reservoirs. This is because in conduction-dominated reservoirs, 

the area available for heat transfer is the controlling variable for thermal performance. 

Thus, flow channeling reduces the area available for heat transfer which in turn leads 

to premature thermal breakthrough as the working fluids are concentrated along a 

small portion of the fracture surface. Evidence of flow channeling observed at meso-

scale reservoirs is more extreme than what has been observed in random aperture 

fields (Fox et al., 2015) and previous core and outcrop studies (Okoafor & Horne, 

2021; Candela et al., 2009; Glover et al., 1998). Regardless, the experimental data and 

simulations demonstrate that highly channelized systems like that still can produce 

significant reservoir fluid volumes and heat content (Hawkins et al., 2017a, 2017b).  

 

Using complex numerical simulations, that capture a sufficient number of attributes 

that characterize real groundwater systems, can significantly improve the agreement of 

numerical models with field observations in EGS. Aspects like regional groundwater 

flow and temperature-dependency of properties play a crucial role in geothermal 

extraction - at multiple scales—despite that their contribution tends to be omitted in 

simulations of large-scale systems. Buoyancy-driven flow in meso-scale fractures has 

an insignificant effect in horizontal fractures surrounded by impermeable rocks. 

However, we expect buoyancy effects to play an important role in large, vertical 
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fractures and/or fractures within porous reservoirs with high permeability. Even 

though our final simulation already exhibits an improved agreement with field 

observations at Altona, we expect the addition of turbulent flow and thermo-

poroelastic variations in the host rock to solve the remaining discrepancies observed 

for the thermal performance predictions. 

 

Furthermore, although up-scaling petrophysical properties is challenging for rocks that 

exhibit multimodal porosity (Cobett et al., 2016; Glover et al., 1998), our analyses 

show that up-scaled synthetic fractures from meso-scale data can provide insightful 

information on the mechanical, hydraulic, and thermal performance of field fractures. 

For the cases we studied, variations in the mass flow rate affect the thermal 

performance of highly channelized fields significantly. High mass flow rates, which 

would be preferred for ideal fractures with uniform aperture, might result in disastrous 

rates of thermal drawdown in channelized fractures. In such cases, multiple parallel 

fractures that distribute the working fluids evenly are preferred over increasing the 

mass flow rate through a single fracture. Additionally, well separation distance and 

well relative positioning proved to be critical factors in the success or failure of 

geothermal reservoirs displaying non-uniform permeability. As opposed to 

homogeneous reservoirs, their influence in highly channelized reservoirs is not trivial. 

Rather, to delay thermal breakthrough and maximize heat extraction, the wellbore 

locations should be selected in accordance with a prior identification of permeable 

structures. Our results illustrate that a combination of non-uniform permeability along 

with regional groundwater flow and temperature dependency of fluid properties can 

result in much poorer thermal performance than generally expected. Nonetheless, 

under such conditions, these effects can be mitigated, and enhanced thermal 

performance is achieved through adequate flow rates and thoughtful well positioning.  
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Chapter 3: Numerical Modeling of AGS or Closed-Loop Geothermal Systems 

 

Abstract 

In recent years, Closed-Loop or Advanced Geothermal Systems (AGS) have been 

receiving renewed interest for heat and power production. These systems consist of 

co-axial, U-loop or other configurations in which the working fluid does not permeate 

the reservoir but stays inside the wellbore system from the moment it is injected into 

the subsurface until it is ultimately extracted from the reservoir. Advocates highlight 

its potential for developing geothermal virtually in any geographic location, without 

the technical challenges observed with conventional hydrothermal systems or 

Enhanced Geothermal Systems (EGS). However, concerns regarding the cost to 

develop such systems and their long-term performance also abound. This chapter 

provides extracts from an independent analysis that assessed the technical and 

financial performance of closed-loop geothermal systems for various scenarios over a 

20-year lifetime. Here, several U-loop designs are studied through analytical solutions, 

Slender-Body Theory (SBT), and COMSOL Multiphysics models. Sensitivity 

analyses are conducted to assess the influence of variations in reservoir temperature 

(120 to 200 ºC), reservoir permeability (10-18 to 10-18 m2), and number of horizontal 

heat exchangers. Results indicate that AGS are characterized by considerable exergy 

loss and low thermal performance. For all cases that consider only one lateral, 

production temperature reaches a maximum within the first hours of simulation and 

then converges to a long-term value marginally above the re-injection temperature, 

regardless of the original reservoir temperature. Varying the reservoir permeability 

slightly increases the production temperature due to natural convection effects. 

Increasing the number of laterals in U-loop configurations appears to be the only way 

to enhance the thermal performance considerably, but this also leads to significant 
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increases in capital costs. Hence, thermal efficiency problems and extreme rates of 

drawdown might impede closed-loop systems from becoming cost-competitive 

compared to hydrothermal and enhanced geothermal reservoirs.  

 

3.1) Introduction 

Various studies have estimated that the geothermal resource far exceeds the current 

worldwide primary energy demand by several orders of magnitude (IEA, 2020; 

Rybach, 2020; Tester el al., 2006). The U.S. Department of Energy (DOE) expects 

geothermal power in the United States to increase nearly 26-fold from today reaching 

60 GWe by 2050 if unconventional resources start to be developed (DOE, 2020). 

Despite these vast resource estimates and predictions, geothermal energy is still 

growing at a slow speed and its adoption has been hindered by the difficulty in 

efficiently and accurately characterizing and exploiting the thermal resource 

underground in a cost-effective manner (Lund & Toth, 2020; IRENA, 2017). The vast 

majority of geothermal energy generation is currently extracted from conventional 

hydrothermal systems where sufficient heat, water and permeability at depth occur 

simultaneously (Huttrer, 2020). These reservoirs are rare and increasingly hard to find. 

Thus, most active research underway is focused on conduction-dominated systems, 

namely Enhanced Geothermal Systems (EGS) and Advanced Geothermal Systems 

(AGS). EGS are open-loop reservoirs that have been engineered to create a fracture 

network in the host rock through hydraulic, chemical, and/or thermal stimulation 

techniques (Tester and Smith, 1977; Bodvarsson and Hanson, 1977). Injected fluids 

then flow through pores and fractures from where they extract thermal energy before 

being ultimately recovered through production wells. Despite its superior potential 

compared to hydrothermal systems, several challenges remain for EGS to become the 

standard technique to harness geothermal energy. These the need to stimulate multiple 
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rock types effectively and safely, to characterize and monitor permeability evolution, 

and to control fluid flow paths to delay thermal breakthrough, among others (DOE, 

2019; Kneafsey et al., 2019).  

 

AGS or closed-loop systems have been identified as a possible solution to develop 

geothermal energy in virtually any geographic location, regardless of what are 

commonly considered adequate subsurface conditions for natural or for EGS 

reservoirs (Horne, 1980; Morita & Tago, 1995; Oldenburg et al., 2016; Scherer et al., 

2020). These systems receive the name of “closed-loop” since they do not require 

working fluid to permeate or be in direct contact with the reservoir. Working fluids are 

kept inside the wellbore system from the moment they are injected until they are 

ultimately extracted from the subsurface. Various designs have been proposed and can 

be grouped into two main categories: co-axial (“pipe-in-pipe”) wellbore heat 

exchangers (Figure 4.1.a) and U-loop configurations where one or more laterals or 

heat exchangers connect an injection well to a production well (Figure 4.1.b). 

According to AGS advocates, these designs can overcome the technical difficulties 

and concerns of open-loop configurations such as induced seismicity, fluid circulation 

loss, and mineralization that plugs flow paths, among others. However, detractors of 

this technology have also highlighted that limited heat transfer area between the 

wellbore system and the host rock is predicted to result in poor thermal performances. 

Given the low thermal diffusivity of rocks (typically on the order of 10-6 !! ∙ #"#), 

only a small volume surrounding the wellbore is available for heat extraction in 

conduction-dominated reservoirs, meaning the near-wellbore reservoir is prone to 

cooling down rapidly after extended cold fluid circulation and the mass of rock at the 

far field will not be able to replenish that heat efficiently. This thermal drawdown 

problem is overcome in EGS by stimulating complex fracture networks that increase 
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the heat transfer area. In contrast, the AGS strategy to avoid premature drawdown is to 

significantly increase drilling and well completion tasks, which are expensive 

activities. 

 
Figure 4.1: Two common AGS designs with fluid color in wells representing arbitrary 
temperature (blue = cold; red = hot). A) Co-axial or “pipe-in-pipe” system with insulation 
(e.g., vacuum insulated tubing) between annulus and center pipe. Diagram shows cold fluid 
injection in the annulus and hot fluid production through the center pipe; certain designs 
consider reverse flow. Some systems do not include the horizontal extension and only assume 
a vertical co-axial configuration. B) U-loop system with injection in one well, production 
through a second well, and one or multiple horizontal laterals connecting the two wells. 
Schematics are not to scale.  

These investigations on AGS and some of the figures presented in this section are part 

of a collaborative effort that will be submitted for peer review (Beckers et al, in prep.). 

The Beckers et al. manuscript contains a high-level techno-economic analysis of 

several co-axial and U-loop configurations for which different operating and reservoir 

conditions are evaluated. Here, this study discusses work on a subset of U-loop 

configurations for which the influence of reservoir temperature, number of laterals and 

reservoir permeabilities are assessed. The models presented here were constructed in 

COMSOL Multiphysics and are accompanied by validation simulations carried out via 

Slender Body Theory (Beckers et al, 2015) and/or classical analytical solutions 

(Ramey et al., 1962) for wellbore heat transmission.  
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3.2) Methods 

The specific AGS configuration evaluated in this thesis chapter is the U-loop. This 

design considers two vertical wellbores connected at a target depth by one or more 

horizontal wells. As in other AGS designs, the wellbore system forms a closed loop 

from which the working fluid does not escape during heat extraction. Here, a series of 

9 cases is formulated to assess the influence of reservoir temperature in cases 1 

through 3 (ranging from 120 ºC to 200 ºC), number of horizontal heat exchangers 

(cases 4 through 6, ranging from 1 to 5 laterals) and reservoir permeabilities (cases 7 

through 9, ranging from 10-18 to 10-12 m2). The first three cases assume heat transfer 

occurs both in the vertical and horizontal sections of the U-loop, while in Cases 4 

through 9, vertical sections are vacuum insulated to assess the effects of multiple 

laterals and natural convection outside the horizontal section of the U-loop 

exclusively. For simplicity and tractability, all other operating and modeling 

parameters are kept constant for all nine simulations: reservoir depth is set at 2 km, the 

length of the horizontal heat exchanger(s) is 2 km, the well radius for vertical and 

horizontal sections is 0.0762 m, and total mass flow rate is 20 kg·s-1. Additionally, all 

cases consider a surface temperature of 20 ºC, a uniform thermal conductivity of the 

rock of 2.83 W·m-1·K-1, a bulk rock density of 2875 kg·m-3, and a specific heat 

capacity of the bulk rock of 825 J·kg-1·K-1. All cases assume continuous operation (i.e. 

utilization factor of 100%) over a 20-year lifetime.  Whereas the Beckers et al 

manuscript (in prep.) encompasses a techno-economic assessment of over 30 AGS 

configurations, here we address only the thermal performance of the 9 cases described 

in Table 4.1.  
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Table 4.1. List of U-loop cases simulated. Different cases consider different values for 
reservoir temperature, number of laterals, and reservoir permeabilities. The row highlighted in 
bold corresponds to the case that is cross-validated with other numerical solvers or analytical 
modeling. U1 = U-loop with one lateral; U2 = U-loop with two laterals; U5 = U-loop with five 
laterals; SBT = Slender Body Theory Model; COM = COMSOL Model. 

Case No. AGS Type 
Reservoir 

Temperature 
(°C) 

Reservoir permeability 
(m2) 

Lateral Length 
(km) 

Injection 
Temperature (°C) 

Flow Rate 
(kg·s-1) Simulator 

1 U1 120°C - 2 km 20°C 20 kg·s-1 COM 

2 U1 150°C - 2 km 20°C 20 kg·s-1 COM/SBT 

3 U1 200°C - 2 km 20°C 20 kg·s-1 COM 
        

4 U1 150°C - 2 km 20°C 20 kg·s-1 COM 

5 U2 150°C - 2 km 20°C 20 kg·s-1 COM 

6 U5 150°C - 2 km 20°C 20 kg·s-1 COM 
        

7 U1 120°C 10-18 m2 2 km 20°C 20 kg·s-1 COM 

8 U1 120°C 10-15 m2 2 km 20°C 20 kg·s-1 COM 

9 U1 120°C 10-12 m2 2 km 20°C 20 kg·s-1 COM 

 

To estimate temperature and heat production three modeling approaches were 

considered: (1) the COMSOL Multiphysics v5.6 (Comsol, 2019), (2) Slender-Body 

Theory (SBT model) (Beckers et al., 2015), and a closed-from, analytical solution for 

wellbore heat transmission (Ramey, 1962). The bulk modeling for the present work 

was done using COMSOL which is a commercial finite element numerical solver that 

solves partial differential equations from a wide variety of disciplines. Validation data 

for 2 base cases is provided using the SBT model and the Ramey analytical solution. 

The SBT model is a hybrid numerical-analytical model that uses Green’s equations to 

solve for the heat transfer in the bulk rock while discretizing the wellbore numerically. 

And the analytical model by Ramey is a simple, closed-form equation that provides a 

rapid estimation of late-time system performance of wellbores in the presence of a 

geothermal gradient.  
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Figure 4.2. Schematic representation three AGS configurations studied. U-loop cases include 
one lateral (U1), two laterals (U2), and five laterals (U5). Arrow indicates injection (blue) and 
production (red) of fluid. Taken and modified from Beckers el al., (in prep.). 

3.3) Model validation  

To ensure that the COMSOL and SBT models were providing accurate results, we 

performed a test case validation simulation for which the Ramey analytical solution is 

adequate. Such validation considers a full single-lateral U-loop configuration that 

reaches a target depth of 2 km and extends laterally 2 km. The surface temperature is 

20 ºC and the temperature rises with increasing depth at a uniform geothermal gradient 

of 65ºC per km. The well system is modeled as an open channel, meaning the wellbore 

material and thickness was assumed to be neglectable. The well radius is 0.0726 m 

through which water is being injected at 20 ºC at a constant mass flow rate of 20 kg·s-

1. The thermal conductivity and thermal diffusivity of the rock are set to 2.83 W·m-

1·K-1 and 1.2×10-6 m2·s-1, respectively. The production temperature is continuously 

evaluated over a 20-year lifetime and the results for all models, in a linear and 

logarithmic time scale, are depicted in Figure 4.3. The COMSOL model consists of a 

full 3D set up with more than 7 million tetrahedral mesh elements and results in 

computation times of several hours. The SBT model solves heat transfer in the bulk 

rock via analytical equations and discretizes the wellbore in roughly 100 pipe 

elements, resulting in computation times on the order of minutes. For more 

information on the methodology of the Ramey analytical solution or the SBT 
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numerical implementation, the reader is referred to Ramey (1962) and Beckers et al. 

(2015).  

Model validation: Case 2 

 

                                  
Figure 4.3. Production temperature in ºC for test case in ºC simulated using COMSOL, SBT, and 
Ramey. Panel A and Panel B show the evolution of production temperature in logarithmic and 
linear time scale, respectively. Test case considers a 6 km long pipe (2 km in each vertical section 
and 2 km in the lateral section). Reservoir temperature at the target depth is 150ºC and water 
injection occurs at 20ºC. 

All outlet temperatures after 20 years of continuous operation converge within a 

narrow range between 35.80 ºC and 36.15ºC, showing excellent agreement between all 

models at long time scales. Conversely, at shorter time scales (during roughly the first 

day of fluid circulation), the three solutions do not agree for different reasons. First, 

although the maximum temperature COMSOL simulation is temporally aligned with 

the analytical solution, the two maximum values differ by roughly 40ºC. On the other 

hand, the SBT solution overpredicts the maximum temperature by ~10 ºC compared to 

the analytical solution, but this maximum temperature occurs after ~1000 seconds 

have elapsed, while both the COMSOL and Ramey models predict the maximum 

temperature at roughly 7000 seconds. It is important to note two that: 1) the Ramey 

solution is only valid at long time scales once the thermal characteristic diffusion 

length becomes significantly larger than the wellbore radius and 2) since we are 
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mainly interested in the long-term thermal performance of AGS, we consider both 

models validated for the purposes of this study.  

 

3.4) Simulation Results and Analysis for Temperature and Heat Production 

Simulation results for temperature and heat production are presented for all nine cases 

in ºC and MWth, respectively. All graphs in subsequent sections show production 

temperature (in ºC) and heat generation (in MWth), as a function of time over a 

continuous 20-year period. The first subsection analyzes the characteristic thermal 

performance of U-loop systems. For this the simulation results of Case 2 are 

presented. The following subsections discuss the influence of reservoir temperature 

(Cases 1 to 3), the effects of the number of horizontal laterals (Cases 4 to 6), and the 

influence of natural convection within the reservoir depending on different reservoir 

permeabilities (Cases 7 to 9).  

 

3.4.1) Characteristic performance of U-loop systems 

Regardless of the different operating conditions evaluated, we note that U-loop 

systems in the context AGS display a similar thermal behavior over extended periods 

of time. When simulating the production temperature at the surface outlet, all these 

systems exhibit a sudden rise in temperature within the first few hours of simulation, 

reaching a maximum value well below the original reservoir temperature, and rapidly 

drop and converge to a steady state temperature appreciably closer to the reinjection 

temperature. Figure 4.4 depicts the thermal behavior of Case 2 presented in a 

logarithmic time scale on the left-hand side and using a linear time scale on the right. 

Such characteristic thermal behavior is indicative of a highly significant loss of 

exergy, or energy available, as it appears that these setups are not capable of mining 

all the thermal energy that would be available at such depths. This is because, after 
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extended and continuous operation, circulating working fluids locally cool down the 

near-wellbore region causing a rapid thermal drawdown and the reservoir temperature 

is not efficiently replenished due to the typically low thermal diffusivity values of 

crustal rocks.  

Production temperature profile for base case 

 

                                      
Figure 4.4. Production temperature in ºC as a function of time for Case 2. Panel A and Panel 
B show the evolution of production temperature in logarithmic and linear time scale, 
respectively. Reservoir temperature is 150 ºC (dashed red line), reinjection temperature at 20 
ºC (dashed blue line), injection at a constant mass flow rate of 20 kg·s-1. All other modeling 
parameters can be found in Table 4.1. 

 

3.4.2) Reservoir temperature  

In order to assess if the exergy loss observed for the base case occurred for multiple 

reservoir temperatures, two additional rock temperatures are considered in Case 1 (Tr 

= 120 ºC) and Case 3 (Tr = 200 ºC). We find that a similar trend is apparent for all 

cases (Figs. 4.4B and 4.5A). The exergy loss is proportional to the original rock 

temperature, in that the steady-state temperature at which the three cases converge 

falls within a relatively narrow range between 32.4 and 42.3ºC even though the 

reservoir temperatures of the extreme cases, Case 1 and Case 3, differ by 80ºC.  
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Effect of reservoir temperature on thermal performance 

 

                                   
Figure 4.5. Effect of reservoir temperature on long-term thermal performance. Production 
temperature on the left (in ºC) and heat production on the right (in MWth) for different 
reservoir temperatures (120ºC to 200ºC) evaluated. Colored dashed lines on the upper part of 
the left-hand side graph represent the varying reservoir temperatures while the blue dashed 
line represents the re-injection temperature. All cases consider a 6 km long pipe (2 km in each 
vertical section and 2 km in the lateral section) and water injection at 20ºC at a constant mass 
flow rate of 20 kg·s-1. 

A similar conduct is noted when heat production is graphed as a function of time 

(Figure 4.5B). Intuitively, we observe higher reservoir temperatures lead to higher 

heat production rates. However, thermal drawdown in all cases is so large that after ~5 

years, all three configurations decrease their power production to less than 2 MWth, 

despite reaching maximum power outputs of 6.94 MWth, 9.02 MWth, and 12.49 MWth 

at early time stages (Figure 4.5B). 
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3.4.3) Reservoir permeability 

The effect of natural convection acting outside the horizonal section of the U-loop is 

assessed by considering different reservoir permeabilities. In particular, the 

permeability values that are selected are: 10-18, 10-15, and 10-12 m2 (these correspond to 

values of 0.001, 1 and 1000 in millidarcies). The rest of modeling parameters are those 

of the base case (i.e. Case 2). As illustrated by Figure 4.7, we observe that natural 

convection has a slight, positive impact on the thermal performance of the reservoir. 

The most apparent difference between these and previous simulations is that the rate at 

which the resource is depleted is not as rapid as for conduction-only cases. This is 

because the buoyancy driven flow allow hotter formation fluids to replace the pore 

fluids that have already been cooled down by the wellbore system. However, this 

process is not rapid enough as to replenish all the heat that is being extracted from the 

reservoir in an efficient manner. Comparison between the lowest permeability and the 

highest permeability cases yield an absolute difference of less than 0.5 ºC. Even 

though we considered atypically high permeability values (10-12 m2 or ~1000 

millidarcies), adding the effect of natural convection results in a marginal 

improvement of thermal performance of U-loop configurations. Such permeability 

values are only exclusively observed in highly permeable sedimentary reservoirs 

where extracting energy via a conventional hydrothermal system might be more 

reasonable. Additionally, finding such permeability conditions in deep, well-

compacted rock formations at considerable depths would be rare. 
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Effect of reservoir permeabilities on thermal performance 

 

                                       
Figure 4.7. Effect of natural convection on long-term thermal performance. Production 
temperature (in ºC) on the left and heat production (in MWth) on the left for different reservoir 
permeabilities (10-18 mD to 10-12 mD). All cases consider water is being injected at 20ºC and 
that the total mass flow rate of 20 kg·s-1. 
 

3.4.4) Number of horizontal heat exchangers 

The effect of considering multiple heat exchangers connecting the vertical sections of 

the U-loop is assessed by Cases 4 to 6. For these scenarios, first we consider two 

horizontal exchangers circulating fluids through a 150ºC reservoir, followed by 

modeling five and ten laterals, under the same reservoir conditions. In all three cases, 

the total mass rate flowing through the system is kept at 20 kg·s-1 (i.e. for the case that 

considers two laterals, each horizontal exchanger circulates a mass flow rate of 20 

kg·s-1). As for previous cases, the rest of modeling parameters and operating 

conditions can be found in Table 4.1  
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Effect of number of laterals on thermal performance 

 

                                   
Figure 4.6. Effect of number of horizontal heat exchangers on long-term thermal 
performance. Production temperature (in ºC) on the left and heat production (in MWth) on the 
left for multiple horizontal heat exchangers (one to five). All cases consider water is being 
injected at 20ºC and that the total mass flow rate of 20 kg·s-1 is equally divided between the 
number of laterals.  

The one-lateral setup converges to temperature and power production values of 

roughly 35.2ºC and 1.27MWth, respectively, after 20 years of operation. Doubling the 

number of laterals while maintaining the mass flow rate constant, increases long-term 

temperature to 38.2ºC and power production to 1.53 MWth (corresponding to absolute 

increases of 2ºC and 0.26 MWth). Similarly, when the number of laterals increases to 5 

laterals, the production temperature rises 21.5ºC, reaching ~59.7ºC, and power 

production is almost doubled going from 1.53 MWth, in the two-lateral case, to 3.33 

MWth in the 5-lateral configuration. Findings presented above show how drilling more 

laterals in U-loop configurations increases the production temperature and thermal 

output significantly. Modeling five laterals as opposed to just one horizontal heat 

exchanger extracting energy from an equivalent reservoir increases power production 

by ~162%. However, for AGS, reporting these values without the corresponding 

economic assessment can be misleading because these means of increasing the contact 
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area between the wellbore and the rock by drilling more laterals also imply a very 

significant upsurge in capital costs. For instance, in Beckers et al., (in prep.), we 

calculated that going from two laterals to an extreme case of thirteen laterals for a 2 

km deep U-loop that extends 2 km in a 150ºC reservoir, increases the heat production 

from about 2 MWth to about 6 MWth, but also increases the capital investment from 

roughly $10M to $50M. Hence, capital costs increase by a factor of five while power 

production increases by a factor of three. Meaning that, under the conditions studied 

there, drilling more laterals would be economically unviable.  

 

3.5) Conclusions  

Thermal performance for various AGS configurations was investigated using a 

combination of numerical solvers and analytical solutions that considered a variety of 

reservoir and operating conditions. Temperature and heat production were estimated 

over a 20-year lifespan of continuous operation using a COMSOL Multiphysics model 

that was validated through Slender Body Theory (SBT) modeling and the Ramey 

analytical solution for wellbore heat transmission (Ramey, 1962). In general, despite 

simulating a range of natural reservoir temperatures, wellbore geometries, and natural 

reservoir permeabilities, we noted a similar thermal behavior for all cases; temperature 

and heat production reach a peak within the first few hours of operation and then 

rapidly drop and converge to a steady-state value significantly below the attained 

maximum values. Thus, these systems are characterized by rapid thermal drawdown 

and a very significant loss of exergy. Produced fluid temperatures obtained are in 

general too low for an efficient heat-to-power conversion cycle. Hence, under such 

conditions, direct-use applications of geothermal energy might be more favorable than 

electric power generation.   
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Despite considering cases of intermediate and relatively high enthalpy (in the range of 

120 ºC and 200 ºC), for the U-loop designs that considered only one horizontal heat 

exchanger our results estimate production temperatures ranging between 32.4 and 

42.3ºC and heat generation ranging between 1.04 and 1.87 MWth. Natural convection 

in highly permeable rock had a marginal effect on the thermal performance of these 

designs, even after considering atypically high values of reservoir permeability. These 

permeability values would rarely occur in deep and well-compacted rock formations, 

and that if such values are encountered, extracting energy through an open-hole 

geothermal system would probably be more adequate.  

 

The cases in which we varied the number of lateral well bores at depth saw the most 

significant enhancement in thermal performance. When the number of laterals was 

increased from 1 to 5 laterals, the production temperature rises 21.5ºC and power 

production is almost doubled going from 1.53 MWth to 3.33 MWth compared to the 

base case. The resulting higher output is a product of increasing the contact area 

between the rock and the wellbore system. However, drilling more laterals for AGS 

implies a significant increase in capital costs which, according to the first-order 

economic analysis we did in Beckers et al (in prep.), does not translate to a 

proportional increase in power generation, making drilling more laterals economically 

unviable.  

 

We conclude that, in broad terms, AGS seem to present more technical and economic 

challenges than conventional hydrothermal systems and enhanced geothermal systems 

(EGS). When significantly favorable subsurface conditions are encountered (i.e. high 

reservoir temperatures and permeabilities) there are only a handful of situations where 

AGS could be a feasible option. These situations include but are not limited to 
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proximity to geological faults, legal or permitting issues related to stimulation 

operations, and repurposing idle or abandoned geothermal wells. Since capital costs 

for geothermal projects are heavily dependent on drilling and well completion tasks, 

AGS development is inherently an expensive endeavor. Significant reductions in 

baseline drilling costs are required for AGS to become cost-competitive even in an 

already expensive industry.  
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Chapter 4: Conclusions and Recommendations  

Decarbonizing the energy sector is a priority as the world is tackling a renewable 

energy transition. Intermittent renewable energy generation, such as wind and solar 

energy, are weak substitutes for firm resources like natural gas, nuclear power or 

geothermal energy if the goal is to achieve full decarbonization (Sepulveda et al., 

2018). If adequately developed, unconventional geothermal systems—such as 

enhanced geothermal systems (EGS) and advanced geothermal systems (AGS)—

contain an enormous amount of accessible energy underground that has the potential 

of providing carbon-free, baseload, dispatchable and ubiquitous heat and power. 

However, geothermal deployment has been hindered worldwide by high exploration 

and drilling costs that make it considerably less cost-competitive compared to other 

renewable energy sources. The results presented in this work illustrate how 

computational models are a useful tool to assess the long-term behavior and value of 

different types of geothermal systems. Numerical and analytical modeling provide 

several insights into the fluid flow and heat transport in fracture-dominated and 

closed-loop reservoirs.  

 

In EGS and other fracture-dominated reservoirs, faults and fractures are the main 

conduits for fluid flow and, since rock fractures are rough in nature, they inherently 

create non-uniform permeability fields along reservoir surfaces that modify the short 

and long-term behavior of the reservoir. Considering fracture aperture distributions is 

not a common practice in geothermal modeling despite having a tremendous effect on 

fluid flow and heat transfer calculations. Using robust numerical simulations that 

consider the joint influence of attributes that characterize groundwater systems, such 

as non-uniform permeability, can significantly improve the agreement of numerical 

models with field observations in EGS. Attributes like regional groundwater flow and 
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temperature-dependency of properties play a crucial role in geothermal extraction, and 

these features operate at multiple scales. Working at the intersection of computational 

modeling and field experimentation seems to be the best way to bridge the gap 

between overly simplified models and the phenomena observed in real reservoirs. 

Additionally, sensible decisions for arbitrary extraction parameters such as mass flow 

rate, well separation distance and relative positioning proved to be of critical 

importance in the adequate management of geothermal reservoirs displaying non-

uniform permeability. Our results highlight the importance of characterizing aperture 

distributions in EGS in order to optimize thermal efficiency and devise appropriate 

reservoir management strategies.  Lastly, we expect turbulent flow, different working 

fluids, and thermo-poroelastic variations to have an important influence on thermal 

performance estimates of geothermal reservoirs. These attributes were not assessed by 

our models and are recommended as future work.  

 

Although AGS technologies have been receiving renewed interest both from the 

industry and academia, thermal efficiency problems and extreme rates of drawdown 

might impede closed-loop systems to become sustainable in the long-term without 

substantial upfront costs. These systems are generally characterized by critical rates of 

resource depletion and a very significant loss of exergy, making it difficult for AGS to 

be suitable for heat-to-power conversion cycles. Thus, we conclude that, based on 

thermal performance evaluations, AGS seem to present more technical and economic 

challenges than both conventional hydrothermal systems and enhanced geothermal 

systems (EGS). Since the cost for geothermal projects is heavily dependent on drilling 

and well completion tasks, significant reductions in baseline drilling costs are required 

for AGS to become cost-competitive even in an already expensive industry.  
 
 



 

71 

Bibliography  

Abdallah, G., Thoraval, A., Sfeir, A., & Piguet, J. P. (1995). Thermal convection of fluid in fractured media. 
International Journal of Rock Mechanics and Mining Sciences And, 32(5), 481–490. 
https://doi.org/10.1016/0148-9062(95)00037-H 

Amaya, A., Scherer, J., Muir, J., Patel, M., & Higgins, B. (2020). GreenFire Energy Closed-Loop Geothermal 
Demonstration using Supercritical Carbon Dioxide as Working Fluid. Proceedings, 45th Workshop on 
Geothermal Reservoir Engineering, Stanford University, Stanford California, February 10-12, 2019. 

Aragón-Aguilar, A., Izquierdo-Montalvo, G., López-Blanco, S., & Arellano-Gómez, V. (2017). Analysis of 
heterogeneous characteristics in a geothermal area with low permeability and high temperature. Geoscience 
Frontiers, 8(5), 1039–1050. https://doi.org/10.1016/j.gsf.2016.10.007 

Armstead, H. C., & Tester, J. W. (1897). Heat Mining. 

Armstead, H. C., & Tester, J. W. (1978). The future of geothermal energy. In J. Inst. Fuel (Vols. 51, Jun.1, Issue 
November). 

Augustine, C. (2011). Updated U.S. Geothermal Supply Characterization and Representation for Market 
Penetration Model Input (Issue October). 

Augustine, C., Ho, J., & Blair, N. (2019). GeoVision Analysis Supporting Task Force Report: Electric Sector 
Potential to Penetration (Issue May). https://www.nrel.gov/docs/fy19osti/71833.pdf 

Baker, H. S., Millar, R. J., Karoly, D. J., Beyerle, U., Guillod, B. P., Mitchell, D., Shiogama, H., Sparrow, S., 
Woollings, T., & Allen, M. R. (2018). Higher CO2 concentrations increase extreme event risk in a 1.5 °c 
world. Nature Climate Change, 8(7), 604–608. https://doi.org/10.1038/s41558-018-0190-1 

Becker, M. W., & Tsoflias, G. P. (2010). Comparing flux-averaged and resident concentration in a fractured 
bedrock using ground penetrating radar. Water Resources Research, 46(9), 1–12. 
https://doi.org/10.1029/2009WR008260 

Beckers, K. F., Chandrasekar, H., Rangel-Jurado, N., Hawkins, A. J., Fulton, P., & Tester, J. W. (2021). Techno-
Economic Performance of Closed-Loop Geothermal Systems for Heat Production and Electricity 
Generation. Manuscript in preparation. 

Beckers, K. F., Koch, D. L., & Tester, J. W. (2015). Slender-body theory for transient heat conduction: Theoretical 
basis, numerical implementation and case studies. Proceedings of the Royal Society A: Mathematical, 
Physical and Engineering Sciences, 471(2184). https://doi.org/10.1098/rspa.2015.0494 

Biagi, J., Agrawal, R., & Zhang, Z. (2015). Stimulation and optimization of enhanced geothermal systems using 
CO2 as a working fluid. Energy. 

Blodgett, L., & Slack, K. (2009). Geothermal 101: Basics of Geothermal Energy Production and Use. Washington 
D.C: Geothermal Energy Association., pp.7-9. 

Bloomberg NFE. (2020). New Energy Outlook 2020. October. https://bnef.turtl.co/story/neo2018?teaser=true 



 

72 

Bodvarsson, G. S., & Hanson, J. M. (n.d.). Forced Geoheat Extraction from Sheet-like Fluid Conductors. 
Proceedings of the Second NATO-CCMS Information Meeting on Dry Hot Rock Geothermal Energy . Los 
Alamos Scientific Laboratory Report, LA-7021:85. 

Brown, S. R. (1987). Fluid flow through rock joints: the effect of surface roughness. Journal of Geophysical 
Research, 92(B2), 1337–1347. https://doi.org/10.1029/JB092iB02p01337 

Bruderer-Weng, C., Cowie, P., Bernabé, Y., & Main, I. (2004). Relating flow channelling to tracer dispersion in 
heterogeneous networks. Advances in Water Resources, 27(8), 843–855. 
https://doi.org/10.1016/j.advwatres.2004.05.001 

Bundschuh, J., & César Suárez A., M. (2010). Introduction to the Numerical Modeling of Groundwater and 
Geothermal Systems. In Introduction to the Numerical Modeling of Groundwater and Geothermal Systems 
(Vol. 2). https://doi.org/10.1201/b10499 

Candela, T., Renard, F., & Bouchon, M. (2009). Characterization of Fault Roughness at Various Scales: 
Implications of Three-Dimensional High Resolution Topography Measurements. Pure Applied Geophysics. 
https://doi.org/10.1007/s00024-009-0521-2 

Chandrasekharam, D., & Bundschuh, J. (2008). Low-enthalpy Geothermal Resources for Power Generation D. 
Chandrasekharam and J. Bundschuh CRC Press/Balkema, Taylor & Francis Group, Leiden, The Netherlands 
149 Pages (including Index) ISBN: 978-0-415-40168-5 $74.95. Energy Sources, Part A: Recovery, 
Utilization, and Environmental Effects, 31(1), 98. https://doi.org/10.1080/15567030802557058 

Clauser, C. (2006). Geothermal energy (Heinloth K). Advanced Material and Technologies. 

Comsol. (2019). Subsurface Flow Module. In COMSOL Multiphysics Reference Manual. 
https://doc.comsol.com/5.5/doc/com.comsol.help.comsol/COMSOL_ReferenceManual.pdf 

Corbett, P. W. M., Jensen, J. L., & Sorbie, K. S. (1998). A review of up-scaling and cross-scaling issues in core and 
log data interpretation and prediction. Geological Society Special Publication, 136, 9–16. 
https://doi.org/10.1144/GSL.SP.1998.136.01.02 

U.S. Department of Energy (DOE). (2020). GEOVISION Report. 

Eavor. (2021). Eavor-Lite Demonstration Project. 

Ekneligoda, T., & Min, K. B. (2014). Determination of optimum parameters of doublet system in a horizontally 
fractured geothermal reservoir. Renewable Energy, 65, 152–160. 
https://doi.org/10.1016/j.renene.2013.08.003 

Farmer, C. L. (2002). Upscaling: A review. International Journal for Numerical Methods in Fluids, 40(1–2), 63–
78. https://doi.org/10.1002/fld.267 

Fox, D. (2016). Thermal Hydraulic Modeling Of Discretely Fractured Geothermal Reservoirs. Cornell University. 
PhD Dissertation., February. 

Fox, D. B., Koch, D. L., & Tester, J. W. (2015). The effect of spatial aperture variations on the thermal 
performance of discretely fractured geothermal reservoirs. https://doi.org/10.1186/s40517-015-0039-z 



 

73 

Franco, A., & Vaccaro, M. (2014). Numerical simulation of geothermal reservoirs for the sustainable design of 
energy plants: A review. Renewable and Sustainable Energy Reviews, 30, 987–1002. 
https://doi.org/10.1016/j.rser.2013.11.041 

Freeston, D. H., & Pan, H. (1985). The application and design of downhole heat exchanger. Geothermics, 14(2–3), 
343–351. https://doi.org/10.1016/0375-6505(85)90073-2 

Gando, A., Dwyer, D. A., McKeown, R. D., & Zhang, C. (2011). Partial radiogenic heat model for Earth revealed 
by geoneutrino measurements. Nature Geoscience. 

Geiser, P., Marsh, B. D., & Hilpert, M. (2016). Geothermal: The Marginalization of Earth’s Largest and Greenest 
Energy Source. Proceedings, March, 1–17. 

Ghassemi, A., Tarasovs, S., & Cheng, A. H. D. (2003). An integral equation solution for three-dimensional heat 
extraction from planar fracture in hot dry rock. International Journal for Numerical and Analytical Methods 
in Geomechanics, 27(12), 989–1004. https://doi.org/10.1002/nag.308 

Ghassemi, A., Tarasovs, S., & Cheng, A. H. D. (2005). Integral equation solution of heat extraction-induced 
thermal stress in enhanced geothermal reservoirs. International Journal for Numerical and Analytical 
Methods in Geomechanics, 29(8), 829–844. https://doi.org/10.1002/nag.440 

Glover, P. W. J., Matsuki, K., Hikima, R., & Hayashi, K. (1998). Fluid flow in synthetic rough fractures and 
application to the Hachimantai geothermal hot dry rock test site. Journal of Geophysical Research: Solid 
Earth, 103(5), 9621–9635. https://doi.org/10.1029/97jb01613 

Gomez-Hernandez, J., & G. Journel, A. (n.d.). Stochastic Characterization of Grid-Block Permeabilities: from 
Point Values to Block Tensors. ECMOR II - 2nd European Conference on the Mathematics of Oil Recovery, 
cp-231-00009. https://doi.org/10.3997/2214-4609.201411102 

Gringarten, A. C., & Sauty, J. P. (1975). A Theoretical Study of Heat Extraction From Aquifers With Uniform 
Regional Flow. Journal of Geophysical Research, 130(35), 107–109. 

Hawkins, A. J. (2017). Reactive Tracers for Characterizing Fractured Geothermal Reservoirs. Cornell University. 
PhD Dissertation. 

Hawkins, A. J., Becker, M. W., & Tester, J. W. (2018). Inert and Adsorptive Tracer Tests for Field Measurement of 
Flow-Wetted Surface Area. Water Resources Research, 54(8), 5341–5358. 
https://doi.org/10.1029/2017WR021910 

Hawkins, A. J., Becker, M. W., & Tsoflias, G. P. (2017). Evaluation of inert tracers in a bedrock fracture using 
ground penetrating radar and thermal sensors. Geothermics, 67, 86–94. 
https://doi.org/10.1016/j.geothermics.2017.01.006 

Hawkins, A. J., Fox, D. B., Becker, M. W., & Tester, J. W. (2017). Measurement and simulation of heat exchange 
in fractured bedrock using inert and thermally degrading tracers. Water Resources Research, 5(3), 2–2. 
https://doi.org/10.1111/j.1752-1688.1969.tb04897.x 

Hawkins, A. J., Fox, D. B., Koch, D. L., Becker, M. W., & Tester, J. W. (2020). Predictive Inverse Model for 
Advective Heat Transfer in a Short-Circuited Fracture: Dimensional Analysis, Machine Learning, and Field 
Demonstration. Water Resources Research, 56(11), 1–20. https://doi.org/10.1029/2020WR027065 



 

74 

Hodgson, J. L. (1927). AN EXAMINATION OF THE PROBLEM OF UTILIZING THE EARTH’S INTERNAL 
HEAT. 

Huang, W., Cao, W., & Jiang, F. (2017). Heat extraction performance of EGS with heterogeneous reservoir: A 
numerical evaluation. International Journal of Heat and Mass Transfer, 108, 645–657. 
https://doi.org/10.1016/j.ijheatmasstransfer.2016.12.037 

Hui, M. H. R., Karimi-Fard, M., Mallison, B., & Durlofsky, L. J. (2018). A general modeling framework for 
simulating complex recovery processes in fractured reservoirs at different resolutions. SPE Journal, 23(2), 
598–613. https://doi.org/10.2118/182621-pa 

Huttrer, G. W. (n.d.). Geothermal Power Generation in the World 2015-2020 Update Report. 

IEA - International Energy Agency. (2021). Energy Data and Statistics. https://www.iea.org/data-and-statistics 

IRENA. (2020). Renewable Energy Statistics 2020. www.irena.org 

Jing, Z., Willis-Richards, J., Watanabe, K., & Hashida, T. (2000). A three-dimensional stochastic rock mechanics 
model of engineered geothermal systems in fractured crystalline rock. Journal of Geophysical Research: 
Solid Earth, 105(B10), 23663–23679. https://doi.org/10.1029/2000jb900202 

Jing, Z., Watanabe, K., Willis-Richards, J., & Hashida, T. (2002). A 3-D water/rock chemical interaction model for 
prediction of HDR/HWR geothermal reservoir performance. Geothermics, 31(1), 1–28. 
https://doi.org/10.1016/S0375-6505(00)00059-6 

Kruger, P., & Otte, C. (1973). Characteristics of Geothermal Resources. In S. U. Press (Ed.), Geothermal Energy. 

Lawrence Livermore Laboratory. (n.d.). U.S. Energy Consumption in 2020. 

Lazard. (2018). Lazard’s levelized cost of energy analysis — version12.0. Lazard, 12, 0–19. 

Lu, S. M. (2018). A global review of enhanced geothermal system (EGS). Renewable and Sustainable Energy 
Reviews. 

Lund, J. W., & Toth, A. N. (2021). Direct utilization of geothermal energy 2020 worldwide review. Geothermics, 
90, 1–39. https://doi.org/10.1016/j.geothermics.2020.101915 

Luo, S., Zhao, Z., Peng, H., & Pu, H. (2016). The role of fracture surface roughness in macroscopic fluid flow and 
heat transfer in fractured rocks. International Journal of Rock Mechanics and Mining Sciences, 87, 29–38. 
https://doi.org/10.1016/j.ijrmms.2016.05.006 

Massachussets Institute of Technology (MIT). (2006). The Future of Geothermal Energy The Future of Geothermal 
Energy. In Technology: Vol. Im (Issue November). 

Masson-Delmotte, V., Zhai, P., Pörtner, H.-O., Roberts, D., Skea, J., Shukla, P. R., & Pirani, A. (2018). IPCC 
report Global warming of 1.5°C. Ipcc - Sr15, 2(October), 17–20. www.environmentalgraphiti.org 

Matek, B., & Gawell, K. (2015). The benefits of baseload renewables: A misunderstood energy technology. 
Electricity Journal, 28(2), 101–112. https://doi.org/10.1016/j.tej.2015.02.001 



 

75 

Matuszewska, D., Kuta, M., & Górski, J. (2019). The environmental impact of renewable energy technologies 
shown in case of ORC-Based Geothermal Power Plant. IOP Conference Series: Earth and Environmental 
Science, 214(1). https://doi.org/10.1088/1755-1315/214/1/012142 

Minissale, A. (1991). The Larderello geothermal field: a review. Earth Science Reviews, 31(2), 133–151. 
https://doi.org/10.1016/0012-8252(91)90018-B 

Mink, L. L. (2017). The Nation’s oldest and largest geothermal district heating system. Transactions - Geothermal 
Resources Council, 41, 205–212. 

Murphy, H. D., Tester, J. W., Grigsby, C. O., & Potter, R. M. (1981). Energy extraction from fractured geothermal 
reservoirs in low- permeability crystalline rock. Journal of Geophysical Research, 86(B8), 7145–7158. 
https://doi.org/10.1029/JB086iB08p07145 

National Research Council. (1996). Rock Fractures and Fluid Flow: Contemporary Understanding and 
Applications. The National Academies Press. https://doi.org/10.17226/2309 

Neuville, A., Toussaint, R., & Schmittbuhl, J. (2010). Fracture roughness and thermal exchange: A case study at 
Soultz-sous-Forêts. Comptes Rendus - Geoscience, 342(7–8), 616–625. 
https://doi.org/10.1016/j.crte.2009.03.006 

Nicholson, K. (1993). Geothermal fluids: Chemistry and Exploration Techniques (Springer Verlag (ed.)). 

Nicol, D. A. C., & Robinson, B. A. (1990). Modelling the heat extraction from the rosemanowes hdr reservoir. 
Geothermics, 19(3), 247–257. https://doi.org/10.1016/0375-6505(90)90045-D 

Ogino, F., Yamamura, M., & Fukuda, T. (1999). Heat transfer from hot dry rock to water flowing through a 
circular fracture. Geothermics, 28(1), 21–44. https://doi.org/10.1016/S0375-6505(98)00043-1 

Okoroafor, E. R., & Horne, R. N. (2018). The impact of fracture roughness on the thermal performance of 
enhanced geothermal reservoirs. Transactions - Geothermal Resources Council, 42, 1820–1831. 

Okoroafor, E. R., Williams, M. J., Gossuin, J., Jimoh-kenshiro, O., Horne, R. N., Rita, E., Williams, M. J., Gossuin, 
J., Jimoh-kenshiro, O., & Horne, R. N. (2021). Comparison of EGS Thermal Performance with CO2 and 
Water as Working Fluids. PROCEEDINGS, 46, 1–10. 

Olasolo, P., Juárez, M. C., Morales, M. P., Damico, S., & Liarte, I. A. (2016). Enhanced geothermal systems 
(EGS): A review. Renewable and Sustainable Energy Reviews, 56(April), 133–144. 
https://doi.org/10.1016/j.rser.2015.11.031 

Olcott, P. (1995). Ground Water Atlas of the United States. 

Palmer, A. (2003). Geothermal energy. Geography Review, 17(2), 2–5. https://doi.org/10.4324/9781315766416-22 

Pandey, S. N., Vishal, V., & Chaudhuri, A. (2018). Geothermal reservoir modeling in a coupled thermo-hydro-
mechanical-chemical approach: A review. Earth-Science Reviews, 185(October), 1157–1169. 
https://doi.org/10.1016/j.earscirev.2018.09.004 



 

76 

Parri, R., Lazzeri, F., & Cataldi, R. (2016). Larderello: 100 years of geothermal power plant evolution in Italy. In 
Geothermal Power Generation: Developments and Innovation. Elsevier Ltd. https://doi.org/10.1016/B978-0-
08-100337-4.00019-X 

Ramalingam, A., & Arumugam, S. (2012). Experimental Study on Specific Heat of Hot Brine for Salt Gradient 
Solar Pond Application. 

Ramey, H. J. (1962). Wellbore Heat Transmission. Journal of Petroleum Technology, 14(04), 427–435. 
https://doi.org/10.2118/96-pa 

Rayburn, J. A., Knuepfer, P. L. K., & Franzi, D. A. (2005). A series of large, Late Wisconsinan meltwater floods 
through the Champlain and Hudson Valleys, New York State, USA. Quaternary Science Reviews, 24, 2410–
2419. https://doi.org/10.1016/j.quascirev.2005.02.010 

Renard, P., & De Marsily, G. (1997). Calculating equivalent permeability: A review. Advances in Water Resources, 
20(5–6), 253–278. https://doi.org/10.1016/s0309-1708(96)00050-4 

Robinson, B. A., & Tester, J. W. (1984). DISPERSED FLUID FLOW IN FRACTURED RESERVOIRS: AN 
ANALYSIS OF TRACER-DETERMINED RESIDENCE TIME DISTRIBUTIONS. Journal of Geophysical 
Research, 89(B12), 10374–10384. https://doi.org/10.1029/JB089iB12p10374 

Rodemann H. (1982) Analytical model calculations on heat exchange in a fracture. In Urach Geothermal Project, 
Haenel R (ed.). Stuttgart, 1982; 351–353. 

Romano-Perez, C. A., & Diaz-Viera, M. A. (2015). A Comparison of Discrete Fracture Models for Single Phase 
Flow in Porous Media by COMSOL Multiphysics® Software. January 2016, 7. 
https://www.comsol.dk/paper/download/258021/romano-pérez_poster.pdf 

Rybach, L., Mégel, T., & Eugster, W. J. (n.d.). AT WHAT TIME SCALE ARE GEOTHERMAL RESOURCES 
RENEWABLE? 

Scherer, J., Higgins, B., Muir, J., & Amaya, A. (2020). Closed-Loop Geothermal Demonstration Project. 

Schulz, R. (1987). Analytical model calculations foe heat exchange in a confined aquifer. Geophysics. 

Schulz, R., Jung, R., Pester, S., & Schellschmidt, R. (2007). Quantification of Exploration Risks for 
Hydrogeothermal Wells. European Geothermal Congress 2007, June, 1–6. 

Sepulveda, N. A., Jenkins, J. D., de Sisternes, F. J., & Lester, R. K. (2018). The Role of Firm Low-Carbon 
Electricity Resources in Deep Decarbonization of Power Generation. Joule, 2(11), 2403–2420. 
https://doi.org/10.1016/j.joule.2018.08.006 

Smith, J. (2019). Exploratory spatial data analysis and uncertainty propagation for geothermal resource assessment 
and reservoir models. Cornell University. PhD Dissertation. 

Talley, J., Baker, G. S., Becker, M. W., & Beyrle, N. (2005). Four dimensional mapping of tracer channelization in 
subhorizontal bedrock fractures using surface ground penetrating radar. Geophysical Research Letters, 
32(4), 1–4. https://doi.org/10.1029/2004GL021974 



 

77 

Tester, J. W., & Smith, M. C. (1977). Energy Extraction Characteristics of Hot Dry Rock Geothermal Systems. 
Proceedings of the Intersociety Energy Conversion Engineering Conference, 816–823. 

Tester, J. W., Drake, E. M., Driscoll, M. J., Golay, M. W., & Peters, W. A. (n.d.). Sustainable Energy. Choosing 
among options. 

Tsang, C., Orlando, E., & Berkeley, L. (1998). FLOW ROCKS IN HETEROGENEOUS study transport. 97, 275–
298. 

van Horn, A., Amaya, A., Higgins, B., Muir, J., Scherer, J., Pilko, R., & Ross, M. (2020). New opportunities and 
applications for closed-loop geothermal energy systems. Transactions - Geothermal Resources Council, 
44(October), 1123–1143. 

Van Oort, E., Chen, D., Ashok, P., & Fallah, H. (2021). Constructing Deep Closed-Loop Geothermal Wells for 
Globally Scalable Energy Production by Leveraging Oil and Gas ERD and HPHT Well Construction 
Expertise. SPE/IADC International Drilling Conference and Exhibition. https://doi.org/10.2118/204097-MS 

Wang, C., Winterfeld, P., Johnston, B., & Wu, Y. S. (2020). An embedded 3D fracture modeling approach for 
simulating fracture-dominated fluid flow and heat transfer in geothermal reservoirs. Geothermics, 86, 
101831. https://doi.org/10.1016/j.geothermics.2020.101831 

Watanabe, N., Wang, W., McDermott, C. I., Taniguchi, T., & Kolditz, O. (2010). Uncertainty analysis of thermo-
hydro-mechanical coupled processes in heterogeneous porous media. Computational Mechanics, 45(4), 263–
280. https://doi.org/10.1007/s00466-009-0445-9 

Witherspoon, P. A., Wang, J. S. Y., Iwai, K., & Gale, J. E. (1980). Validity of Cubic Law for Fluid Flow in a 
Deformable Rock Fracture. WATER RESOURCES RESEARCH, 16(6), 1016–1024. 

Wu, B., Zhang, G., Zhang, X., Jeffrey, R. G., Kear, J., & Zhao, T. (2017). Semi-analytical model for a geothermal 
system considering the effect of areal flow between dipole wells on heat extraction. Energy, 138, 290–305. 
https://doi.org/10.1016/j.energy.2017.07.043 

Yavari, A., Sarkani, S., & Moyer, E. T. (2002). The mechanics of self-similar and self-affine fractal cracks. 
International Journal of Fracture, 114(1), 1–27. https://doi.org/10.1023/A:1014878112730 

Ziagos, J., Phillips, B. R., Boyd, L., Jelacic, A., Stillman, G., & Hass., E. (2013). A technology roadmap for 
strategic development of enhanced geothermal systems. Proceedings of the 38th Workshop on Geothermal 
Reservoir Engineering, Stanford, CA, 11–13. 
https://pangea.stanford.edu/ERE/db/GeoConf/papers/SGW/2013/Ziagos.pdf 

Zimmerman, R. W., Bodvarsson, G. S., & Bodvarsson, G. S. (1994). Hydraulic Conductivity of Rock Fractures. 

Zimmerman, R. W., Chen, D.-W., & Cook, N. G. W. (1992). Lawrence Berkeley Laboratory. Journal of 
Hydrology, 139(1), 79–96. 

 

 


