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ABSTRACT 

This study explores the potential of extracting geothermal energy from the Wattenberg field's 

basement in the Denver-Julesburg (DJ) Basin. Recognizing the need for advanced drilling 

technologies and innovative reservoir management techniques due to the challenging conditions 

of deep geothermal wells, this research only focuses on assessing the flow performance of 

various well configurations and their heat extraction efficiencies. To be specific, the research 

centered on U-Shaped, V-Shaped, Inclined V-Shaped, and Pipe-in-Pipe on drilling and well 

completion compared to the known Enhanced Geothermal Systems (EGS) configurations. 

Employing numerical modeling, the study investigates the thermal behavior under different 

operational scenarios, such as variations in well configurations and the impact of fracture states. 

Findings indicate that closed-loop systems provide moderate temperature increases, highlighting 

the critical influence of well architecture on thermal performance. Remarkably, EGS 

configurations demonstrate a significant potential for high-temperature geothermal energy 

extraction. 

This research underscores the critical need for a comprehensive evaluation of well 

configurations in geothermal energy projects, especially in geologically complex regions like the 

DJ Basin. By focusing on the comparative performance of various well designs, this study 

contributes valuable insights into the strategic planning and development of geothermal energy 

resources. The advancements and knowledge gained from this investigation highlight the 

evolving landscape of geothermal technology, paving the way for future explorations and 

optimizations in geothermal energy extraction. 
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 CHAPTER 1 

INTRODUCTION 

1.1      Research Background 

Geothermal energy, a sustainable energy resource derived from the Earth's internal heat, has 

garnered significant attention due to its low carbon footprint and capacity for providing 

continuous baseload power (Glassley 2010). Despite its abundance, this renewable resource 

poses special difficulties for discovery, extraction, and use, especially in areas with deep 

geothermal reservoirs that are hot and have intricate geological features. 

A notable geological feature spanning Colorado, Wyoming, and Nebraska, the Denver-

Julesburg (DJ) Basin has gained attention as a possible hotspot for the production of geothermal 

energy. Known historically for its hydrocarbon wealth, the geothermal potential of the DJ Basin 

is still largely unexplored; the Wattenberg field's basement present particularly intriguing 

opportunities because of their high heat flow and thermal gradient (Vivas et al. 2023; Moska et 

al. 2023). 

Such difficult terrain makes it necessary to use cutting-edge drilling technologies and 

creative reservoir management techniques to extract geothermal resources. It is projected that 

deep geothermal wells in the DJ Basin will descend to extremely high depths and experience 

temperatures of approximately 300ÁC (572ÁF), which presents considerable environmental and 

technological difficulties. To achieve effective and sustainable resource extraction under these 

conditions, a thorough understanding of the subsurface geology, reservoir dynamics, and fluid 

characteristics is necessary. 

A complex web of interconnected geological, physical, and chemical characteristics controls 

the nuances of the dynamics within these reservoirs. The two most important of these are the 
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reservoir rock's porosity and permeability, which determine how much fluid the rock can hold 

and how easily these fluids can pass through its pore spaces. These factors together determine the 

reservoir's potential productivity and rate of heat extraction (Fournier 1999). 

In addition, the geothermal gradient and reservoir temperature have a direct impact on the 

amount of heat energy that can be extracted, with greater temperatures and steeper gradients 

often indicating more effective energy extraction (Ye et al. 2022). As shown in Figure 1.1, the 

thermal gradient has a direct impact on the technology used to extract geothermal energy. This 

varies with depth, as we can find conventional hydrothermal systems at shallow depths with high 

reservoir temperatures, indicating a high thermal gradient (per unit depth). In contrast, a shallow 

depth with low temperature, indicating a lower temperature gradient, will result in a direct use of 

produced geothermal resources because of the limitation of extracting electricity from these 

temperatures. Finally, having high geothermal temperature in deep formations will require the 

use of enhanced geothermal systems (EGS), because of the limitation to find good 

porosity/permeability at very high depths. Using EGS, it will allow us to extract heat by fracking 

the reservoir and creating channels with high surface areas for the fluid to flow and extract the 

heat. The methods of heat storage and transfer from the rock matrix to the circulating fluid are 

greatly influenced by the mineralogical composition and thermal characteristics of the reservoir 

rock, such as its heat capacity and thermal conductivity (Clauser 2006). 
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Figure 1.1:   Temperature vs Depth (EnvGeo EGS, Inc. 2020), reprinted by permission of EnvGeo 

EGS, Inc. Team. 

A critical component in this complex environment is the chemical makeup of geothermal 

fluids. In particular, the existence of dissolved gases and minerals can cause problems, affecting 

the effectiveness of heat transfer and perhaps causing mineral precipitation that obstructs 

reservoir pores (Axelsson 2010). Moreover, preserving the ideal fluid flow rates requires careful 

balancing and is necessary to prevent thermal breakthrough, which is the premature cooling of 

the reservoir and to maintain the reservoir's pressure (Cheng et al. 2021). 

One more crucial factor affecting the reservoir's sustainable utilization is the placement and 

arrangement of the production and injection wells. In order to avoid interference and sustainably 

regulate reservoir pressure, this entails the strategic positioning of wells (Pratama and Saptadji 

2021; Simmons et al. 2021).  
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Advanced reservoir engineering approaches, including reservoir simulation and monitoring, 

have been put to use in response to these complex difficulties. These advanced techniques, based 

on thorough data analysis and predictive modeling, are essential for maximizing heat extraction 

and guaranteeing the long-term viability of the reservoir (Xu et al. 2021; Chen et al. 2023). The 

field of geothermal technology is developing, which emphasizes the need for continued study 

and creative approaches to overcome the difficulties presented by these intricate natural systems. 

Massachusetts Institute of Technology (2006) has identified Enhanced Geothermal Systems 

(EGS) as a feasible method for utilizing the geothermal potential of low-permeability, hot, dry 

rock formations such as the DJ Basin. EGS involves the artificial generation of permeability 

through hydraulic stimulation. Although promising, EGS technologies need to take induced 

seismicity, environmental effects, and economic viability into serious account (Majer et al. 

2007). 

The DJ Basin presents a promising opportunity for geothermal exploration due to its 

geothermal gradient and geophysical features. Higher than average geothermal gradients are 

caused by the radioactive decay of minerals and residual heat from the Earth's creation, which 

affect the basin's thermal regime (Abdelrahman et al. 2023; Zhang et al. 2022).  

Figures 1.2 illustrates the geothermal gradient of the DJ Basin and highlights the regions with 

the greatest potential for geothermal energy use. An important use of this type of cartographic 

depiction is to show the spatial differences in subsurface temperature regimes, which helps 

identify potential locations for geothermal drilling projects (Colorado Geological Survey, 

Department of Natural Resources 2010). 
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Figure 1.2:  Interpretive Geothermal Gradient Map of Colorado, USA (Colorado Geological 

Survey, Department of Natural Resources 2010), reprinted by permission of US Department of 

Natural Resources. 

Due to the influence of its geological past, the geothermal profile of the DJ Basin shows a 

complex network of structural elements that are favorable to Hot Dry Rock (HDR) geothermal 

systems.  

These characteristics include a complex network of fault networks and cracked substrates 

that may facilitate improved circulation of geothermal fluids in addition to exhibiting strong 

temperature variations.  

A cross-sectional representation of the basin's subsurface is provided in Figure 1.3, which 

also explains the different geological strata, fault zones, and potential HDR reservoirs.  
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Figure 1.3:  Map of Greater Wattenberg Area, located within the Denver-Julesburg Basin of Colorado. Westïeast cross section AïAô 

showing structural setting of the Denver Basin, Colorado, adapted from Robson and Banta (1987), reprinted by permission of USGS. 

 



7 

1.2      Research Objectives and Questions 

The primary objective of this research project is to carry out a thorough reservoir simulation 

to investigate the geothermal energy production potential of deep wells drilled down to the 

granitic basement of the Wattenberg field in the DJ Basin, Colorado. At the writing of this thesis, 

the Geothermal Limitless Approach to Drilling Efficiencies (GLADE) project is planning to drill 

two deep, high-temperature geothermal wells in this particular area, with conditions that can 

reach temperatures of roughly 572ÁF and depths of up to 20,000 feet.  

While the broader project context involves the use of advanced drilling technologies for these 

challenging conditions, this research will thoroughly examine and assess several well 

configuration and injection/production strategies using numerical simulation. This evaluation 

encompasses a thorough examination of both open-hole and closed-hole systems relevant to 

these geothermal wells operating at high temperatures in the granitic formation.  

The goal is to forecast the behavior of the reservoir under various operating situations and 

comprehend its dynamics through in-depth simulations. This will help us guide the best drilling 

trajectories and production practices. In the following sections of this study, the simulation 

methods, parameters, and major conclusions will be thoroughly examined. 

The study's objectives are to: 

1. Conduct a thorough reservoir simulation in the Wattenberg field's granitic formations to 

understand reservoir dynamics and predict behavior under various operating 

circumstances. 

2. Compare and analyze open-hole and closed-hole geothermal system configurations to 

discern their respective advantages and challenges. 
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3. Investigate a novel strategy that combines the advantages of closed-loop and enhanced 

geothermal systems with the goal of increasing geothermal energy output. 

4. Maximize the longevity, effectiveness, and performance of the geothermal systems under 

consideration. 

5. Establish the best configuration for the DJ Basin's geothermal system to reach maximum 

energy output and maintain system longevity. 

To achieve these objectives, the research will address the following questions: 

1. How can geothermal system design in the Denver-Julesburg Basin be optimized through 

the use of reservoir simulation? 

2. What fundamental reservoir properties impact the efficiency of geothermal systems in the 

DJ Basin, and how can they be measured or estimated?  

3. What are the benefits and drawbacks of integrating improved and closed-loop technology 

into a hybrid geothermal system? 

The following tasks have been created in order to address these questions and fulfill the goals of 

the research: 

Å Task 1: Perform a comprehensive reservoir simulation in order to understand the granitic 

formation dynamics in the Wattenberg field. This will entail adjusting conditions and 

parameters to evaluate the reservoir's response in various scenarios.  

Å Task 2: Analyze the performance of the granitic formation's open- and closed-hole 

geothermal systems. This will entail comparing the systems in order to ascertain which one 

provides the best energy extraction.  
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Å Task 3: An innovative hybrid geothermal system that combines the advantages of improved 

and closed-loop technologies should be proposed and evaluated. This will entail modeling 

the hybrid system's performance under the circumstances of the DJ Basin.  

Å Task 4: Provide a thorough analysis of the simulations' main conclusions, parameters, and 

techniques. This will entail a careful examination and interpretation of the simulation data, 

offering perceptions into the best practices for producing geothermal energy in the DJ Basin. 

1.3      Significance of the Research 

The exploration of geothermal energy in the Denver-Julesburg (DJ) Basin holds 

transformative potential for the energy landscape. The significance of this study encompasses 

multiple elements: 

1. Meeting Energy Needs: Leveraging the geothermal resources of the DJ Basin can assist 

in addressing the increasing demand for energy while lowering dependency on fossil 

fuels. 

2. Environmental Benefits: Geothermal energy presents an environmentally friendly 

substitute, resulting in a decrease in greenhouse gas emissions. 

3. Economic Growth: Successful geothermal extraction in the DJ Basin can result in lower 

costs, the creation of jobs, and the growth of the local economy. 

4. Technological Advancement: Insights from this research may spur new developments in 

geothermal extraction methods, which would help other geothermal-rich areas. 

1.4      Thesis Organization 

This thesis is structured into six chapters, with each chapter dedicated to a specific aspect 

of geothermal energy extraction and its optimization in the Denver-Julesburg (DJ) Basin, 
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particularly within the Wattenberg field's granitic basement. The organization of the thesis is 

outlined as follows: 

¶ Chapter 1: Provides a foundation for the study by presenting the research background, 

delineating the research objectives and questions, and underscoring the significance of 

the research. This chapter also includes an overview of the thesis organization. 

¶ Chapter 2: Delves into the fundamentals of geothermal energy, including an overview of 

geothermal power plants and their efficiency, environmental compatibility, and the 

potential for expanding their utilization. This chapter explores the distinctions between 

closed-loop and open-loop systems for geothermal energy extraction, advancements in 

geothermal reservoir simulation, and different geothermal well configurations. 

¶ Chapter 3: Outlines the comprehensive approach employed in this study, including 

reservoir simulation techniques, definition of parameters, model validation, and a detailed 

examination of various geothermal well configurations and their impact on energy 

extraction efficiency. 

¶ Chapter 4: Presents the findings from the long-term performance analysis of several 

geothermal well models, including U-Shaped, Pipe-in-Pipe, V-Shaped, Inclined V-

Shaped, and Enhanced Geothermal Systems (EGS), both standard and inclined. It also 

offers a comparative analysis of closed-loop systems versus EGS configurations and 

summarizes the overall performance comparison. 

¶ Chapter 5: Encapsulates the key findings, achievements, and contributions of the study, 

providing a conclusive summary of the research and its implications for the field of 

geothermal energy. 
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¶ Chapter 6: Suggests directions for future research, building upon the findings of this 

study to propose areas for continued exploration and development in geothermal energy 

extraction technologies.  
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CHAPTER 2 

GEOTHERMAL ENERGY 

2.1     Overview 

Geothermal energy, a form of renewable energy, is derived from the Earth's internal heat. In 

certain countries, people have been using this energy source for heating and cooking for 

thousands of years. It is the internal heat of the Earth that can also be captured and transformed 

into electrical power. Using the Earth's enormous internal heat reservoir, steam is produced, 

which drives turbines to produce energy (Montesdeoca-Mart²nez and Vel§zquez-Medina 2023). 

Iron makes up the majority of the Earth's core, which is thought to reach temperatures of over 

9,000ÁF (5,000ÁC) and is encircled by a layer of molten rock (Figure 2.1). The mantle, the layer 

of rock beneath the Earth's crust, is heated by the constant outflow of heat from the core. 

Geothermal energy production is common is areas where the heat from the mantle rises closer to 

the Earth's surface (Panchuk 2019). 

 

Figure 2.1:   Temperature Gradient.  Adapted from Panchuk (2019), reprinted by permission of 

Karla Panchuk and licensed under CC BY-NC-SA 4.0 

http://creativecommons.org/licenses/by-nc-sa/4.0
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In general, there are three main uses for geothermal energy systems: geothermal heat pumps 

for heating and cooling buildings using the steady Earth surface temperatures, direct use 

applications such as heating buildings, greenhouses, drying crops, and industrial processes like 

pasteurizing milk using geothermal hot water directly, and electric power production (Beckers et 

al. 2014; De Souza et al. 2021; Morrone and Algieri 2020).  

High surface temperatures are required to produce steam from water, which is an essential 

step in the electricity production process. However, this requirement varies depending on the 

type of power plant. For example, the binary cycleðin which water from the geothermal well is 

used to heat another fluid with a lower boiling pointðis frequently the most effective method in 

Hot Dry Rock (HDR) systems.  

For effective energy conversion in these systems, the surface temperature requirements are 

crucial. While some systems are built for heat source temperatures of 170ÁC, 150ÁC, and 130ÁC 

(Zhai, An, and Shi 2014), it has been proved that a binary-cycle electrical generator may employ 

geothermal fluid at 132ÁC to boil Freon R-114 for power generation (Cremer 1981). These 

instances show how surface temperature needs might vary based on the particulars of the 

geothermal reservoir and the power plant's architecture (Hu et al. 2022). This emphasizes how 

each geothermal project needs to be approached uniquely in order to match surface temperatures 

with subsurface conditions and technology design for optimal performance. 

The Denver-Julesburg (DJ) Basin has a substantial potential for the production of geothermal 

energy due to its distinct geological features. The basin is a great option for geothermal energy 

research and production due to its strong thermal gradient and advantageous geological 

characteristics. The depth of the basin and the characteristics of its rock formations make it an 

excellent place to explore for deep geothermal energy.  
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One particularly notable feature of the DJ Basin is the Wattenberg field. Its granitic deposits 

and other geological features make it an excellent choice for the extraction of geothermal energy. 

The possibility that high-temperature geothermal reservoirs could be found in the granitic rocks 

in particular makes them extremely interesting (Figure 1.2). These granitic rocks are expected to 

be appropriate for deep geothermal energy extraction because they can reach as deep as 20,000 

feet and have temperatures as high as around 572ÁF. 

  The exploration of Hot Dry Rock (HDR) geothermal reservoirs marks a significant 

advancement in the field of renewable energy. In contrast to traditional hydrothermal systems, 

HDR reservoirs are not naturally hydrated, and their utilization depends on heat from dry rocks 

at significant depths. Geothermal energy extraction from these types of reservoirs presents a 

number of exciting potential as well as significant hurdles. 

Understanding the hydro-thermo-mechanical (HTM) dynamics that emerge when fluid is 

added to the system is a major barrier to the use of HDR reservoirs. The injected fluid, the 

natural geothermal heat, and the mechanical characteristics of the rock interact in a complicated 

way in this process. For instance, the introduction of fluid into a single crack in a two-

dimensional rock matrix in a standard HDR setup can drastically modify the stress distribution 

because of variations in pore pressure and temperature.  

These changes may have an impact on the stress state of the matrix and, in turn, the 

permeability of the fracture. Furthermore, a key factor in determining the long-term 

sustainability of the energy extraction process is the heat transfer that occurs both through direct 

conduction and fluid-driven advection within the fracture and the surrounding rock. 

The possibility of induced seismicity related to HDR reservoir stimulation, which is 

commonly accomplished via hydraulic fracturing, presents another difficulty (Andr®s et al. 
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2022). This mechanism has the potential to create seismic events, some of which may be large 

enough to be concerning. It is imperative to tackle the hazards linked to this level of seismicity in 

order to responsibly exploit HDR geothermal resources. 

2.2     Geothermal Power Plants 

Geothermal energy, derived from the Earth's internal heat, is a sustainable and clean 

power source that has been increasingly harnessed through various technologies. Among these, 

Binary Cycle Power Plants stand out for their efficiency and environmental compatibility 

(DiPippo 2016). Traditional geothermal systems typically require high-temperature resources to 

operate effectively. However, Binary Cycle Power Plants are uniquely designed to exploit lower 

temperature geothermal fluids, making them instrumental in expanding the utilization of 

geothermal energy across diverse geological settings (Figure 2.2). 

 

Figure 2.2:   Binary Cycle Geothermal Power Plant (Mines 2016), reprinted by permission of 

Elsevier Books. 
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Binary Cycle Power Plants represent a significant advancement in the field of geothermal 

power generation. These plants employ a sophisticated heat exchange mechanism, enabling them 

to efficiently use geothermal fluids with temperatures ranging between 85-170ÁC.  

Unlike conventional geothermal systems that depend on high-temperature steam, binary 

plants use a secondary fluid with a lower boiling point, such as isobutane or R245fa. This 

secondary fluid vaporizes at lower temperatures, driving a turbine to generate electricity. The 

process operates within a closed-loop system, minimizing environmental impact by preventing 

emissions and conserving geothermal fluids (DiPippo 2016). 

Many components are essential to evaluate and optimize the performance of a geothermal 

power plant. Two main factors contribute the most in this evaluation, which are the 'thermal 

efficiency' and 'exergy'. Thermal efficiency would simply indicate the effectiveness of converting 

heat into work or energy. Yet, to better understand and evaluate the potential of these power 

plants, the exergy concept was introduced. Exergy evaluates the thermodynamic efficiency of a 

system by accounting for energy quality and system losses at each step. It identifies where the 

loss of energy is happening and quantifies it to implement better improvements in the power 

generation efficiency. For instance, Ibrahim et al. (2017) demonstrated in their study that 

optimizing the air-fuel ratio in the combustion chambers and enhancing the design of the turbine 

can significantly reduce the exergy destruction while enhancing the overall performance. 

Therefore, exergy analysis identifies the major losses that usually occur in a power plant, 

specifically in the combustion chambers, boilers, and turbines due to the irreversible processes, 

while leaving the space for a better improvement. 
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2.2.1 Efficiency and Environmental Compatibility 

The efficiency of Binary Cycle Power Plants in converting thermal energy from low-

enthalpy geothermal sources into electrical energy is notable. Their closed-loop system not only 

maximizes thermal energy extraction but also preserves geothermal reservoirs by re-injecting 

cooled water back into the Earth. This approach underscores the environmental compatibility of 

binary cycle plants, aligning with global renewable energy goals (Manente, Da Lio, and 

Lazzaretto 2016). 

2.2.2 Expanding the Utilization of Geothermal Energy 

Binary Cycle Power Plants' adaptability to various temperatures enhances their 

applicability across different geothermal settings. By facilitating the exploitation of previously 

uneconomical geothermal resources, binary cycle technology significantly broadens the potential 

for geothermal energy generation. This is particularly crucial for regions lacking access to high-

temperature geothermal resources, offering a viable, clean energy solution that contributes to the 

diversification of the renewable energy mix (Nasruddin et al. 2018). 

2.2.3 Operating Principles and Environmental Benefits 

The operation of binary cycle power plants is grounded in the heat exchange between 

geothermal fluid and a secondary working fluid, guided by fundamental thermodynamic 

principles. The process includes heat extraction, vaporization of the secondary fluid, electricity 

generation by driving a turbine, and condensation and recirculation of the working fluid. These 

steps are crucial for the plant's efficiency and are enhanced through engineering optimizations. 

Binary cycle power plants provide substantial environmental benefits, including zero 

emissions during operation, sustainable use of resources, low visual and land footprint, and 
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adaptability to lower temperature resources. These advantages make binary cycle plants an 

essential component of the global transition to renewable energy sources. 

2.2.4 Case Studies: Quantifying the Impact of Binary Cycle Technology in Geothermal 
Power Generation 

The adoption of binary cycle technology across the globe showcases its significant 

efficiency in utilizing lower temperature geothermal resources for electricity generation. This 

technology has seen a notable increase in total installed capacity by more than 50% in the last 

five years, highlighting its transformative impact on the renewable energy landscape. Binary 

cycle plants have proven to be effective in recovering heat from geothermal fluid in the range of 

100ï200ÁC, demonstrating their potential to significantly expand the scope of geothermal energy 

development worldwide (Tomarov and Shipkov 2017). 

A. Chena Hot Springs Geothermal Power Plant, Alaska 

The Chena Hot Springs Geothermal Power Plant is a testament to the potential of binary 

cycle technology in climates not typically associated with geothermal energy production. 

Operating efficiently with geothermal fluids at temperatures as low as 74ÁC (165ÁF), this plant 

has achieved operational efficiencies of 8% to 18%, a remarkable feat for geothermal power 

generation in colder regions. The Chena Hot Springs plant illustrates the feasibility of extending 

geothermal energy development to areas with lower geothermal resource temperatures, 

contributing significantly to diversifying the renewable energy portfolio in colder climates 

(Erkan et al. 2008). 

B. Hatchobaru Geothermal Power Plant, Japan 

Situated within Japan's volcanic terrain, the Hatchobaru Geothermal Power Plant 

exemplifies binary cycle technology's adaptability to challenging geological conditions. This 

facility's strategic use of binary cycle technology allows it to efficiently exploit geothermal fluids 



19 

at the optimal temperatures required for this innovative power generation method. Japan's 

reliance on Hatchobaru and similar plants reinforces the country's commitment to increasing 

renewable energy production, highlighting binary cycle technology's role in enhancing 

geothermal energy's contribution to the national energy mix, while reducing dependence on 

imported fossil fuels (Gunatilake 2023). 

C. Tuzla Geothermal Power Plant, Turkey 

Tuzla Geothermal Power Plant in Turkey utilizes binary cycle technology to convert 

geothermal energy into electricity with an emphasis on efficiency and sustainability. A 

thermodynamic analysis of this operational plant reveals energetic and exergetic performances, 

with energy and exergy efficiencies indicative of binary technology's effectiveness in geothermal 

power generation (Coskun, Oktay, and Dincer 2011). 

D. Ampallas Geothermal Power Plant, West Sulawesi, Indonesia 

The Ampallas Geothermal Power Plant in West Sulawesi, Indonesia, has been the subject 

of exergy, exergoeconomic, and exergoenvironmental optimization studies. These studies have 

shown that the organic Rankine cycle (ORC) system, using isopentane as the working fluid, 

achieves high exergy efficiency (82.12%), with a unit cost of produced energy at 8.19 US 

cent/kWh, demonstrating the effectiveness of binary cycle technology in maximizing both the 

economic and environmental benefits of geothermal energy production (Nasruddin et al. 2020). 

The case studies of Chena Hot Springs, Hatchobaru, Tuzla, and Ampallas Geothermal 

Power Plants illustrate the global impact of binary cycle technology in the geothermal power 

generation sector. By achieving good efficiencies in lower temperature geothermal resources, 

these plants have collectively demonstrated the technology's potential to significantly expand the 

scope of geothermal energy development worldwide. This quantifiable success underscores 
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binary cycle technology's adaptability, efficiency, and critical contribution to advancing 

sustainable and renewable energy utilization across diverse geographical and geological settings. 

2.3     Geothermal Energy Extraction: Closed Loop vs. Open Loop Systems 

This section examines the technical details of both closed-loop and open-loop geothermal 

systems, as well as their various approaches and levels of efficiency in utilizing the heat that 

exists beneath the surface of the Earth. Open Loop systems make use of the natural fluids in the 

geothermal reservoir, whereas Closed Loop systems recycle heat without coming into direct 

contact with it. The discourse that follows compares these systems, highlighting the operational 

dynamics and technological advancements that define the current state and future trajectory of 

geothermal energy exploitation. 

2.3.1 Closed Loops: Geothermal Closed Loop Systems with ORC Technologies 

In the realm of geothermal energy extraction, U-Shaped Closed Loop systems employing 

Organic Rankine Cycle (ORC) technologies have emerged as a promising solution for harnessing 

heat from deep geothermal resources at relatively lower temperatures. These innovative systems 

minimize reliance on natural reservoirs, opting instead to circulate a working fluid through U-

shaped boreholes to extract heat from the surrounding rocks (Nondy and Gogoi 2021). 

Efficiency in these systems is paramount, with recuperative and regenerative ORC 

configurations demonstrating notable efficiencies around 13.2%, surpassing the approximately 

12% efficiency of basic and reheated ORCs. This efficiency gain underscores the advantage of 

employing specific ORC configurations and working fluids, such as R245fa at an evaporation 

temperature of 130°C, which are optimized for the lower temperature ranges typically 

encountered in closed loop systems (Nondy and Gogoi 2021). Additionally, the choice of working 

fluids becomes crucial as temperatures vary; for example, R245fa is deemed most efficient for 
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temperatures below 140°C, whereas ethanol, benzene, and toluene show higher efficiencies at 

around 170°C, with efficiencies of 24.2%, 23.2%, and 22.9% respectively (Algieri and Ġebo 2017). 

2.3.2 Open Loops: Enhanced Geothermal Systems (EGS) with Supercritical ORC (sORC) 

Enhanced Geothermal Systems (EGS) represent a pivotal advancement, employing the 

concept of artificially enhancing the permeability of deep geothermal reservoirs to access higher 

temperatures. The integration of Supercritical Organic Rankine Cycle (sORC) technologies is 

critical within EGS, attributed to their efficiency in higher temperature conditions (Liu et al. 

2016). 

Supercritical ORCs, utilizing high critical temperature fluids such as R152a, exhibit 

efficiencies up to 11.18%. The incorporation of zeotropic mixtures can further elevate thermal 

efficiencies by approximately 3.8%, highlighting the enhanced performance potential of sORC in 

EGS applications (Liu et al. 2016). Supercritical ORCs also outperform their subcritical 

counterparts, producing up to 20% more power with exergy efficiency values around 46% when 

using fluids like R1234yf, R134a, and R1234ze(E) (Liu et al. 2016). Moreover, at temperatures 

exceeding 150°C, supercritical cycles benefit significantly, with working fluids such as 

R1233zd(E), butane, isopentane, pentane, and neopentane achieving the highest efficiencies, 

underscoring the criticality of selecting appropriate working fluids for maximizing efficiency in 

open loop systems (Liu et al. 2016). 

2.3.3 Optimal ORC Configurations for Geothermal Systems 

The selection of an appropriate Organic Rankine Cycle (ORC) configuration is 

contingent upon the specific characteristics of the geothermal resource. For Closed Loop 

systems, particularly U-Shaped Closed Loops, recuperative and regenerative ORCs are most 

suited due to the relatively lower temperatures encountered. These configurations enhance 
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system efficiency by optimizing thermal energy utilization within the system, making them ideal 

for maximizing energy extraction from the geothermal source (Nondy and Gogoi 2021). 

Conversely, Supercritical ORCs (sORC) are particularly apt for Open Loop systems, such 

as Enhanced Geothermal Systems (EGS). Their ability to operate efficiently at higher 

temperatures and pressures enables the extraction of maximum energy from the geothermal fluid, 

thus being a preferred choice for exploiting the high-temperature resources available through 

EGS (Liu et al. 2016). 

In conclusion, the intricate balance between system configuration, working fluid 

selection, and operational temperatures plays a pivotal role in the efficiency and effectiveness of 

both Closed Loop and Open Loop geothermal energy extraction systems. The advancements in 

ORC technology, particularly in the development and application of recuperative, regenerative, 

and supercritical cycles, have significantly enhanced the potential for sustainable and efficient 

geothermal energy utilization. 

2.3.4 Calculation of Electricity Generation in Geothermal Power Plants 

Electricity generation from geothermal sources entails harnessing the thermal energy 

stored beneath the Earth's surface. This section outlines a refined approach to estimating the 

electrical power output from geothermal power plants, primarily focusing on the use of air-

cooled Organic Rankine Cycle (ORC) technology, recognized for its suitability in converting 

low- to medium-grade heat to electricity. 

The conversion efficiency of geothermal energy to electrical power significantly depends 

on the thermodynamic processes involved in the power plant. Recent advancements in ORC 

technology have opened new avenues for the efficient utilization of geothermal resources. A 

critical aspect of this process is the calculation of gross electrical power production, which can 
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be expressed as a function of the system's utilization efficiency and the exergy of the produced 

geothermal fluid (Altun and Kilic 2020; Briola, Gabbrielli, and Bischi 2019). 

A. Gross Electric Power Production 

The gross electric power ὖgross  ) generated by the system is determined by the formula: 

                                                                     ὖgross –ẗὄ                                                       (2.1) 

where – represents the utilization efficiency of the power plant, and ὄ denotes the 

exergy of the produced geothermal fluid. The exergy ὄ is computed based on the specific 

enthalpy Ὤ and specific entropy ( ί ) of the geothermal fluid at production ( ὴὶέὨ and ambient 

(0) conditions: 

                             ὄ άprod ẗὬprod Ὤ Ὕẗίprod ί                                    (2.2) 

Here, άprod  is the mass flow rate of the produced fluid, and Ὕ is the ambient 

temperature. 

B. Pumping Power and Net Electric Power 

The electrical power required for the injection pumps ὖ  is calculated considering 

the volumetric injection rate ή , the injection wellhead pressure ὴ , and the pump 

efficiency ( –pump ): 

                                                   ὖpump ή ẗὴ Ⱦ–                                        (2.3) 

The net electric power ὖ  generated by the system is the difference between the gross 

electric power and the power consumed by the pumps: 

                                                        ὖnet ὖgross ὖpump                                              (2.4) 
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C. Practical Applications and Performance Insights 

Empirical data from field tests provide a foundation for evaluating the electric power 

output across various operational conditions. Notably, the efficiency of air-cooled ORC 

technology, as applied in Fervo's geothermal power plants, has been scrutinized under differing 

ambient temperatures to reveal fluctuations in net power output, demonstrating a significant drop 

in efficiency from winter to summer months (Altun and Kilic 2020). 

Furthermore, the integration of an internal heat recovery system has been proposed to 

enhance the plant's energy and exergy efficiencies, potentially improving performance by up to 

15% (Altun and Kilic 2020). This innovation underscores the evolving landscape of geothermal 

power generation, where optimizing operational parameters and integrating advanced 

technologies are paramount for maximizing efficiency and sustainability. 

2.4     Advancements in Geothermal Reservoir Simulation 

Geothermal energy extraction has seen significant advancements through the adoption of 

sophisticated numerical modeling. These simulations, applied globally, draw upon and extend 

methodologies developed for oil and gas reservoirs to the thermal complexities of geothermal 

systems. Such cross-disciplinary applications have proven essential for understanding and 

harnessing geothermal energy, as exhibited by the utility of CMG-STARS software. This tool has 

validated its prowess across a spectrum of geothermal applications, embracing both traditional 

open-loop systems like Enhanced Geothermal Systems (EGS) and innovative Closed Loop 

Geothermal (CLG) setups. 

Simulators like CMG-STARS integrate two fundamental models: one representing the 

subsurface reservoir and another depicting the operational well. The reservoir model simulates 

the multiphase fluid flow and heat transfer within the geothermal formation, while the well 
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model captures the dynamics of fluid extraction or injection processes (Computer Modelling Group 

Ltd. 2024). These models are crucial for both open-loop systems, which interact directly with the 

geothermal reservoir, and closed-loop systems, which circulate a working fluid in a subsurface 

heat exchanger. 

Through CMG-STARS, conservation equations for mass and energy are deftly applied to 

geothermal contexts, allowing for detailed predictions of the reservoir's thermal and fluid 

behavior. The software's flexibility in handling different fluid properties and rock interactions 

makes it suitable for the challenges posed by EGS, where hydraulic stimulation is used to 

enhance reservoir permeability. The integration of these conservation principles within CMG-

STARS demonstrates its capacity to model the intricate thermal phenomena inherent to both EGS 

and CLG systems. 

2.4.1 Theoretical Framework in CMG-STARS 

CMG-STARS employs a set of fundamental conservation equations to describe the 

variations within a specified zone. As noted by Computer Modelling Group Ltd. (2024), STARS 

applies mass and energy conservation laws tailored for water to predict reservoir behavior under 

varying thermal and fluid conditions. The mass conservation equation, which focuses on the 

water phase, is structured as follows: 

       ὠ ‰ ”Ὓύ ‰ὃ ”Ὓύ ‰”Ὀ ɝύ ”ή ύ                         (2.5) 

In the case of a system with multiple phases, the general mass conservation equation 

encapsulates these complexities: 

  
ὠ ‰ ”Ὓύ ”Ὓὼ ”Ὓώ ‰ὃ ”Ὓύ ”Ὓὼ ”Ὓώ

‰”Ὀ ɝύ ‰”Ὀ ɝὼ ‰”Ὀ ɝώ ”ή ύ ”ή ὼ ”ή ώ
     (2.6) 



26 

Here, ὠ represents the volume of the grid block, ‰ is the fluid porosity, and ‰ is the 

absolute porosity, among other parameters. 

Energy conservation is equally vital, with equations taking into account the water phase 

and the geological framework of the reservoir: 

ὠ ‰ ”ὛὟ ‰ὧὟ ρ ‰ Ὗ ”ὠὌ ὑɝὝ ”ή Ὄ             (2.7) 

And for a system entailing multiple fluid phases as well as solid rock, the comprehensive 

energy conservation equation would be: 

    
ὠ ‰ ”ὛὟ ”ὛὟ ”ὛὟ ‰ὧὟ ρ ‰ Ὗ ”ὠὌ

”ὠὌ ”ὠὌ ὑɝὝ ”ή Ὄ ”ή Ὄ ”ή Ὄ
     (2.8) 

This framework within CMG-STARS allows for the transformation of data from a Black 

Oil fluid model to a compositional model of STARS, addressing temperature dependencies 

through conversion of properties like density and viscosity. 

With advancements in CMG software, there is now a sophisticated flexible wellbore 

modeling component that precisely simulates special well configurations. These models can 

capture complex interactions between the well and the reservoir, essential for understanding heat 

transfer and fluid dynamics. 

2.4.2 CMG-Stars FlexWell 

At the heart of this software is FlexWell technology, a sophisticated discretized 

mechanistic wellbore model developed by CMG. FlexWell is adept at modeling both fluid and 

heat flow within the wellbore and between the wellbore and the surrounding reservoir, making it 

an indispensable tool for our simulations. It shines in handling complex flow regimes, especially 

in long horizontal wells, by accurately managing multiple tubing streams, cross-flow, phase 

segregation, and transient behavior. Moreover, FlexWell's ability to model the wellbore on a 
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separate grid allows it to accurately represent a well's undulating trajectory through various 

geological layers, enhancing the realism and precision of our simulations. 

FlexWell technology also excels in detailing the interaction between multiple tubings 

within a casing, including scenarios where the casing is shut-in or tubing is disconnected. It 

models fluid discharges uniquely at the tubing's toe and facilitates communication between the 

reservoir and casing through a defined flow term. The technology thoroughly evaluates flow 

regimes based on gas and fluid velocities and calculates friction pressure drops and slip between 

gas and liquid phases. Furthermore, it conducts a detailed analysis of radial conductive heat 

transfer along the full length of the tubing, factoring in the complex interplay of fluid 

composition, velocity, tubing and annular wall properties, and the thermal characteristics of the 

reservoir rock. 

This deep integration of FlexWell technology across all our proposed geothermal well 

configurations ensures a nuanced, precise simulation of thermal and fluid dynamics, enabling us 

to optimize the design and operational parameters of each configuration to maximize energy 

extraction efficiency from Hot Dry Rock reservoirs. 

2.5     Geothermal Well Configurations 

The exploration and optimization of geothermal well configurations in deep Hot Dry Rock 

(HDR) reservoirs are pivotal in advancing geothermal energy extraction technologies. This quest 

has inspired a plethora of innovative approaches designed to enhance heat extraction efficiency 

and leverage the vast untapped energy potential within deep geothermal systems. The landscape 

of geothermal energy extraction is rich with diverse well configurations, each uniquely designed 

to optimize resource utilization in various geothermal reservoirs. There are numerous well 

configurations available, each of which is appropriate for the particulars of the geothermal 
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reservoir and the objectives of the geothermal project. Wells that are oriented vertically, 

horizontally, or slanted or deviated are common configurations. The configuration of the well 

determines the flow dynamics, the contact area with the geothermal reservoir, and ultimately the 

heat extraction efficiency (Zhu et al. 2023; Hoteit et al. 2023). 

Among the forefront of these innovations is the development of single-well geothermal 

systems. A significant contribution by Huang et al. (2018) introduced a novel mining system that 

combines a heat pipe with an artificial reservoir saturated with CO2. This design capitalizes on 

the thermosyphon effect of CO2 fluid, stimulating stronger natural convection within the 

reservoir and thus, enhancing thermal power production. This method not only demonstrated 

superior heat extraction performance compared to conventional downhole heat exchanger (DHE) 

systems but also presented a promising solution to common issues such as corrosion, scaling, and 

water loss in HDR projects (Huang, Cao, and Jiang 2018). 

Parallel to the evolution of single-well systems, the application of Enhanced Geothermal 

Systems (EGS) with horizontal wells has garnered significant attention. Lei et al. (2020) 

explored the potential of electricity generation from a three-horizontal-well EGS configuration in 

the Qiabuqia geothermal field, China (Figure 2.3). Their work underscored the impact of 

slickwater fracturing treatments on reservoir stimulation, revealing that optimized EGS scenarios 

could significantly enhance installed capacity and total power generation, alongside offering 

substantial environmental benefits by reducing greenhouse gas emissions (Lei et al. 2020). 
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Figure 2.3:   Reservoir stimulation strategy, (a) two-wing fracturing of the center well and (b) 

double well symmetric fracturing (Lei et al. 2020), reprinted by permission of Elsevier Books. 

The advent of closed-loop systems in horizontal wells further underscores the continuous 

search for more efficient geothermal energy extraction methods. Cui et al. (2017) presented a 

groundbreaking approach that circumvents the need for complex hydro-fracturing. By recycling 

heat transmission fluid in a horizontal well, their method demonstrated the potential for 

achieving high heat mining rates, making it a viable option for low-temperature geothermal 

reservoirs and indicating a shift towards more sustainable and cost-effective solutions (Cui et al. 

2017). 

Moreover, the exploration of multilateral well configurations in EGS by Song et al. (2018) 

represents another leap forward. Their proposed system, which features multiple injection and 

production wells branching from a main wellbore, aims to optimize the interaction between the 

working fluid and the hot dry rock, thereby maximizing heat extraction (Figure 2.4). This 

innovative configuration offers a promising alternative to conventional EGS, promising greater 

heat extraction performance and operational flexibility (Song et al. 2018). 
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Figure 2.4:   Schematic of heat extraction for multilateral-well EGS (Song et al. 2018), reprinted 

by permission of Elsevier Books. 

Geothermal energy extraction efficiency can be greatly increased by well layouts that are 

optimized and customized to the unique characteristics of the geothermal reservoir (Jiang et al. 

2023). For example, compared to vertical wells, horizontal wells can provide superior sweep 

efficiency and hence improved energy extraction because of their extended contact with the 

reservoir. 

In the realm of Enhanced Geothermal Systems (EGS), the integration of advanced drilling 

and fracturing techniques has marked a significant advancement. Evaluating this field, Kazemi et 

al. (2019) demonstrated the effectiveness of hydraulic fractures in in the Western Canada 

Sedimentary Basin, balancing increased heat output against the risk of thermal breakthroughs. 

Furthering this exploration, Sun et al. (2017) approached the reservoir as a fractured porous 

medium, delving into the synergistic effects of fluid dynamics, heat transfer, and mechanical 

responses. 
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Additionally, U-Shaped Closed Loop Systems have gained attention through the work of 

researchers like Song et al. (2018), who explored the heat production performance of these 

systems (Figure 2.5).  

 

Figure 2.5:   Schematic diagram of the fluid flow and thermal process for CLG (Song et al. 2018), 

reprinted by permission of Elsevier Books. 

This innovative approach, further examined by Xiao et al. (2022) and Sun et al. (2018), 

utilizes U-shaped boreholes with closed-loop systems and different working fluids, presenting a 

viable solution to common challenges in EGS, such as water loss and thermal short-circuiting. 

Moreover, Pipe-in-Pipe Closed Loop Systems have been brought into the spotlight by Bu, 

Jiang, and Li (Bu, Jiang, and Li 2019), who focused on their efficiency in heat exchange. This 

configuration, a form of single well closed loop, has been further explored for its adaptability 

and effectiveness in various geothermal settings, particularly when integrated with hydraulic 

fracturing techniques (Figure 2.6). 
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Figure 2.6:   Structure diagram of Single Well Geothermal Heating (Bu, Jiang, and Li 2019), 

reprinted by permission of Elsevier Books. 

Transitioning to Coaxial Closed-Loop Geothermal Systems, Zhang et al. (2019) have 

conducted comprehensive studies to analyze the performance and feasibility of different working 

fluids for coaxial designs. Their work contributes significantly to understanding the practicality 

of these systems in geothermal energy extraction. In addition, Wang et al. (2020) provides a 

comparative analysis of various coaxial closed-loop geothermal systems, offering insights into 

their heat extraction performance and potential applications. 

Lastly, the potential of Horizontal Pipe-in-Pipe Open Loop Systems has been highlighted in 

other studies by Wang et al. (2020). These systems, particularly effective in lower temperature 
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reservoirs, represent a significant advancement in geothermal technology, offering new avenues 

for energy extraction. 

 

Figure 2.7:   Schematic showing heat extraction in horizontal-well open-loop geothermal system 

(Wang et al. 2020), reprinted by permission of Elsevier Books. 

Each of these configurations, with their distinct advantages and challenges, underscores the 

importance of tailoring geothermal energy extraction methods to specific reservoir 

characteristics, environmental considerations, and technological capabilities. The ongoing 

research in these areas continues to deepen the understanding of optimal methods for geothermal 

energy extraction, paving the way for more efficient and sustainable energy solutions.  

These studies collectively contribute to the evolving landscape of geothermal energy 

extraction, each offering novel insights and methodologies tailored to overcome the unique 

challenges presented by deep HDR reservoirs. However, despite these advancements, a 

significant gap remains in the exploration of geothermal well configurations at extreme depths, 

particularly those reaching up to 20,000 ft. 

Our research endeavors to bridge this gap by modeling various well configurations, including 

U-Shaped, V-Shaped, EGS, and Pipe-in-Pipe systems, in the context of deep geothermal HDR 
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reservoirs. By venturing into depths previously unexplored, our study not only extends the 

current boundaries of geothermal research but also presents a critical examination of the 

feasibility, efficiency, and potential of these configurations in harnessing the Earth's deep thermal 

energy. This pioneering effort is poised to contribute significantly to the field, offering valuable 

insights and opening new avenues for sustainable energy extraction from one of the planet's most 

abundant yet underutilized resources. 
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CHAPTER 3  

METHODOLOGY 

3.1     Reservoir Simulation Approach 

The modeling and prediction of geothermal reservoir behavior under various situations is 

made possible by reservoir simulation, which is a crucial tool in the geothermal energy industry. 

Understanding the dynamics of the granitic formations in the Wattenberg field in the DJ Basin, 

Colorado, is the main goal of this research, especially in relation to the processes involved in the 

extraction of geothermal energy. 

The methodology's basis is derived from numerical modeling. The governing equations for 

mass, momentum, and energy conservation can be solved at each grid block by discretizing the 

reservoir into a grid system. A thorough depiction of the physical and thermal characteristics of 

the reservoir, as well as the interactions between the geothermal fluid, fractures, and the rock 

matrix, are made possible by this granular method. 

Several scenarios that depict various operational settings are simulated in order to have a 

thorough knowledge. This includes adjustments to well layouts, temperature changes in the 

injected fluid, and variations in injection and output rates. Every scenario is intended to answer a 

particular research topic on maximizing the extraction of geothermal energy. 

This research employs a comprehensive reservoir simulation approach to assess the 

potential of geothermal energy extraction in the specified study area. The development of our 

simulation models is guided by the objective to enhance the accuracy and reliability of 

geothermal reservoir predictions under various operational scenarios. Central to our 

methodology is the incorporation of empirical data and theoretical insights gleaned from a 
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carefully curated set of literature, ensuring that our simulations are grounded in both proven 

models and cutting-edge research. 

3.1.1 Defining Parameters and Simulation Setup 

The foundation of the reservoir simulation strategy for the Wattenberg field in the DJ Basin 

is rooted in a thorough comprehension of the regionôs distinct geological and geothermal 

features. The precise definition of parameters and setup are critical to the simulation's accuracy 

and dependability. 

The basis of this simulation is the characteristics of rocks and fluids, specifically, the 

deepest targeted formation at 6100 m depth. The Wattenberg field's granitic rocks have unique 

physical characteristics, including permeability, porosity, and thermal conductivity. It's also 

critical to determine the specific heat and viscosity of the geothermal fluidðtypically brine in 

these conditionsðgiven the high temperatures predicted. These characteristics are crucial in 

defining how the fluid moves through the reservoir and how well it can transfer heat.  

Our geothermal models will focus on the impact of the deepest targeted Wattenberg 

formation on the geothermal output. The shallower formations, comprising sedimentary rocks 

have the same characteristics as the deeper ones, with low porosity and permeability. For this 

purpose, all production wells have been insulated to evaluate the direct impact of these deep 

formations while minimizing the influence of the shallower ones. 

We divide the reservoir into a grid system in order to capture its complex dynamics. Every 

grid block denotes a distinct reservoir volume. This grid's granularity finds a compromise 

between resolution and computing efficiency. Highly relevant areas, particularly those close to 

the well regions, will be depicted using a more refined grid. 
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Finally, different operational situations are used to see how they affect the extraction of 

geothermal energy. This includes tweaking well layouts, changing the temperature of the injected 

fluid, and modulating fluid injection and production rates. Every scenario provides information 

about how the reservoir might react to various geothermal operations. This meticulous 

methodology guarantees the simulation outcomes are precise and significant, providing 

significant perspectives on the extraction of geothermal energy in the DJ Basin. 

3.1.2 Reservoir Simulation Model 

The assessment and enhancement of energy output from the proposed well configurations 

in Geothermal (Hot Dry Rock) are anchored on a systematic and comprehensive approach. 

Initially, a thorough geological and geophysical characterization of the reservoir is carried 

out to comprehend its inherent properties like temperature, pressure, permeability, porosity, and 

thermal properties. This foundational step is critical for the subsequent model development. 

Following this, reservoir simulation models are meticulously crafted using the CMG 

STARS software, which is capable of handling the complex thermal, hydraulic, and mechanical 

behaviors of geothermal systems. The model incorporates the essential reservoir properties, rock-

fluid interactions, and well configurations to evaluate the efficiency and sustainability of the 

geothermal energy extraction process. This stage is crucial for accurately representing the 

geothermal reservoir and the proposed well configurations, laying the groundwork for precise 

simulation exercises. 

The identification of key parameters and assumptions forms the next step. This includes 

delineating initial and boundary conditions as well as material properties, which are 

indispensable for this simulation. 
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The execution phase encompasses the running of reservoir simulations to assess the 

performance of the proposed well configurations in extracting geothermal energy under an array 

of reservoir conditions. The findings from this phase are pivotal for performance analysis. 

Performance analysis entails a thorough examination of simulation results to gauge the 

energy output, efficiency, and operational feasibility of each well configuration. This stage is 

instrumental in understanding the merits and demerits of each configuration. 

3.1.3 Simulation Setup and Parameter Definition 

Our simulation model is meticulously configured to reflect the complex interplay of 

geological, thermal, and operational parameters critical to the evaluation of extraction of 

geothermal energy. The definition and calibration of these parameters are informed by the 

comprehensive review of literature outlined above, ensuring that our model reflects the current 

state of knowledge in the field. 

¶ Rock and Fluid Characteristics: Parameters related to the thermal properties of rock 

formations and geothermal fluids are derived from Frash et al. (2024), encompassing 

thermal conductivity, specific heat capacity, and injection temperatures. These 

parameters are crucial for modeling the heat transfer mechanisms within the reservoir. 

¶ Well Integrity and Material Properties: Drawing on Won et al. (2016), our model 

incorporates detailed specifications of casing materials, including their thermal and 

mechanical properties. This is essential for assessing the stability of geothermal wells and 

their performance over time. 

¶ System Performance and Validation: Leveraging the validated EGS model from Norbeck 

and Latimer (2023), our simulation aims to replicate and extend their findings, applying 

their insights to our specific geothermal context. Additionally, the modeling approach use 
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in this work was compared against an independently built model (Amini, personal 

communication) and validated for the U-shaped geothermal well configuration, aiming to 

explore alternative configurations and their potential to enhance geothermal energy 

extraction. 

3.1.4 Performance Analysis and Model Validation 

The execution of our reservoir simulations is designed to assess the performance of 

proposed well configurations and operational strategies. Through the application of the 

aforementioned parameters and models, our research endeavors to provide a comprehensive 

analysis of energy output, efficiency, and operational feasibility. This iterative process of 

simulation and analysis is pivotal in refining our understanding of geothermal reservoir dynamics 

and the optimization of extraction processes.  

3.2     Description of Geothermal Well Configurations 

The description of Geothermal Well Configurations represents the most critical section of 

this study, delineating each well configuration adopted, including both closed and open loop 

systems. These configurations range from Closed-Loop Geothermal (CLG) setups, such as Pipe-

in-Pipe, U-Shaped, V-Shaped, and Inclined V-Shaped designs. In contrast, the EGS category 

comprises the standard EGS and an Inclined EGS configuration. This section aims to provide a 

comprehensive overview of the various geothermal configurations employed in our study, 

highlighting their distinctive features and roles in enhancing geothermal energy extraction 

efficiency. 
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3.2.1 Reservoir Grid and Properties 

Initially, the simulation employs a Cartesian grid structured along the I, J, and K 

directions, comprising 141, 59, and 86 blocks, respectively. Each block is uniquely identified by 

a User Block Address (UBA). To enhance model convergence and accurately represent thermal 

dynamics, the grid size is selectively refined around the wellbore locations, enabling a precise 

depiction of temperature variations within the surrounding rock matrix (Figure 3.1). 

 

Figure 3.1:   Geothermal Reservoir Model Grid System 

3.2.2 Definition of Reservoir Parameters 

For the closed-loop configurations under study, interactions between the injected fluid 

and the rock matrix are not modeled, leading to the specification of reservoir properties as 
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constants. Porosity and permeability are set at 1% and 1e-6 millidarcies (md), respectively, with 

complete water saturation (100%) assumed throughout the reservoir. Although the model 

configurations lack open perforations, defining the reservoir pressure is essential for the 

simulation. A standard hydrostatic gradient of 10 kPa/m is employed to establish the pressure 

distribution, complemented by an assumed rock compressibility of 4.35e-7 1/kPa. These 

properties, critical for initializing the numerical simulation, are summarized in Table 3.1. 

 

Table 3.1:   Input Parameters for the Reservoir and Grid Section 

Parameter Value 

Porosity 1% 

Permeability 1e-6 md 

Water Saturation 100% 

Hydrostatic Gradient 10 kPa/m 

Rock Compressibility 4.35e-7 kPa-1 

Formation Thermal Conductivity 252,720 J/(mĿdayĿÁC) 

Formation Volume Heat 

Capacity 
2,667,500 J/(mįĿÁC) 

Working Fluid Volume Capacity 53,500 J/(mĿdayĿÁC) 

Temperature Gradient 50 ÁC/km 

 

3.2.3 Thermal Properties 

The accurate definition of thermal properties is crucial, as they significantly impact the 

simulation's outcomes. Based on Frash et al. (2024), the best-case scenario utilizes a formation 

volumetric heat capacity of 2,667,500 J/(mįĿÁC), a formation thermal conductivity of 252,720 

J/(mĿdayĿÁC), and a working fluid volumetric heat capacity of 53,500 J/(mĿdayĿÁC). Given the 

bottom hole temperature of 300 ÁC, a temperature gradient of 50 ÁC/km is applied to model the 

thermal distribution within the reservoir accurately. This approach allows for an informed 
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analysis of the system's thermal behavior, albeit with an acknowledgment of the atypical 

temperature gradient. 

3.2.4 Components Configuration 

The simulation employs freshwater as the working fluid, integrated into the CMG 

simulation software by selecting H2O with its default settings. The liquid phase's properties, 

including densities and viscosities, are crucial for accurate modeling. Specifically, viscosity 

values of AVISC at 0.0047352 cp and BVISC at 1515.7ÁC align with recommendations from the 

STARS manual for the specified temperature conditions (Computer Modelling Group Ltd, 2009). 

The simulation framework also requires the definition of reference and surface conditions ð 

atmospheric pressure (101 kPa) at the surface with a temperature of 20ÁC, and a reference 

pressure calculated based on the geothermal gradient at the bottom hole depth of 6100m, 

amounting to 61,000 kPa, with a corresponding temperature of 300ÁC (Table 3.2). 

 

Table 3.2:   Component Properties for Simulation 

Parameter Value 

AVISC 0.0047352 cp 

BVISC 1515.7 ÁC 

Reference Pressure 61,000 kPa 

Reference 

Temperature 
300 ÁC 

Surface Pressure 101 kPa 

Surface Temperature 20 ÁC 

 

3.2.5 Rock-Fluid Interactions 

Given the scope of this study, which includes Enhanced Geothermal Systems (EGS) and 

accounts for Hot Dry Rock (HDR) formations, it is acknowledged that direct interaction between 
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the injected fluid and the rock is limited. This simplification is based on the primary focus being 

on thermal extraction efficiency rather than comprehensive rock-fluid interaction dynamics. 

However, the initialization of the simulation necessitates the definition of relative permeability 

tables, thereby providing a basic framework for the software to accurately simulate fluid 

movement within the reservoir. A straightforward approach is adopted, with relative permeability 

values inputted as shown in Table 3.3. 

 

Table 3.3:   Relative Permeability Table 

Sw krw krow 

0 0 1 

1 1 0 

 

3.2.6 Initial Conditions 

The establishment of initial conditions is critical for simulating phase equilibrium within 

the porous media of the reservoir, despite the minimized emphasis on fluid-rock interactions. The 

model presumes complete water saturation, with the reservoir characterized by a reference 

pressure of 61,000 kPa and a depth of 6100m to reflect realistic subterranean conditions 

consistent with the targeted geothermal systems (Table 3.4). 

 

Table 3.4:   Parameters for Initial Conditions 

Parameter Value 

Reference Pressure 61,000 kPa 

Reference Depth 6100 m 
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Numerical Approach: In alignment with the CMG-STARS user guide (Computer 

Modelling Group Ltd. 2024), the numerical configuration of our models maintains default 

settings to ensure consistency across simulations.  

Adjustments to numerical values will be considered only to address and rectify 

convergence issues, should they arise during the simulation process, thus safeguarding the 

stability and reliability of our modeling outcomes. 

Geomechanical Interactions: Given the focus on thermal energy extraction and fluid 

dynamics within the wells, geomechanical interactions within the reservoir rock are not 

explicitly modeled in this study. This decision is based on the closed-loop and EGS 

configurations' operational premise, where direct fluid-rock interactions are minimal or non-

existent. 

3.2.7 Wells Configuration and Fluid Dynamics 

This section delves into the detailed configuration of wells within each model, 

highlighting the necessity of distinct well types and their respective operational parameters. The 

model's complexity is underscored by various well configurations, emphasizing the critical role 

of fluid dynamics in the energy extraction process. 

A. Well Creation for the U-Shaped Model 

The U-Shaped Closed Loop System is a novel approach designed for the efficient 

extraction of geothermal energy from Hot Dry Rock (HDR) reservoirs. By employing a single 

pipe configured in a U-shape, this model promotes a continuous flow of heat transfer fluid 

through the reservoir, aiming to simplify construction and reduce costs while enhancing heat 

extraction (Figure 3.2). 
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Figure 3.2:   U-Shaped Closed Loop Well Model Description 

The U-Shaped Well configuration, while seemingly a single entity, is conceptually 

bifurcated into two distinct sections - the injection and production wells, interconnected at a 

depth of 6,100 meters with an additional 1,000 meters horizontal section to facilitate fluid 

movement. 

Injection Well Configuration: 

The "Injector" serves as the entry point for the working fluid into the geothermal system. 

It is meticulously designed to align with refined grid blocks, ensuring precision in modeling fluid 

dynamics. The trajectory extends from UBA (48, 17, 1) at the surface to UBA (48, 17, 77) and 

proceeds to UBA (67, 17, 77) marking the halfway of the horizontal section. The "Injector" is 

categorized under the "ID & Type" tab as an injection well, with a specified maximum surface 
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water rate (STW) of 3000 mį/day (Table 3.5). The radius of the well is standardized at 0.14 m to 

maintain consistency across the model (Table 3.8). 

Table 3.5:   Operational Parameters for 'Injector' Well 

Constraint Parameter Value 

OPERATE STW surface water rate MAX 3000 mį/day 

 

Production Well Configuration: 

Following the setup of the "Injector" well, the "Producer" is established using a similar 

methodology. Its trajectory is aligned from UBA (87, 17, 1) to UBA (87, 17, 76) and finally to 

UBA (67, 17, 77). It operates under a maximum surface water rate of 3000 mį/day (Table 3.6), 

mirroring the "Injector" to ensure balanced fluid flow within the system. The "Producer" well 

also features a radius of 0.14 m, aligning with the injector for uniformity (Table 3.8). 

 

Table 3.6:   Operational Parameters for 'Producer' Well 

Constraint Parameter Value 

OPERATE STW surface water rate MAX 3000 mį/day 

 

Fluid Dynamics: 

The working fluid, freshwater, is characterized by a temperature of 60ÁC, steam quality 

of 0, and pressure of 6875 kPa, tailored to match the operational conditions (Table 3.7). 

 

Table 3.7:   Well Radius and Fluid Injection Parameters 

Parameter 

Injection 

Well 

Radius 

Production 

Well Radius 
Temperature 

Steam 

Quality 
Pressure 

Value 0.14 m 0.14 m 60 ÁC 0 6875 kPa 
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FlexWell Configuration for the U-Shaped Model 

This pivotal section outlines the FlexWell configuration process, integral for simulating 

the U-shaped model's thermal and fluid mechanics. Upon defining well trajectories and 

operational parameters, FlexWell integration commences with the selection of the "Injector" 

well, adopting a straightforward approach for casing properties and diameter definitions. A 

similar procedure is employed for the "Producer" well, ensuring both sections are accurately 

modeled within the FlexWell framework. 

 

Table 3.8:   Diameter Specifications for FlexWells 

Well Wall Inner Diameter (ID) Wall Outer Diameter (OD) 

Injector 0.14 m 0.152 m 

Producer 0.14 m 0.152 m 

 

The completion of parameter input across the FlexWell model marks the readiness of the 

simulation to accurately depict the operational dynamics and thermal behavior of the U-Shaped 

geothermal well configuration, setting the stage for an in-depth performance analysis. 

B. V-Shaped Closed-Loop System Model Description 

The V-Shaped Closed-Loop System, also referred to as the U-Shaped Extended 

Horizontally (EH) model, represents an evolution in geothermal well design that aims to fully 

capitalize on the high-temperature zones of Hot Dry Rock (HDR) reservoirs by extending 

horizontally at significant depths (Figure 3.3). 
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Figure 3.3:   V-Shaped Closed Loop Well Model Description 

Geometric Configuration 

In the V-Shaped model, the wells descend vertically to a depth of 6100 meters, where 

temperatures are substantially higher, thus providing an advantageous thermal environment for 

energy extraction. Upon reaching this depth, the wells extend 600 meters laterally within the 

reservoir. This horizontal extension is parallel to the bottom of the reservoir, creating a 

broadened area of contact between the heat transfer fluid and the geothermally heated rock, 

allowing for an increased rate of heat absorption. 

Well Configurations and Operational Parameters 

The horizontal wells in this configuration are designed to exploit the consistent and 

elevated temperatures available at these depths. Similar to the U-Shaped version, the injection 

parameters involve a maximum surface water rate of 3000 mį/day, with water being injected at a 

temperature of 60°C.  
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The production well in this model is also insulated to preserve the thermal energy 

obtained from the deep geothermal reservoir, minimizing any heat losses during the ascent of the 

fluid to the surface. This design choice underscores the importance of insulation in maintaining 

the efficiency of the heat exchange process, particularly in horizontally extended systems where 

the fluid travels a greater distance in the reservoir's high-temperature regions. 

C. Inclined V-Shaped Closed-Loop System Model Description 

The Inclined V-Shaped model is a sophisticated iteration of geothermal well 

configurations, devised to enhance the efficacy of heat extraction from Hot Dry Rock (HDR) 

reservoirs through strategic well placement and advanced simulation techniques (Figure 3.4). 

 

Figure 3.4:   Inclined V-Shaped Closed Loop Well Model Description Geometric Configuration 

The Inc V-Shaped model is characterized by its unique geometry that includes two wells 

spaced 1000 meters apart on the surface. Each well descends vertically before diverging into an 

inclined section that extends 600 meters laterally and reaches a depth of 860 meters, culminating 

at a bottom hole location at 6100 meters with a reservoir temperature of 300°C.  
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This geometric design is carefully crafted to maximize the thermal contact surface area 

between the heat transfer fluid and the surrounding reservoir rock, thereby increasing the 

system's overall heat recovery capacity. 

Well Configurations and Operational Parameters 

Within this system and similarly to the U-Shaped Model, the injection well introduces 

water at a temperature of 60°C. The maximum surface water rate is capped at 3000 mį/day. This 

elevated flow rate is integral to the system's design, ensuring a substantial volume of fluid is 

heated by the geothermal reservoir, thus optimizing energy production. 

The production well is also insulated to minimize thermal losses during fluid transport to 

the surface. Insulation is a critical component of this model, as it retains the heat within the 

produced fluid, which is crucial for assessing the effectiveness of thermal insulation in contrast 

to non-insulated systems. 

D. Well Creation for the PIP Model: 

The Pipe-in-Pipe (PIP) Closed Loop System introduces an advanced method for maximizing 

thermal efficiency in extracting geothermal energy from HDR reservoirs. It features a distinctive 

dual-pipe configuration, enhancing the heat exchange between the heat transfer fluid and the 

reservoir rock (Figure 3.5). 
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Figure 3.5:   Pipe-in-Pipe Closed Loop Well Model Description 

For the PIP configuration, two primary wells are constructed without the need for an 

additional layering well. This setup includes: 

1. "Casing" Well: Serves as the outer section of the PIP configuration, designed to facilitate 

thermal convection and enhance system efficiency. The well's trajectory is meticulously 

aligned with refined grid blocks for accurate modeling. Notably, the "Casing" is classified 

as an injection well, with specifications including a maximum surface water rate of 3000 

mį/day (Table 3.9). The well's radius is set at 0.14 m (Table 3.11). 

2. "Tubing" Well: Mirrors the "Casing" well's operational parameters, functioning as a 

producer with the same fluid flow rate and a minimum bottom hole pressure (BHP) of 

5900 kPa (Table 3.9). This design choice reflects averaged parameters from leading case 
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studies, optimizing the model for realistic simulation scenarios. The injector well's radius 

is defined at 0.076 m (Table 3.11). 

Fluid Dynamics: The injected fluid, freshwater, is characterized by specific properties 

including a temperature of 60ÁC, a steam quality of 0, and a pressure of 6875 kPa, ensuring 

compatibility with the geothermal reservoir conditions and the system's operational demands 

(Table 3.10). 

The following tables summarize the operational parameters and fluid characteristics 

within the PIP model: 

 

Table 3.9:   Operational Parameters for 'Casing' and 'Tubing' Wells 

Constraint Parameter 
"Casing" Well 

Value 

"Tubing" Well 

Value 

OPERATE 
STW surface water 

rate 

MAX 3000 

mį/day 

MAX 3000 

mį/day 

OPERATE 
BHP bottom hole 

pressure 
-  MIN 5900 kPa 

 

Table 3.10:   Fluid Injection Parameters 

Parameter Value 

Temperature 60 ÁC 

Steam Quality 0 

Pressure 6875 kPa 

 

These configurations and parameters lay the groundwork for a comprehensive simulation 

of the PIP model, aiming to accurately assess the thermal efficiency and operational viability of 

this innovative geothermal system design. 
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FlexWell Configuration and Implementation 

This section delineates the methodology employed to simulate the Pipe-in-Pipe (PIP) 

configuration using the FlexWell system, a crucial component in modeling the dynamic 

interactions within this complex geothermal well structure. 

Creation of Perforations for FlexWell 

Initially, the perforation intervals for the constructed wells are meticulously defined, with 

locations spanning from UBA (67,28,1) to (67,28,77). Specifically: 

¶ The "Casing" well is configured with all perforation intervals sealed, except for the final 

interval at K = 77, which remains open to facilitate fluid movement. 

¶ The " Tubing" well's last perforation interval, also at I = 76, is uniquely left open, 

ensuring unimpeded fluid dynamics within the intended path. This configuration 

elucidates how the "Casing" and "Tubing" serve as the structural periphery of the 

conceptual annular section, with the concentric tubing embodying the central tubular 

component. 

Following the establishment of perforations, the FlexWell feature is activated to integrate 

the wells into a cohesive model. The initial step involves selecting the "Casing" well, adopting 

default casing properties and setting a consistent diameter. 

 

Table 3.11:   Perforation-Related Well Radius Specifications 

Well Radius (m) 

Casing 0.14 

Tubing 0.076 

 

Subsequent steps incorporate the "Tubing" well through the "Add Tubing" option, 

aligning insulation properties with standard wall attributes. The "Tubing" well is similarly added, 
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necessitating the specification of isolation materials to achieve the intended thermal insulation 

efficiency. 

Table 3.12:   Casing and Insulation Parameters for Pipe Components 

Property 
Value (J/(mįĿÁC) or 

J/(mĿdayĿÁC)) 

Wall Heat Capacity 3.63e+06 

Wall Heat Conductivity 3.888e+06 

Insulation Heat Capacity 3,283 

Insulation Heat Conductivity 16,800 

 

The final modeling stage involves specifying well diameters to account for inner 

diameters, pipe thickness, tubing insulation, and cementation (Table 3.13). 

 

Table 3.13:   Well Wall Diameter Specifications 

Well 
Inner Diameter (ID) 

(m) 

Outer Diameter (OD) 

(m) 

Tubing 0.076 0.089 

Tubing Insulation 0.089 0.102 

Casing 0.14 0.152 

Cement (Annulus) 0.152 0.178 

 

Upon defining all necessary parameters within the FlexWell model, the simulation is fully 

equipped to represent the thermal and fluid dynamics of the Pipe-in-Pipe geothermal system 

configuration, paving the way for an in-depth analysis of its performance characteristics. 

E. Well Creation for EGS Model: 

The Enhanced Geothermal System (EGS) model is a forward-thinking approach in the 

field of geothermal energy, designed to amplify heat extraction by introducing engineered 

hydraulic fractures to increase reservoir permeability and create extensive pathways for heat 

transfer (Figure 3.6). 
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Figure 3.6:   EGS Well Model Description 

The EGS configuration employs a similar approach to well construction as seen in the U-

Shaped and PIP models but is uniquely tailored for the Enhanced Geothermal System to optimize 

geothermal energy extraction. This configuration includes: 

¶ Injector Well: Functions as the entry point for the working fluid into the geothermal 

system, designed to inject water at a specified rate and temperature to absorb heat from 

the surrounding rock. Its trajectory is meticulously planned within the reservoir grid, 

extending from UBA (47, 12, 1) at the surface to UBA (47, 12, 77) at the heel, and finally 

to UBA (47, 36, 77) to cover the horizontal section. The trajectory ensures accurate 

representation within the refined grid blocks, enhancing the simulation's fidelity. The 

injector well is specified with a maximum surface water rate of 3000 mį/day and a radius 

of 0.14 m. 

¶ Producer Well: The counterpart to the injector, this well is responsible for extracting the 

heated fluid from the geothermal reservoir. It follows a parallel trajectory to the injector 
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well, designed to efficiently capture and bring the heated fluid to the surface for energy 

production, extending from UBA (87, 12, 1) at the surface to UBA (87, 12, 77) at the 

heel, and finally to UBA (87, 36, 77). Similar operational parameters are applied to the 

producer well, with a focus on maximizing the retrieval of heated fluid. 

Fluid Dynamics: 

Freshwater serves as the working fluid, characterized by a temperature of 60ÁC, steam 

quality of 0, and a pressure of 6875 kPa. These properties are critical for ensuring the fluid's 

effective heat absorption and compatibility with the EGS operational demands. 

FlexWell Configuration for EGS: 

The FlexWell system is pivotal for accurately modeling the EGS configuration, 

facilitating the simulation of complex fluid and thermal interactions within the geothermal 

reservoir. Initial steps involve defining the perforation intervals for both the injector and 

producer wells, ensuring proper fluid flow and heat exchange: 

¶ Injector Well: All perforation intervals are configured along its trajectory, with 

specifications aligning with the grid blocks to ensure precise modeling of fluid injection. 

¶ Producer Well: Similarly, the producer well's perforations are strategically placed to 

optimize the extraction of heated fluid, mirroring the injector well's specifications for 

consistency. 

The FlexWell feature integrates these components into a cohesive simulation model, 

capturing the dynamic behavior of the EGS system. Well diameters are calculated based on the 

specified radii, ensuring accurate representation of the well structures within the simulation. 



57 

Operational Parameters: 

The operational parameters for the EGS model, including fluid injection conditions and 

well specifications, are summarized in tables similar to those provided for the PIP and U-Shaped 

configurations. These parameters lay the foundation for a comprehensive simulation of the EGS 

model, aiming to assess its thermal efficiency and operational viability in a high-temperature 

geothermal context. 

F. Enhanced Geothermal System (EGS) Inclined Model Description 

The Inclined version of the Enhanced Geothermal Open Loop model is a strategic 

adaptation within enhanced geothermal systems, employing a distinctive inclined configuration. 

This approach is not primarily driven by the aim to intensify heat extraction efficiency; instead, it 

emerges as a pragmatic solution to overcome technical drilling challenges encountered in 

accessing deep-seated geothermal resources.  

The inclined design facilitates drilling operations when vertical drilling is not feasible or 

poses significant risks, such as in areas with complex geological structures or where straight 

drilling paths are obstructed. 

Geometric Configuration 

In the EGS - Inc model, the wells penetrate vertically down to a true vertical depth of 

6100 meters, situating them within a high-temperature zone that promises an abundance of 

geothermal energy.  

Post reaching this depth, the wells extend horizontally for 1000 meters. This horizontal 

expanse, stationed at the bottom of the geothermal gradient, is designed to traverse through the 

hottest parts of the HDR formation, thereby ensuring maximum thermal interaction and energy 

transfer (Figure 3.7). 
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Figure 3.7:   Inclined EGS Well Model Description 

Well Configurations and Operational Parameters 

Mirroring the previous EGS model, this inclined system employs a maximum surface 

water rate of 3000 mį/day and injects water at 140°F (60°C). The choice of injection temperature 

is strategically set to optimize thermal uptake by the fluid while maintaining a fluidity that 

permits extensive circulation through the induced fractures. 

A key feature of the EGS - Inc model is the utilization of insulation in the production 

well to prevent heat loss. This aspect is crucial, given the extensive lateral reach of the wells at 

such profound depths, as it ensures that the thermal energy harnessed from the reservoir is not 

compromised on its journey to the surface. 

Hydraulic Fracturing and Reservoir Stimulation 

The model advocates for an aggressive reservoir stimulation strategy, incorporating 

multiple stages of hydraulic fracturing to enhance the permeability of the rock matrix. This 
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strategy is critical in creating an extensive network of interconnected fractures, which not only 

facilitates the flow of geothermal fluids but also significantly increases the effective surface area 

for heat exchange. 

3.2.8 Integration of Empirical Data and Theoretical Models 

In order to establish a robust foundation for our simulation models, we have 

systematically incorporated key parameters and findings from an array of seminal papers within 

the geothermal energy domain. These sources have been instrumental in shaping the theoretical 

and empirical underpinnings of our research: 

A. Thermal Parameters and Geothermal System Comparisons: 

Drawing on the work of Frash, Meng, and K C (2024), our simulation integrates 

critical thermal parameters such as the rock and cement thermal conductivities and specific 

heat capacities. These parameters are pivotal in modeling the thermal dynamics of the 

reservoir and the interaction between geothermal fluids and reservoir formations. 

Additionally, Frash et al.'s comparative analysis of various geothermal systems offers 

invaluable insights into optimizing our model's design and operational parameters to simulate 

advanced, enhanced, and caged geothermal systems effectively (Frash, Meng, and K C 

2024). 

B. Casing Material Properties:  

The research conducted by Won et al. (2016) provides essential data on the thermal 

and mechanical properties of casing materials, including specific heat capacity and thermal 

conductivity. These properties are crucial for accurately simulating the thermal and 

mechanical stability of geothermal wells, particularly in the context of the heat exchange 

processes and the integrity of well structures under operational stresses. 
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C. EGS Model Validation:  

The report by Norbeck and Latimer (2023) on the commercial-scale demonstration of 

enhanced geothermal systems (EGS) offers a real case scenario that serves as a benchmark 

for our simulations. Their report provides a proven framework for assessing the performance 

of EGS deployments, which we aim to further explore and adapt in the context of our 

research objectives. As shown in the figure below, our CMG model matches the data coming 

from Norbeck and Latimerôs study with a 3% deviation between the temperature obtained at 

the production well surface (Figure 3.8). This ensures that our model is working smoothly 

and can be utilized for modeling other EGS Scenarios.  

 

Figure 3.8:   Fervo vs CMG Model (Surface Temperature Comparison) 

To further demonstrate the model validation, both injection and production wells were 

evaluated and compared with the data obtained from Norbeck and Latimerôs work. Figure 3.9 

illustrates the different validation over temperature, pressure, and flow rate at surface conditions 
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for both injection and production wells. The models match very well and demonstrate that they 

can be further developed for our study. 

 

Figure 3.9:   Fervo vs CMG Model (Injection and production Wells Comparison) 

D. U-Shaped Model Validation:  

Incorporating Kaveh Amini's work within our institution (Amini, personal 

communication), our study seeks to validate and refine the U-shaped model concept for 

geothermal energy extraction. Amini's work, with its focus on innovative reservoir 

configurations and operational strategies, provides a critical reference point for our 

simulations, offering both a methodological guide and empirical data for enhancing our 

model's accuracy and effectiveness. Our CMG model aligns very well with Aminiôs results, 

showing only a 3% difference (Figure 3.10). 
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Figure 3.10:   Amini's Model vs CMG Model (Surface Temperature Comparison) 
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CHAPTER 4 

RESULTS 

This section provides a comprehensive analysis of the simulation results obtained from 

the study of different closed-loop geothermal well configurations over a simulation period of 80 

years. The models evaluated include U-Shaped Closed Loop Wells, V-Shaped Closed Loop 

Wells, Inclined V-Shaped Closed Loop Wells, Pipe-in-Pipe (PIP) Closed Loop Wells, Enhanced 

Geothermal System (EGS) Wells, and Inclined Enhanced Geothermal System (EGS) Wells. The 

primary metric for comparison is the temperature achieved after 20 years of operation, reflecting 

the system's efficiency in harnessing geothermal energy. 

4.1 Long-Term Performance Analysis of U-Shaped Geothermal Well Models 

4.1.1 Base Model 

The U-Shaped Closed Loop Wells model has shown good performance in extracting heat from 

the deepest formations of the Wattenberg formation reservoir model. As shown in Figure 4.1, the 

injected water takes advantage of all the heat trapped throughout the formation beds surrounding 

the injection and production wells. The greater contribution comes from the lateral well 

connecting the injection and production wells, where this lateral well absorbs heat from the 

highest reachable depth (6100 m) with the highest temperature recorded (300ÁC). The lateral 

section has increased contact between the wells and the targeted formation, making it an 

excellent configuration in Closed-loop systems. 
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Figure 4.1:   U-Shaped Closed Loop Wells Reservoir Model (After 80 years) 

After 20 years of simulation, the model exhibited a final temperature of 182ÁF (Figure 4.2). This 

temperature value will be examined relative to the injected fluidôs temperature (140ÁC) to 

facilitate a comprehensive interpretation of the amount of heat gained from these configurations. 

 
Figure 4.2:   U-Shaped (Base Model) ï Temperature (ÁF) vs Time (years) 
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In the evaluation of temperature profiles for the U-Shaped well model, the importance of 

depth becomes clear, particularly in how it influences temperature dissipation and gradients 

within the well. As shown in Figure 4.3, a slight decrease in temperature is observed at shallower 

depths adjacent to the surface. This can be attributed to the temperature gradient that exists 

within the earth's subsurface; despite the injected water having a temperature of 140ÁF, the 

temperature at these shallower depths falls slightly below the injection temperature due to cooler 

surrounding rock formations. As the well extends deeper into the subsurface, the temperature 

naturally increases according to the geothermal gradient, reflecting the expected increment in 

ambient temperatures with depth. 

This nuanced observation complements the overarching analysis of thermal dynamics in 

the U-Shaped model. It's evident that both the injection and production wells' temperature 

profiles intersect at bottom-hole depth, signifying a point where the heat extraction mechanism is 

optimized and there is uniformity in the bottom hole temperature of both wells. This confluence 

suggests an efficient heat transfer process, yet less facilitated through the casing walls rather than 

direct contact between the water and the reservoir formation. 

 

Figure 4.3:   U-Shaped (Base Model) ï Temperature Profile (ÁF) vs Depth (ft) 
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It is essential to point out that in our system, we only have water as the working fluid. 

The P-h Diagram for water up to 250 MPa shown in Figure 4.4 illustrates the thermodynamic 

properties of water under a variety of conditions, confirming that within our U-Shaped Model, 

the fluid remains in the liquid phase throughout the operational, which includes both injection 

and production surface as well as bottom hole scenarios. 

 

Figure 4.4:   U-Shaped (Base Model) ï P-h Diagram for Water up to 250 MPa 

The U-Shaped Closed Loop Wells model demonstrates solid baseline efficiency, 

attributed to its straightforward design which balances heat extraction with simplicity of 

construction and operational feasibility. Despite its simplicity, the U-shaped configuration 

effectively maintains high temperatures over extended periods while sustaining stable 
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temperature and pressure profiles across different formations. This suggests it is a reliable option 

for geothermal energy extraction (Figure 4.5). 

 

Figure 4.5:   Thermal and Pressure Dynamics in U-Shaped Well Systems: Profiles and Projections 

4.1.2 Fractured Models 

To simulate introducing a highly conductive material into the reservoir, the thermal 

conductivity of the reservoir water was artificially increased from 53,500 J/(mĿdayĿÁC) to 

6.48e+06 J/(mĿdayĿÁC). This increase in conductivity aims to mimic the effect of adding a 

material like copper to the reservoir, possibly through hydraulic fracturing. With the well 

perforations closed, this setup maintains a controlled environment, minimizing the increased 

reservoir conductivity's impact on the circulating water's temperature. This scenario represents 

intact well integrity, preventing exchange between the well water and the reservoir. 

When the well perforations are open, it signifies a potential for interaction between the 

well water and the reservoir, allowing the high conductivity of the reservoir water to more 

directly impact the well's thermal profile. The increased conductivity could facilitate more 

efficient heat transfer between the well water and the surrounding environment, leading to a 
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noticeable temperature rise in the model. After 20 years of simulation, the model exhibited a 

final temperature of 189ÁF (Figure 4.6). This temperature is analyzed relative to the injected 

fluidôs temperature (140ÁC) for a deeper understanding of the heat gained from these 

configurations. The inclusion of a highly conductive material in the reservoir has slightly 

influenced the thermal performance of the U-shaped closed loop wells system. 

 

A. U-Shaped Well (Fractures Closed with Highly Conductive Material) 

 
Figure 4.6:   U-Shaped (Fracked - Closed) ï Temperature (ÁF) vs Time (years) 

With perforations closed, the conductive material appears effective in evenly distributing 

heat, maintaining a nearly constant temperature with only a 3% deviation. This suggests that the 

closed fractures, combined with the conductive material, create a barrier to heat flux, thus 

preserving the well's temperature within a narrow range. This could be advantageous in 

applications where temperature stability is crucial over time. 

B. U-Shaped Well (Fractures Opened with Highly Conductive Material) 

Opening the perforations in the presence of highly conductive material shows a stark 

contrast in thermal behavior compared to the closed configuration. As illustrated in Figure 4.7, 
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the model exhibits a significant temperature increase, surging by about 23% to reach 

approximately 225ÁF.  

 
Figure 4.7:   U-Shaped (Fracked - Opened) ï Temperature (ÁF) vs Time (years) 

This substantial shift underscores the open fractures' influence on the system's thermal 

dynamics, where the enlarged contact surface and enhanced fluid movement bolster heat transfer 

processes. This can be particularly beneficial in operations requiring increased temperatures, 

suggesting that strategic management of fracture states can significantly alter heat distribution 

and could be utilized to augment processes such as thermal recovery in reservoirs. 

 

4.1.3 U-Shaped Wells Models Comparison 

In summary, introducing a highly conductive material into the reservoir shows a minimal 

impact on the U-shaped closed well system, maintaining a stable average temperature of 189ÁF 

over 20 years. In contrast, the opened fracture model reveals a notable temperature increase to an 

average of 225ÁF, indicating that open fractures significantly enhance heat transfer, which could 

be advantageous for thermal recovery processes (Figure 4.8). 
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Figure 4.8:   Temperature (ÁF) vs Time (years) ï U-Shaped (All Models) Comparison 

4.2 Long-Term Performance Analysis of Pipe-in-Pipe Geothermal Well Models 

The Pipe-in-Pipe Closed Loop Well model has demonstrated poor performance in 

extracting heat from the deepest formations of the Wattenberg formation reservoir model. As 

shown in Figure 4.9, the injected water ineffectively utilizes the heat trapped throughout the 

formation beds surrounding the injection well.  

This poor performance is attributed to the lack of a lateral well that significantly 

contributes to absorbing heat from the highest reachable depth (6100 m), with the highest 

temperature recorded (300ÁC). Moreover, the reduced space available for water flow within each 

well significantly affects performance. 

The design, where the production well is concentric within the injection well, also greatly 

diminishes heat transfer. Unlike the U-Shaped configuration, where the injection well can still 

access heat at shallower depths, the absence of a lateral section and the inner placement of the 

injection well in the Pipe-in-Pipe system substantially reduce the contact area between the wells 

and the targeted formation, resulting in a less effective configuration in Closed-loop systems. 
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Figure 4.9:   Pipe-in-Pipe Well Closed Loop Well Reservoir Model (After 80 years) 

After 20 years of simulation, this model exhibited a final temperature of 143ÁF (Figure 

4.10). This temperature value will be analyzed relative to the injected fluidôs temperature 

(140ÁC) to facilitate a thorough interpretation of the amount of heat gained from these 

configurations. 

 

Figure 4.10:   Pipe-in-Pipe Well ï Temperature (ÁF) vs Time (years) 
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Evaluating the temperature profile across different wells and depths is crucial to 

understanding where temperature dissipation occurs most and how the temperature increases 

from one well to another. As illustrated in Figure 4.11, a slight decrease in temperature is 

observed at shallower depths adjacent to the surface and the temperature profiles of both wells 

intersect at one point, demonstrating the Pipe-in-Pipe (PIP) model's mechanism for extracting 

heat, where there is no difference in the bottom hole temperature of either well. However, the 

temperature profile in the production well significantly illustrates the impact of the concentric 

tubing design on heat extraction, as it shows a lower temperature profile compared to the U-

Shaped model. 

 

Figure 4.11:   Pipe-in-Pipe Well ï Temperature Profile (ÁF) vs Depth (ft) 

In line with the working fluid strategy of our previous configuration, the Pipe-In-Pipe 

system exclusively utilizes water as the working fluid. The P-h Diagram for water up to 250 MPa 

(Figure 4.12) outlines the water's thermodynamic properties under various conditions and affirms 

that, within the Pipe-In-Pipe Model, the water remains in the liquid phase throughout all 

operational states. 
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Figure 4.12:   Pipe-In-Pipe Model ï P-h Diagram for Water up to 250 MPa 

The Pipe-in-Pipe (PIP) Closed Loop Well model exhibits weaker performance compared 

to the U-Shaped model, primarily due to the inherent challenges of its design, which include the 

potential for reduced heat exchange efficiency due to the double-pipe configuration. The results 

suggest that, although innovative, the PIP system may require further optimization to improve its 

thermal performance and compete with single-pipe configurations (Figure 4.13). 
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Figure 4.13:  Thermal and Pressure Dynamics in Pipe-in-Pipe Well Systems: Profiles and 

Projections 

4.3 Long-Term Performance Analysis of V-Shaped Geothermal Well Models 

The V-Shaped Closed Loop Wells model has demonstrated excellent performance in 

extracting heat from the deepest formations of the Wattenberg formation reservoir model. As 

shown in Figure 4.14, the injected water efficiently utilizes all the heat trapped throughout the 

formation beds surrounding the injection and production wells.  

The most significant contribution comes from the lateral well connecting the injection 

and production wells, where this lateral well absorbs heat from the highest reachable depth (6100 

m), with the highest temperature recorded (300ÁC). The increased lateral section, compared to 

the U-Shaped Base Model, has further enhanced the contact between the wells and the targeted 

formation, making it an excellent configuration in Closed-loop systems. 
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Figure 4.14:   V-Shaped Closed Loop Wells Reservoir Model (After 80 years) 

After 20 years of simulation, this model exhibited a final temperature of 185ÁF (Figure 

4.15). This temperature value will be analyzed in relation to the injected fluidôs temperature 

(140ÁC) to provide a clear interpretation of the amount of heat gained from these configurations. 

 

 

Figure 4.15:   V-Shaped Wells ï Temperature (ÁF) vs Time (years) 
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Evaluating the temperature profile across various wells at different depths is crucial for 

understanding where temperature dissipation primarily occurs and how the temperature increases 

from one well to another. As illustrated in Figure 4.16, a slight decrease in temperature is 

observed at shallower depths adjacent to the surface and the temperature profiles of both wells 

intersect at one point, demonstrating the efficiency of the V-Shaped model in extracting heat, 

with no significant difference in the bottom hole temperature of either well. This indicates that 

there is no direct contact between the water and the reservoir formation, thus all heat transfer 

occurs through the casing walls, a characteristic very similar to the U-Shaped configuration. 

 

 

Figure 4.16:   V-Shaped Wells ï Temperature Profile (ÁF) vs Depth (ft) 

Consistent with our previously discussed models, the V-Shaped system also exclusively 

uses water as the working fluid. The P-h Diagram for water up to 250 MPa (Figure 4.17) 

displays the water's thermodynamic properties and confirms that in the V-Shaped Model, water 

consistently stays in the liquid phase across all operational states. 
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Figure 4.17:   V-Shaped Model ï P-h Diagram for Water up to 250 MPa 

The V-Shaped Closed Loop Wells model exhibits solid baseline efficiency, with a slightly 

improved outcome compared to the U-Shaped model. The increase in temperature can be 

attributed to the V-shaped design's enhanced ability to access deeper geothermal reservoirs 

effectively, tapping into higher thermal gradients. The advantage of this design lies in its 

extended surface area in contact with the hot rock, facilitating more efficient heat transfer. The V-

shaped configuration is effective in maintaining high temperatures over an extended period while 

sustaining stable temperature and pressure profiles across different formations, indicating it is a 

reliable option for geothermal energy extraction (Figure 4.18). 
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Figure 4.18:   Thermal and Pressure Dynamics in V-Shaped Wells Systems: Profiles and 

Projections 

4.4 Long-Term Performance Analysis of Inclined V-Shaped Geothermal Well Models 

The Inclined V-Shaped Closed Loop Wells model has shown good performance in 

extracting heat from the deepest formations of the Wattenberg formation reservoir model, albeit 

with lower temperatures compared to the U-Shaped and V-Shaped models. As shown in Figure 

4.19, the injected water takes advantage of all the heat trapped throughout the formation beds 

surrounding the injection and production wells. However, the contribution from the lateral well 

connecting the injection and production wells is lower, where this lateral well absorbs heat from 

the highest reachable depth (6100 m), with the highest temperature recorded (300ÁC). Compared 

to the U-Shaped Base Model, the lateral section in this model has reduced the contact between 

the wells and the targeted formation at 6100 m, making it a less favored configuration in Closed-

loop systems. 



79 

 

Figure 4.19:   Inclined V-Shaped Closed Loop Wells Reservoir Model (After 80 years) 

After 20 years of simulation, this model exhibited a final temperature of 179ÁF (Figure 

4.20). This temperature value will be analyzed in relation to the injected fluidôs temperature 

(140ÁC) to provide a comprehensive interpretation of the amount of heat gained from these 

configurations. 

 

Figure 4.20:   Inclined V-Shaped Wells ï Temperature (ÁF) vs Time (years) 

Evaluating the temperature profile across various wells at different depths is crucial to 

understanding where temperature dissipation primarily occurs and how temperature increases 
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from one well to another. As illustrated in Figure 4.21, a slight decrease in temperature is 

observed at shallower depths adjacent to the surface and the temperature profiles of both wells 

intersect at one point, demonstrating the Inclined V-Shaped model's efficiency in extracting heat, 

with no significant difference in the bottom hole temperature of either well, akin to the U-Shape 

and V-Shape models.  

However, a disturbance in the temperature profiles in the wellbore area indicates an 

unsteady increase in temperature, attributable to the inclination of the wellbore configuration. 

This shows that the temperature across the wellbore area is not as stable as in other Closed-loop 

models. 

 

Figure 4.21:   Inclined V-Shaped Wells ï Temperature Profile (ÁF) vs Depth (ft) 

In line with the working fluid strategy of our previous configurations, the Inclined V-

Shaped system similarly relies on water as its sole operational medium. The accompanying P-h 

Diagram, up to pressures of 250 MPa (Figure 4.22), showcases the range of water's 

thermodynamic states and upholds that within the unique geometry of the Inclined V-Shaped 
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Model, the water is maintained in its liquid form throughout the entirety of the operational 

parameters. 

 

 

Figure 4.22:   Inclined V-Shaped Model ï P-h Diagram for Water up to 250 MPa 

The Inclined V-Shaped Closed Loop Wells model shows good baseline efficiency, albeit 

with a slightly regressed outcome. The temperature decrease compared to the U-Shaped and V-

Shape models can be attributed to the Inclined V-shaped design's less effective access to deeper 

geothermal reservoirs, resulting in lower thermal gradients.  

The inclination is designed to overcome drilling challenges, but it introduces 

complexities that marginally reduce thermal efficiency. This performance highlights the trade-
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offs in adjusting well configurations to address technical constraints, where the inclination may 

lead to increased thermal losses compared to vertical configurations.  

Although less effective in maintaining high temperatures over an extended period, the 

Inclined V-shaped configuration still provides stable temperature and pressure profiles across 

different formations, suggesting it is a reliable option for geothermal energy extraction (Figure 

4.23). 

 

Figure 4.23:   Thermal and Pressure Dynamics in V-Shaped Wells Systems: Profiles and 

Projections 

4.5 Long-Term Performance Analysis of EGS Well Models 

The Enhanced Geothermal System (EGS) Wells model has demonstrated remarkable 

performance in extracting heat from the deepest formations of the Wattenberg formation 

reservoir model. As shown in Figure 4.24, the injected water efficiently utilizes the heat trapped 

throughout the formation beds surrounding the injection and production wells, including the 

fractures induced by hydraulic fracturing.  


























































































































