
1

Copyright 

by 

Nina Jean Hebel 

2022 



2

The Thesis Committee for Nina Jean Hebel 
Certifies that this is the approved version of the following Thesis: 

Economic Impacts of Fracture Patterns in Geothermal Electricity 

Production  

APPROVED BY 

SUPERVISING COMMITTEE: 

Stephen E. Laubach, Supervisor 

Jon E. Olson 

Richard Chuchla 



 3 

Economic Impacts of Fracture Patterns in Geothermal Electricity 

Production 

 

by 

Nina Jean Hebel 

 

 

Thesis 

Presented to the Faculty of the Graduate School of  

The University of Texas at Austin 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

 

Master of Science in Energy and Earth Resources 

 

 

The University of Texas at Austin 

May 2022 
  



 4 

Acknowledgements 

 

Thank you to Steve Laubach for his guidance, insight, and feedback throughout the 

thesis process, and for teaching me more than I ever thought I could know about fractures 

and rocks! I’m extremely grateful for the opportunity to gather data in the field, and to be 

a part of a group that has been so supportive and welcoming. Additional thanks to Jon 

Olson for his help in kick starting the reservoir modeling process, and his patience in 

talking through assumptions and approaches.  

I am extremely grateful to Qiqi, Steph, Rodrigo, Mahmood, and Sara, who showed 

me how to navigate the outcrop, took the time to answer all of my little geology questions, 

and gave valuable feedback. 

My experience at the University of Texas has been further enriched by the various 

students, faculty and alumni that I’ve had the opportunity to get know through the 

Longhorn Energy Club and the Energy and Earth Resources program. I could not imagine 

a more passionate and intelligent group of people to learn with and from! 

Finally, thanks to my parents and my friends for supporting me patiently and 

lovingly  throughout the last two years. 

 

 



 5 

Abstract 

 

Economic Impacts of Fracture Patterns in Geothermal Electricity 

Production 

 

Nina Hebel, M.S. EER 

The University of Texas at Austin, 2022 

 

Supervisor:  Stephen E. Laubach 

 

Geothermal heat has the potential to provide low-carbon, renewable electricity that 

could replace baseload generation historically provided by fossil fuels like natural gas or 

coal. Sandstones that have experienced protracted or deep burial offer widespread targets 

in the U.S. and worldwide for geothermal development, even where produced water is 

below 150 °C. Many sandstones produce gas or water with high effective well-test 

permeability. These responses likely reflect the effect of open fractures on permeability. 

Fractures are difficult to characterize in the subsurface. I used outcrop fractures that are 

analogs to those in the subsurface to provide insight into fracture network characteristics. 

I mapped fracture spacing in outcrops of Cambrian Potsdam sandstone, a unit in New York 

that is targeted for geothermal heat production. Guided by my outcrop data and other 

examples from the literature, I investigated the potential economic effects of pre-existing 

fracture networks by simulating production temperature for reservoirs with a range of 

fracture geometries using CMG STARS, a thermal compositional reservoir simulator. I 

used resultant temperature production profiles as input into techno-economic simulations 
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to observe the magnitude of effects on annual electricity generation and levelized cost of 

electricity (LCOE). Results show that permeability is a key factor and that highly 

interconnected fractures can significantly delay thermal breakthrough, leading to improved 

reservoir economics compared with less interconnected fractures that might still 

sufficiently enhance permeability. In my field example, the connectivity of an initially 

favorable network was reduced by quartz cement deposits in narrow fracture connections, 

showing that protracted thermal exposure can degrade fracture permeability and limit 

geothermal production potential. While it is impossible to eliminate uncertainty regarding 

subsurface fracture characteristics, site-specific core observations can partly discriminate 

favorable and unfavorable targets. 



 7 

Table of Contents 

List of Tables .......................................................................................................................9 

List of Figures ....................................................................................................................10 

Chapter 1: Introduction ......................................................................................................15 

Chapter 2: Geothermal Background ..................................................................................19 

Decarbonization of the Energy System ....................................................................19 

Geothermal Energy ...................................................................................................20 

Enhanced Geothermal Systems (EGS) .....................................................................23 

Barriers for EGS Deployment .......................................................................24 

Sedimentary EGS ..........................................................................................24 

Treatment of Natural Fractures in Geothermal Modeling ........................................25 

Chapter 3: Geological Motivation .....................................................................................28 

Simplified Models Motivated by Geologic Observations ........................................28 

Fractures in Sandstone ..................................................................................28 

Examples from basal Cambrian sandstones, North America (Laurentia) ................29 

Potsdam Example .....................................................................................................34 

Potsdam Outcrop Geologic Setting ...............................................................34 

Basement Geology ...............................................................................34 

Potsdam Formation geology ................................................................34 

Data Collection at the Potsdam .....................................................................41 

Potsdam/Mohawk outcrop fracture pattern ...................................................44 

Summary and Extrapolation of Outcrop Findings ....................................................46 



 8 

Chapter 4: Thermal and Economic Analysis .....................................................................49 

Geothermal Reservoir Simulation ............................................................................49 

Numerical Model Verification ......................................................................51 

Simulated Fracture  Networks ......................................................................56 

Techno-economic Model ..........................................................................................62 

Chapter 5: Model Results...................................................................................................67 

Geothermal Reservoir Simulation results .................................................................67 

Techno-economic Simulation results........................................................................71 

Chapter 6: Discussion of Results .......................................................................................75 

Results from Reservoir Simulations .........................................................................75 

Effect of Partial Fracture Closure by Quartz Deposits .................................78 

Effect of Flow Rate .......................................................................................82 

Results from Techno-economic Simulations ............................................................83 

Implications for the Geothermal Development of the potsdam ................................86 

Chapter 7: Conclusions ......................................................................................................89 

References ..........................................................................................................................91 



 9 

List of Tables 

Table 3-1:  Fracture network characteristics observed at outcrops of correlative 

shallow marine Cambrian sandstones ...........................................................30 

Table 3-2: Brief summary of fracture sets observed by Laubach and Diaz-Tushman 

(2009), where A is the oldest set and E is the youngest ...............................32 

Table 4-1: CMG reservoir simulation parameters .............................................................51 

Table 4-2: Parameters for Numerical and Analytical Solutions ........................................53 

Table 4-3: Summary of permeability inputs for reservoir simulations ..............................60 

Table 4-4: Summary of permeability input data for fracture patterns with emergent 

threshold of 0.3mm .......................................................................................62 

Table 5-1: Summary of Results of Techno-Economic Simulation ....................................73 



 10 

List of Figures 

Figure 1-1: Location of shallow marine Cambrian sandstone outcrops referenced in 

this study – Flathead in WY, Potsdam in NY, Eriboll in Scotland; also 

includes locations of key Cambrian sandstone geothermal targets: 

Cornell University Borehole Observatory (CUBO) project targeting 

Potsdam for geothermal heating in Ithaca, NY, (Jordan et al., 2021),  and 

Deep Earth Energy Production (DEEP) geothermal project targeting 

Deadwood for electricity generation in Saskatchewan, Canada (Somma 

et al., 2021) ...................................................................................................18 

Figure 2-1: Heat flow map of the United States, created by SMU Geothermal 

Laboratory (Blackwell et al., 2011). The black circles indicate the 

approximate locations of the DEEP  and CUBO geothermal projects, as 

shown in Fig. 1-1. .........................................................................................22 

Figure 2-2: Status of geothermal electricity generation by state, based on data in 

Robins et al., 2021 ........................................................................................22 



 11 

Figure 3-1: Schematic showing the proposed tectonic evolution for the Adirondack 

region. Abbreviations: ALT = Adirondack Lowlands terrane, AHT = 

Adirondack Highlands terrane, BSZ = Bancroft shear zone,  CCZ = 

Carthage-Colton shear zone, CGB = Central gneiss belt, CMB = Central 

metasedimentary belt,  CGB = Central gneiss belt, E = Elzevir terrane, 

EASV = Eastern Adirondack shear zone, F = Frontenac terrane,  GMT = 

Green Mountains terrane, HSG = Hyde School Gneiss, MSZ = Maberly 

Shear Zone, OPH = Pyrite Ophiolite Complex, RLSZ = Robertson Lake 

Shear Zone, TAB = Trans-Adirondack basin. Figure adapted from 

McLelland et al., 2016. .................................................................................36 

Figure 3-2: Map showing locations of Potsdam outcrops discussed in this work; 

Brunel Road and Mohawk outcrop, where fracture data and hand 

samples were collected, and Ausable chasm, which offers cross-

sectional views of fracture patterns ...............................................................39 

Figure 3-3: Exposure at Ausable Chasm, gives cross-sectional view of subvertical 

fractures (N striking set visible here) and bed-parallel fractures. Width of 

the image is about 10 m. ...............................................................................40 

Figure 3-4: Aerial image taken by drone of Mohawk outcrop of Potsdam sandstone. 

Beds are close to horizontal. Fracture traces are visible as fain dark lines 

parallel to the yellow NNW-trending line. Yellow line denotes 

placement of NNW scanline, and red line denotes placement of ENE 

scanline. Image by Rodrigo Correa. .............................................................42 



 12 

Figure 3-5: Aerial image of the Brunel Road pavement used for fracture data 

collection from 20 m height, with positions of scanlines labeled. Traces 

of Set A and Set C fractures are visible as dark linear features. Image by 

Rodrigo Correa..............................................................................................43 

Figure 3-6: Color CL image of quartz-lined open NNW-striking fracture from hand 

sample taken at Brunel Road outcrop. Dark blue regions are euhedral 

quartz overgrowths along fracture surface. Green area is porosity. The 

width of this fracture is uncertain because the fracture occurs on the 

edge of the sample. Imaging by Sara Elliott. ................................................45 

Figure 3-7: Upper image is aerial image of  pavement at Mohawk outcrop from a 

height of about 30 m. Bottom image is inset from upper image. Image is 

a 3D rendering from an iPhone, with trace overlay showing fracture 

traces observed at outcrop. Red lines in inset are Set A fracture traces, 

yellow lines Set C fractures. Note abutments of Set C on Set A. Width of 

inset is 2 meters. Traces that appear continuous at 30 m and visible as 

separate traces along at closer scale. .............................................................46 

Figure 4-1: Plan view of the reservoir simulation, where the two green lines represent 

the horizontal injection (R) and production (L) wells ..................................50 

Figure 4-2: Schematic showing heat transfer `in a single fracture ....................................52 

Figure 4-3: Comparison of numerical and analytical solutions for temperature at x = 

300 meters in a  single fracture model ..........................................................55 

Figure 4-4: Percentage error between analytical and numerical solutions for single 

fracture model ...............................................................................................55 

Figure 4-5: Fracture trace images of patterns used in reservoir model (adapted from 

Olson et al., 2007) .........................................................................................57 



 13 

Figure 4-6: Fracture trace image from Mohawk outcrop (trace map by Rodrigo 

Correa) with 5 x 5 m grid overlain. Two of the 5 x 5 m squares are 

shown to the right. Both show long, closely-spaced fractures striking 

WNW, with a second set of shorter, less closely spaced perpendicular 

fractures. Based on outcrop shown in Fig 3-4. .............................................58 

Figure 4-7: Aperture distributions for fracture traces, where diameter of black circle 

scale is 2 x 10-3 mm (adapted from Olson et al., 2007) .................................59 

Figure 4-8: Illustration of changes in permeability and fracture porosity due to cement 

accumulation for a specific fracture pattern and aperture distribution 

(adapted from Olson et al., 2010) .................................................................61 

Figure 4-9: Overview of the GEOPHIRES simulation, steps performed by internal 

mechanisms are in dashed box ......................................................................64 

Figure 5-1: Production temperature profiles for isotropic cases ........................................67 

Figure 5-2: Production temperature profiles for anisotropic cases with primary 

fracture set parallel to flow path between wells ............................................68 

Figure 5-3: Production temperature profile for anisotropic cases with primary fracture 

set perpendicular to flow path between wells ...............................................69 

Figure 5-4: Production temperature profiles for parallel fracture cases ............................70 

Figure 5-5: Sample of flow rate over time for parallel fracture case with fractures 

oriented perpendicular to flow between wells ..............................................71 

Figure 6–1: Comparison of production temperature profiles for anisotropic cases ...........76 

Figure 6-2: Comparison of production temperature profiles for interconnected 

fracture cases .................................................................................................77 



 14 

Figure 6-3: Plan view of the temperature in the reservoir at various simulation times, 

where the temperature is measured in degrees Celsius, and t is the time 

in years ..........................................................................................................78 

Figure 6-4: Production temperature profile comparison of anisotropic case with 

cementation and parallel fracture case without cement ................................80 

Figure 6-5: Effects of cementation on isotropic cases, where dashed lines represent 

cases with an emergent threshold of 0.3 mm ................................................82 

Figure 6-6: Effect of flow rate in anisotropic case where higher permeability is 

perpendicular to flow between wells ............................................................83 

Figure 6-7: Levelized Cost of Electricity (LCOE) ranges for different fracture 

patterns ..........................................................................................................86 

 



 15 

Chapter 1: Introduction 

There is a need for rapid renewable energy development to meet emissions targets 

set by countries and local governments across the world (Hao and Shao, 2021). Therefore, 

the effective use of renewable energy sources including geothermal is of worldwide interest 

(Geovision, 2019). Geothermal has the potential to play a particularly important role in the 

energy transition, because it has the distinction of being able to provide baseload power 

generation (Thorsteinsson et al., 2008). Other utility-scale renewables, specifically wind 

and solar, generate power intermittently as a function of the availability of fuel. While 

commercial geothermal technology is relatively well established, conventional geothermal 

power production requires high temperature hydrothermal or magmatic resources (Tester 

et al., 2007).  

Traditional geothermal resources are typical geographically constrained to areas 

with specific tectonic regimes, such as rifts, island arcs, and subduction boundaries, but the 

thermal potential of the subsurface is such that, at great enough depths, sufficient heat for 

geothermal utilization is available everywhere/(Blackwell et al., 2011). To utilize 

nonconventional geothermal resources, Engineered Geothermal Systems (EGS) use 

hydraulic fracturing and other methods of reservoir stimulation to optimize subsurface fluid 

flow and thermal extraction efficiency (e.g., Ghassemi, 2012). 

Long-term effective heat transfer is crucial for successful commercial deployment 

of EGS (e.g., Anderson and Rezaie, 2019). One of the major barriers for implementing 

EGS is economic feasibility. Global EGS technical potential is significantly reduced by 

economic constraints, especially due to the rapidly decreasing costs of other utility-scale 

renewables (Aghahosseini and Breyer, 2020). To recover all of the upfront investment 

costs and ongoing operational and maintenance expenses, EGS must operate efficiently 
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over payback periods that often span decades (Daniilidis et al., 2017). Minimizing 

geological uncertainty surrounding geothermal systems will help to offset the financial 

risks associated with exploration and resource potential assessments. 

 To properly utilize the available heat in the subsurface, it is important to have a 

better understanding of the subsurface characteristics that govern geothermal system 

productivity. In geothermal energy production, fluid flow plays a fundamental role in the 

heat extraction performance of the system (Barbier, 2002). Even small or difficult to detect 

fractures can have significant effects on subsurface fluid flow (Laubach et al., 2019). Pre-

existing networks of opening-mode fractures can affect the development of stimulation 

fractures (e.g., Lee et al., 2018), helping to create large surface areas along fluid flow 

pathways that will improve effective sustained heat transfer. Previous work on simulation 

and prediction of EGS systems has acknowledged the significant impact of fracture 

characteristics on performance, but this work is typically focused on optimization of the 

engineered fractures (e.g., Liu et al., 2021). Few of these models incorporate information 

about pre-existing natural fracture networks. However, there is significant experience and 

ongoing research which considers the interaction of natural and induced fractures in shale 

oil and gas development. There is an array of challenges that make it difficult to measure 

pre-existing fracture networks, including inherent limitations of subsurface data acquisition 

(Laubach et al., 2019). Even the range of patterns likely to exist in target units is usually 

unknown.  

Here I use new and existing outcrop studies of rocks that are targets for geothermal 

development to assess natural opening-mode fracture attributes and incorporate 

representative fracture spacing and host rock porosity values into heat exchange 

simulations to assess geothermal productivity. Results allow evaluation of the impacts of 

fracture networks on the economics of certain low-enthalpy geothermal targets. My study 
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addresses a major challenge for subsurface fracture characterization, namely practical 

constraints on subsurface data acquisition. While there are many fracture patterns in 

outcrops that are unrepresentative of the subsurface due to the presence of fractures that 

formed as the result of near-surface processes, my analysis uses fracture petrology criteria 

to identify outcrop patterns that can serve as good analogs for subsurface conditions (e.g., 

Ukar et al. 2019). Outcrop patterns that can be shown to be good analogs for subsurface 

conditions can provide useful guidance on key fracture attributes such as spatial 

arrangement. By comparing fracture spacing attributes from three outcrop analogs, I can 

analyze the impact that this attribute may have on the geothermal productivity in low-

porosity sandstone. 

Specifically, I use new and existing fracture trace maps and fracture descriptions 

from Cambrian shallow marine sandstones of North America, shown in Figure 1-1, to 

quantify the number of fracture sets and range of fracture strikes, length distribution, spatial 

arrangement (clustering), and connectivity. Then I use existing representative fracture 

patterns that have been assessed for effective permeability and incorporate those 

permeability values into a geothermal reservoir simulation. These models use parameters 

based on empirical values for sandstones. The resulting geofluid production temperature 

profiles can then be integrated into a techno-economic model to analyze the sensitivity of 

profitability to natural fracture patterns in low-porosity sandstone. 
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Figure 1-1: Location of shallow marine Cambrian sandstone outcrops referenced in this 
study – Flathead in WY, Potsdam in NY, Eriboll in Scotland; also includes 
locations of key Cambrian sandstone geothermal targets: Cornell University 
Borehole Observatory (CUBO) project targeting Potsdam for geothermal 
heating in Ithaca, NY, (Jordan et al., 2021),  and Deep Earth Energy 
Production (DEEP) geothermal project targeting Deadwood for electricity 
generation in Saskatchewan, Canada (Somma et al., 2021) 
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Chapter 2: Geothermal Background 

This chapter begins with a brief discussion of the need for decarbonization within 

the energy system. Next, I provide a broad overview of geothermal energy and its 

advantages compared to other forms of generation, explain the distinction between 

conventional geothermal systems and enhanced or engineered geothermal systems (EGS) 

and describe some of the obstacles for widespread EGS deployment. Finally, I review some 

of the previous work on characterization of naturally fractured reservoirs in the context of 

geothermal heat extraction. 

DECARBONIZATION OF THE ENERGY SYSTEM 

The adoption of the Paris Agreement in 2015 signaled a growing international 

consensus on the urgent need to act on climate change. Electricity and heat production 

account for approximately one quarter of global greenhouse gas emissions (Victor et al., 

2014). While demand for electricity actually decreased in 2020 due to covid, the 

International Energy Agency (2021) predicts significant growth in demand over the next 

decade. This growth is expected to be driven primarily by increased electrification, 

especially in developing economies and emerging markets (IEA, 2021). Decarbonization 

of the electric sector is therefore a key component of plans to mitigate global emissions 

and limit warming.  

Successful decarbonization of the electric sector will likely require a variety of 

measures, including improvements to energy efficiency, carbon capture and storage, and 

increased penetration of renewable generation sources. Geothermal energy currently makes 

up less than 1% of total global electricity generation, but with focused investment and 

improved technology, it could still play an important role in the development of a more 

sustainable electric sector (IEA, 2021; GeoVision, 2019).  
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GEOTHERMAL ENERGY 

Geothermal energy refers to the thermal energy contained in the Earth’s crust. 

Within the crust, thermal energy is distributed between constituent host rock and the fluids 

contained within that host rock (Tester et al., 2007). There are two primary processes that 

generate heat in the crust: convection and conduction from the Earth’s mantle and core, 

and the decay of radioactive elements within the crust (Tester et al., 2007). Thermal energy 

is extracted from the rock through convective heat transfer in porous or fractured rock and 

conduction through the rock (Tester et al., 2007). The geothermal energy can be mined by 

extracting heated geofluids from the crust. Once at the surface, the heat can be used directly 

or converted into electricity using some form of power conversion technology.  

Geothermal energy is considered to be a form of renewable energy. Geothermal 

systems, after being thermally depleted, can recover at least partially on timescales of 

several decades (Pritchett, 1998). The lifetime of a reservoir can be further improved by 

proper management of production (Rybach and Mongillo, 2006). Even if depleted, 

expected timescales for renewal of geothermal heat are several orders of magnitude shorter 

than the geologic timescales required for replenishment of fossil fuel reserves (Pritchett, 

1998). 

Geothermal power production is comparable to other forms of renewable energy in 

terms of GHG emissions and other environmental impacts (Menberg et al., 2016). One 

unique advantage of geothermal power is that it can be produced continuously and treated 

as dispatchable or baseload generation. In contrast, solar and wind generation is 

intermittent, as it is dictated by the availability of fuel (sun and wind, respectively). This 

means that for solar and wind generation to fully displace more carbon intensive baseload 

generation, there must be extensive implementation of energy storage systems. Other low-

carbon options that can potentially replace fossil-fuel baseload generation in a transitioning 
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energy system are concentrated solar power (CSP) and nuclear, but these technologies face 

their own social and economic barriers to implementation (Pearce, 2012; Apra et al., 2021). 

Another advantage of geothermal power production is its small footprint, especially in 

comparison to utility-scale solar and wind installations (Tester et al., 2007).  

The geothermal resource can be viewed as a multi-dimensional continuum, where 

the grade of a resource is dependent upon geothermal gradient, reservoir permeability and 

porosity, and fluid saturation (Tester et al., 2007). There are two broad categories of 

geothermal energy systems: conventional geothermal systems and enhanced or engineered 

geothermal systems. The categorization of the resource varies based on both the qualities 

of the reservoir and the intended end-use (GeoVision, 2019). For electric power production, 

conventional geothermal systems typically utilize high-grade hydrothermal resources, 

which have high average geothermal gradients (from 60 to 100°C/km), high reservoir 

permeability and porosity (ca. 10,000 md), and the presence of fluid (Kumari and Ranjith, 

2019).  

Since heat flow varies locally throughout the crust, these high-grade hydrothermal 

resources are limited to specific geological settings, and therefore have an uneven 

geographic distribution. Figure 2-1 is a heat flow map of the United States, which shows 

the wide variation in heat flow across the country. High heat flow is present through most 

of the western half of the country, while the eastern states are characterized by generally 

low heat flow, with localized regions of higher heat flow (Blackwell et al., 2011). In the 

United States, which has the highest cumulative installed geothermal capacity of any 

country in the world, commercial geothermal power production is limited to ten states, all 

on the western side of the country as shown in Figure 2-2, where crustal heat flow tends to 

be higher (Robins et al., 2021; Tester et al., 2007). 
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Figure 2-1: Heat flow map of the United States, created by SMU Geothermal Laboratory 
(Blackwell et al., 2011). The black circles indicate the approximate locations 

of the DEEP  and CUBO geothermal projects, as well as the Cambrian 
sandstone outcrops in Wyoming and upstate NY, as shown in Fig. 1-1. 

 

Figure 2-2: Status of geothermal electricity generation by state, based on data in Robins 
et al., 2021 
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ENHANCED GEOTHERMAL SYSTEMS (EGS) 

The resources used for enhanced geothermal systems (EGS) all lack at least one of 

the key elements present in high-grade resources. The broad categorization of EGS 

encompasses a variety of different resources, including resources which have low 

permeability/connectivity or lack naturally contained fluids (Tester et al., 2007). The 

objective of EGS is to recover thermal energy by artificially simulating high-grade 

hydrothermal resources using various techniques, such as enhancing connectivity by using 

hydraulic fractures, injecting fluid into hot dry rock (HDR), or using alternative circulating 

fluids to utilize lower temperature systems (Tester et al., 2007). 

Temperatures sufficient for EGS power production, typically between 150-200°C, 

are widely available, especially at high depths (e.g., Tester et al., 2007; Aghahosseini and 

Breyer, 2020). Assessments indicate that in the United States, the available energy in EGS 

resources greatly exceeds annual primary consumption (Tester et al., 2007). The largest 

portion of this resource is contained in large, conduction-dominated basement and 

sedimentary rock formations (Tester et al., 2007).  

Sedimentary basins have some advantages over conventional geothermal systems, 

including that they are typically easier to target and drill, and they are more likely to be 

located in close proximity to population centers (Robins et al., 2021), and many contain 

wells drilled for oil and gas exploration and development that provide insights into 

subsurface geology and thus reduce geothermal exploration risk. However, the 

permeability required for sustainable energy production, on the magnitude of 100 md, 

(Augustine, 2014) is at the high end of the range typically found in sedimentary formations, 

and the temperatures required for power production require deeper drilling than most 

conventional resources (Robins et al., 2021).  
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Barriers for EGS Deployment 

One challenge for EGS is a degree of public concern regarding the potential for 

induced seismicity as a response to hydraulic stimulation (Aghahosseini and Breyer, 2020). 

Another of the challenges for widespread deployment of EGS technology is the capital-

intensive nature of geothermal investments (Tester et al., 2007). The capital costs involved 

in geothermal development are similar to those associated with oil and gas drilling projects. 

Geothermal project financing is largely dependent on the stage of project feasibility; 

greenfield development, especially for a technology that is commercially unproven like 

EGS, is perceived to carry particularly high risk (Wall et al., 2017).  

In order to address the economic barriers, reducing uncertainty in early phases of 

project development without incurring excessive exploration costs is key. For example, if 

early EGS development attempts to target formations that already have readily available 

subsurface data, then upfront drilling and exploration costs can be reduced. In addition, 

researchers assign a higher likelihood of success in drilling to EGS projects compared to 

conventional geothermal (Beckers and McCabe, 2019). The geological settings of 

conventional reservoirs often involve overlying rock that is hard, abrasive, and difficult to 

drill, so the greater lithological range associated with EGS reservoirs may lend itself to 

more favorable drilling conditions (Polsky et al., 2008). Once EGS technology has 

achieved commercial success, it is possible that both the costs of the technology and the 

perception of risk for investors will decrease. 

Sedimentary EGS 

There have been a number of studies, especially in recent years, evaluating different 

sedimentary formations as potential targets for EGS. Augustine and Zerpa (2017) study the 

feasibility of power production in sedimentary geothermal reservoirs across a series of 
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potential permeability ranges and well configurations, using the  geological attributes of 

the Permian Lyons Sandstone in the Denver Basin. They identify that the permeability of 

the reservoir is the key component in obtaining the necessary flow rates for electricity 

generation, and that intermediate permeability reservoirs (on the order of 10 md) may make 

good candidates for stimulation and production optimization.  

Studies on EGS targets integrate different forms of data in order to assess 

geothermal potential. Hartig (2018) uses geostatistical techniques to interpolate depth, 

porosity, geothermal gradient, heat flow, and temperature to use as inputs for reservoir 

simulation of the Red River Formation in the Williston Basin. In their study of the Western 

Canada Sedimentary Basin, Ferguson and Ufondu (2017) use hydraulic data and estimated 

temperatures to analyze geothermal potential. Boersma et al. (2021) combine well, seismic 

and numerical data to investigate the potential of tight Triassic sandstones in the West 

Netherlands Basin and posit that natural fractures might significantly enhance permeability 

to make geothermal development feasible.  

TREATMENT OF NATURAL FRACTURES IN GEOTHERMAL MODELING 

There is a consensus among researchers that characterization of natural or pre-

existing fracture networks can yield important insights when evaluating potential EGS 

reservoir performance (e.g., Laubach et al., 2019). Much of the existing literature regarding 

the influence of natural fracture networks is in the context of designing or optimizing 

hydraulic treatments. Gan and Elsworth (2016) model discrete fracture networks in their 

design of an optimal stimulation and production strategy and find that the orientation of 

the dominant fracture set and the fracture density have significant impacts on the 

effectiveness of hydraulic stimulation regimes. Their study incorporates the effects of 

fracture network geometries by comparing the performance of discrete fracture networks 
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with two sets of fractures at 75- and 115-degree angles (Gan and Elsworth, 2016). Cao et 

al. (2022) study the influence of pre-existing fracture networks on hydraulic fracture 

propagation, including the effects on propagation direction and resulting size distributions. 

While information regarding the stress state within the reservoir, such as the direction of 

the maximum stresses within the reservoir, can help understand the direction of hydraulic 

fracture propagation, geological evidence indicates that the orientation of open natural 

fractures is likely not impacted by the stress state (Laubach et al., 2004).   

The characteristics of a complex fracture network affect the way in which the 

reservoir is simulated. The fractures can be modeled explicitly, as in a discrete fracture 

network model, or the reservoir can be treated as a continuous porous media (Zeng et al., 

2013). There are multiple approaches to modeling fractured porous media, including the 

dual-porosity method, the dual-permeability method, the multiple interacting continua 

(MINC) method, and the effective continuum method (ECM) (Zeng et al., 2013). Kalinina 

et al. (2014) propose a fractured continuum model (FCM) to map fracture network 

properties such as aperture, fracture spacing, strike, and dip onto a continuum model grid 

by generating 3-dimensional permeability fields. They apply their method to stochastically 

simulate reservoirs based on fracture network characteristics for granites found in literature 

and find that the heat extraction performance of reservoirs is primarily influenced by 

vertical anisotropy, with improved heat extraction in the case of horizontal fractures 

(Kalinina et al., 2014). Their analysis does not explore the effects of different sub-vertical 

fracture distributions and orientations. Hadgu et al. (2016) also apply the FCM approach 

and reinforce the finding that horizontal wells eliminate most of the thermal performance 

issues associated with vertical fractures.  

While equivalent continuum methods are commonly applied to represent fracture 

permeability (e.g., Hadgu et al., 2016; Zeng et al., 2013), Shaik et al. (2011) make the case 
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that treatment of fracture networks as an effective continuum leads to underestimation of 

production temperatures, but the effect is largely due to the sharp contrast between rock 

and fluid temperatures. In lower-enthalpy systems, the difference may be less exaggerated. 
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Chapter 3: Geological Motivation 

In this chapter, I review the geological motivation for this work. I open with a brief 

discussion of fractures in sandstones and then present a concise summary of the geological 

history and fracture network characteristics of outcrops from two shallow marine Cambrian 

sandstones. These two sandstones are correlative units for the Potsdam sandstone in upstate 

New York, which is being targeted for potential geothermal development. Next, I describe 

the geologic history of the Potsdam, and describe fracture network characteristics observed 

at Potsdam sandstone pavements near Altona, New York.  

SIMPLIFIED MODELS MOTIVATED BY GEOLOGIC OBSERVATIONS 

Thermal modeling of fluid flow in fractures (Chapter 4) involves necessary 

simplifications. The modeled patterns I used are motivated by, but simplified from, natural 

examples and geomechanical mode simulations. Here I review the natural examples that 

are the basis for the models. 

Fractures in Sandstone 

Characterization of naturally fractured reservoirs is an ongoing challenge in 

geoscience. Predicting natural fracture flow in sandstones, in particular, requires 

descriptions of natural systems and an understanding of the mechanisms that contribute to 

fracture growth and aperture preservation (Olson et al., 2009). Work by Philip et al. (2005) 

found that the effective permeability for low-strain fracture patterns can be considerable, 

but since flow depends on both the fractures and host rock porosity, as flow between 

fractures uses paths through the host rock matrix, these permeabilities may also be 

significantly reduced by diagenetic modifications to host sandstones (Lander and 

Walderhaug, 1999) and fractures (Laubach, 2003; Olson et al., 2009). 
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Sandstones are widespread in the deepest strata in the Paleozoic sedimentary 

sequence in North America, including beds that directly overly basement rocks. These 

rocks are likely to have higher ambient temperatures than shallower rocks. Sandstones are 

prime targets for experimental wells in the eastern United States (Jordan et al., 2020), and 

already serve as  unconventional geothermal targets in areas east of the Rocky Mountains, 

in the case of the Cambrian Deadwood formation on the border of  North Dakota and 

Saskatchewan (Somma et al., 2021). Fractures in sandstone are a reasonable choice for a 

geologic guide for modeling geothermal targets in the central and eastern U.S.  

EXAMPLES FROM BASAL CAMBRIAN SANDSTONES, NORTH AMERICA (LAURENTIA) 

Laurentia comprises the ancient crystalline rocks (craton) that form the core of 

North America. Owing to its plate tectonic history, some parts of Laurentia (the North 

American craton and its Paleozoic cover) are now widely separated, including fragments 

in northwestern Scotland (Hebridean terrane) and in Argentina (e.g., Hoffman, 1991). 

Cambrian sandstones are the deepest strata in the Paleozoic strata overlying the crystalline 

rocks of Laurentia and are present from eastern New York to the Rocky Mountains and 

from the edge of Paleozoic outcrop in the north to truncation or modification by (partly) 

buried orogenic belts to the south. Cambrian sandstones are the target of the Deep Earth 

Energy Production (DEEP) geothermal facility in Saskatchewan (Cambrian Deadwood 

sandstone, Somma et al., 2021) and the Cornell University Borehole Observatory (CUBO) 

geothermal experiment near Ithaca, New York (Potsdam sandstone, Jordan et al., 2020) 

(Fig. 1-1). 

My simplified fracture patterns are informed by work in progress on fractures in 

sandstones in various parts of Laurentia. These include studies underway in Wyoming 

(Flathead sandstone, Forstner et al., 2018), and new work on the Potsdam sandstone in 
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eastern New York (this study), as well as examples from northwest Scotland (Laubach and 

Diaz-Tushman, 2009; Hooker et al., 2011) and Argentina (Hooker et al., 2013). These basal 

Cambrian sandstone outcrops represent a range of burial histories and structural settings in 

Laurentia. 

The following paragraphs briefly summarize the geologic backgrounds and fracture 

network characteristics of the surveyed Cambrian sandstones. The correlative sandstones 

from across Laurentia vary in host rock porosity, fracture porosity, and fracture patterns. 

Table 3-1 summarizes some of the key characteristics for each of the units.  

 

 

Table 3-1:  Fracture network characteristics observed at outcrops of correlative shallow 
marine Cambrian sandstones 

The Eriboll sandstone is the lowermost Cambrian unit in the Cambro-Ordovician 

succession in NW Scotland (Laubach and Diaz-Tushman, 2009). The Cambro-Ordovician 

rocks lie unconformably on Archaean Lewisian gneisses and Proterozoic Torridonian 

sandstone (Laubach and Diaz-Tushman, 2009). The Cambro-Ordovician sequence is to the 
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west of the Moine Thrust Zone, which dips ESE and marks Silurian and Early Devonian 

shortening that is associated with the closure of the Iapetus Ocean (Laubach and Diaz-

Tushman, 2009). The earliest Cambrian rocks in the sequence record a marine 

transgression that continued into the Ordovician (Hooker et al., 2011).  

The Eriboll is composed of two members: the Basal Quartzite Member and the 

overlying Pipe Rock Member (Laubach and Diaz-Tushman, 2009). The Basal Quartzite 

Member is a crossbedded sandstone with a thin conglomerate at its base, and the Pipe Rock 

Member consists of bioturbated sandstone containing burrows that oriented perpendicular 

to bedding  (Laubach and Diaz-Tushman, 2009). The sandstones are quartz-arenites, with 

feldspar and trace mica and lithic grains (Laubach and Diaz-Tushman, 2009). 

At outcrops of the Eriboll sandstone, Laubach and Diaz-Tushman (2009) observed 

five sets of opening-mode fractures. Apertures visible in the outcrop range from 0.075 mm,  

which is the smallest size aperture that could be accurately measured with a hand lens and 

comparator (Ortega et al., 2006), to as large as 16 mm. All fracture sets follow aperture 

size distributions that approximate power laws, with most fracture porosity and surface 

area concentrated in fractures with apertures less than 0.1 mm (Laubach and Diaz-

Tushman, 2009). The oldest set, referred to here as Set A, strikes north, with small 

dispersion, and dips west (Laubach and Diaz-Tushman, 2009). Set A has a low fracture 

intensity, with spacing of several meters to tens of meters for large fractures (Laubach and 

Diaz-Tushman, 2009). Set B, the next oldest set, strikes NW-WNW  and has a variable 

intensity, with large Set B fractures absent in many of the study areas (Laubach and Diaz-

Tushman, 2009). The average strike for Set C is NE, but there is high local variation in 

strike (Laubach and Diaz-Tushman, 2009). Set D fractures strike EW, and dip steeply north 

and south (Laubach and Diaz-Tushman, 2009). Set E fractures strike north to northeast, 

with some gradual variation, and dip steeply east (Laubach and Diaz-Tushman, 2009). 
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Laubach and Diaz-Tushman (2009) collect observations of all five sets from a series of 

outcrops, but the fracture pattern at any given location is dominated by one or two sets.  

 

 

Table 3-2: Brief summary of fracture sets observed by Laubach and Diaz-Tushman 
(2009), where A is the oldest set and E is the youngest 

All microfractures are sealed with quartz, but the degree of quartz-cement fill for 

macrofractures varies with fracture size and age (Hooker et al., 2011). Large fractures 

belonging to set A are entirely quartz-filled, but comparably large fractures in sets D and 

E may contain relatively low levels of quartz-cement (Hooker et al., 2011). Most fractures 

in sets B and C are quartz filled, with trace porosity in the widest fractures (Laubach and 

Diaz-Tushman 2009). Within the host rock, porosity is generally low (0-1%) (Laubach and 

Diaz-Tushman 2009). 

Overall, fracture patterns commonly comprise closely spaced fractures in a range 

of orientations, forming well interconnected networks (similar to Olson et al., 2007, 

crossing patterns) but most of the fractures and the host rock porosity are sealed by quartz 

cement. 

 The Flathead sandstone is in the Teton Range, which was formed through 

extensional deformation that started about 10 Ma. The range contains older reverse faults 

(Love et al., 1992). Faults include the Forellen Peak Fault, the Teton normal fault, and the 

Buck Mountain Reverse Fault (Love et al., 1992). The Buck Mountain Reverse Fault, 
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rooted in the Precambrian crystalline rocks, dips steeply to the east, and the Flathead lies 

unconformably on the Precambrian (Forstner et al., 2018). The Flathead is an 

orthoquartzite sandstone (Forstner et al., 2018). Previously published work indicates 

steeply dipping fractures that strike WNW, NW, and NE, with a range of opening 

displacements from ~0.5μm to 3mm (Forstner et al., 2018). Some of the NW fractures, 

which formed after the WNW fractures but before the NE fractures, have some preserved 

porosity (Forstner et al., 2018). 

Based on forthcoming work by Forstner et al., Flathead sandstones contain four 

regional opening-mode fracture sets striking generally EW, NW, NE, and N. Fracture dips 

are aligned normal to bed dip. Sets are regional fractures distributed over approximately 

1200 km2. Set A, the NS striking set, is the most common set in the least deformed parts 

of the range and is found where other sets are sparse or absent. Throughout the range, Set 

A comprises closely spaced fractures (ca. 0.25 to 0.5 m spacing), and thus is usually the 

most prominent.  

In different locations fracture patterns range from areas where Set A, with a single 

dominant strike, is present (similar to Olson et al., 2007, single strike direction pattern), to 

well interconnected networks (similar to Olson et al., 2007, crossing patterns). Although 

quartz cement is present in fractures and host sandstones, fractures are mostly lined by thin 

rinds and fracture connectivity is only minimally reduced by quartz blockage. Sandstone 

porosity is considerable. Regionally, intergranular volume averages 22%. Porosity ranges 

from trace to about 11.5% and averages 3.6%. Both primary and secondary porosity are 

present but primary porosity dominates (greater than 75%) and large (ca. 0.3 mm) primary 

pores are common. 
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The Eriboll and Flathead examples are taken from the literature. But the Potsdam 

example is based on new mapping. Therefore, more complete background on this example 

is provided in the following sections.  

POTSDAM SANDSTONE EXAMPLE 

Potsdam Sandstone Outcrop Geologic Setting 

The Potsdam Sandstone in New York is a transgressive deposit on North American 

crystalline rocks. These crystalline rocks are well exposed in the Adirondacks and the 

Potsdam sandstone is exposed in a band surrounding the Adirondack dome. Here I provide 

background on the geology of these rocks. The basement geology provides some insight 

into potential geothermal targets beneath the Potsdam, and also possible causes of 

variations in heat flow affecting the overlying sedimentary rocks. 

Basement Geology 

The Adirondack dome is an approximately elliptical region which can be further 

subdivided into the Adirondack Highlands Terrane and the Adirondack Lowlands Terrane, 

separated by the Carthage-Colton Shear Zone (CCSZ) (McLelland, 2016). While the 

Highlands show evidence of high temperatures during certain orogenic events, the 

Lowlands appears to have been insulated during those same events, indicating that the 

terrane was located higher in the crust, serving as orogenic lid (McLelland, 2016). 

Confirmed leucogranite intrusions along the CCSZ indicate that  the terranes were 

juxtaposed by ca. 1040 Ma (Chiarenzelli and Selleck, 2016). 

The Adirondack Mountains belong to the larger Grenville Structural province, 

which has four distinct events recognized as part of the Grenville Orogenic Cycle 
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(Chiarenzelli and Selleck, 2016). Figure 3-1 illustrates the proposed tectonic evolution of 

the Adirondack region. 

Rifting along the continental margin of Laurentia, which began ca. 1350-1250 Ma, 

led to the formation of basins that separated fragments of the crust (McLelland, 2016). 

These basins created an environment for the deposition of sediments which would make 

up the Grenville Supergroup (Chiarenzelli and Selleck, 2016). 

The first orogenic event in the Grenville cycle was the Elzevirian Orogeny, which 

occurred between 1250 and 1220 Ma (McLelland, 2016). It is uncertain whether this event, 

which is believed to have been caused by subduction of oceanic crust beneath rifted 

fragments of Laurentia, impacted the Adirondack region (Chiarenzelli and Selleck, 2016).  

The two most influential orogenic events in the Adirondack region were the 

Shawinigan Orogeny, which occurred ca. 1200-1150 Ma, and the Ottawan Orogeny, which 

occurred ca. 1090-1020 Ma and primarily affected the Highlands (McLelland, 2016; 

Chiarenzelli and Selleck, 2016). Both of these major orogenies resulted in thickening of 

the crust (McLelland, 2016). The final orogenic event was the Rigolet pulse, ca. 1000 Ma,  

which primarily impacted areas to the north and east of the Adirondacks (Chiarenzelli and 

Selleck, 2016).  

 There is little evidence to indicate the exact events that occurred in the 500 million 

years following the Grenville Orogenic Cycle. The Mesoproterozoic metamorphic and 

igneous rocks that formed ca. 1350 to 1040 Ma indicate high grade regional 

metamorphosis, which implies burial to depths of at least 25 km (Chiarenzelli and Selleck, 

2016). However, the Paleozoic strata, deposited ca. 550 to 445 Ma, lie directly on the 

Mesoproterozoic basement (McLelland et al., 2016). This means that from 1000 to 550 

Ma., uplift and faulting along new plate boundaries eroded and exposed the basement, 

despite its previously deep burial (Chiarenzelli and Selleck, 2016).  
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 Figure 3-1: Schematic showing the proposed tectonic evolution for the Adirondack 
region. Abbreviations: ALT = Adirondack Lowlands terrane, AHT = 
Adirondack Highlands terrane, BSZ = Bancroft shear zone,  CCZ = 
Carthage-Colton shear zone, CGB = Central gneiss belt, CMB = Central 
metasedimentary belt,  CGB = Central gneiss belt, E = Elzevir terrane, 
EASV = Eastern Adirondack shear zone, F = Frontenac terrane,  GMT = 
Green Mountains terrane, HSG = Hyde School Gneiss, MSZ = Maberly 
Shear Zone, OPH = Pyrite Ophiolite Complex, RLSZ = Robertson Lake 
Shear Zone, TAB = Trans-Adirondack basin. Figure adapted from 
McLelland et al., 2016.  
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Potsdam Formation Geology 

Mid- to late Cambrian Potsdam Group sandstones are alluvial, fluvial, locally 

eolian, and shallow marine deposits formed during an early Paleozoic marine transgression 

over the paleocontinent of Laurentia (Canadian shield) (Otvos, Jr., 1966). It is a basal 

sedimentary deposit, lying unconformably on Precambrian crystalline rocks of the 

Adirondack dome (Wiesnet, 1961). While the unit lower boundary with the Precambrian 

metamorphic rock is unconformable, the upper boundary with Upper Cambrian or Lower 

Ordovician carbonate rocks (age varies with location) is typically gradational (Otvos, Jr., 

1966). The overlying formation, known as the Theresa Formation in New York, consists 

of an alternating series of quartz arenite and dolomite beds (Wiesnet, 1961). This unit is 

also a target for geothermal development (T. Jordan, personal communication, 2022). 

The Potsdam Sandstone is primarily a subarkose sandstone, with local 

compositions ranging from arkose to well indurated quartz arenite (orthoquartzite). The 

Potsdam grades upward over a thickness of about 250 m in the Champlain valley (Landing, 

2007) from a heterogeneous feldspathic and argillaceous rock to a homogeneous, quartz-

rich and matrix-poor rock. There are outcrops of the Potsdam Sandstone along the north, 

east, and southeast borders of the Adirondack Mountain range (Wiesnet, 1961). The 

Potsdam is thickest along the northeastern margin of the Adirondacks and is thinner or 

absent along the Western Adirondack margin (Chiarenzelli and Selleck, 2016). The 

Potsdam consists of three recognized lithostratigraphic units: (1) the Allen Falls or 

Nicholville Member, (2) the Ausable Member, and (3) the Keeseville member (Fisher, 

1968).  

The Nicholville Member, in most areas the basal Potsdam unit, is thought to have 

filled a late Proterozoic graben. The grabens filled by the Nicholville sandstone are likely 

oriented parallel to the north-northeast lineaments mapped in the Proterozoic rocks of the 
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Adirondacks (Engelder and Sbar, 1976). The Nicholville Member is a maroon or dusky red 

micaceous, quartzose sandstone with some maroon shale interbeds (Fisher, 1968).  

The Ausable Member is a highly cross-laminated arkose with quartzose shale seams 

and lenses of flat pebble conglomerate (Fisher, 1968). It ranges from orange-pink to pale 

red, and from very coarse to medium-grained (Fisher, 1968). The Ausable Member is 

thought to represent clastic debris from an eroded Precambrian terrane that accumulated 

on an estuarine shoreline (Fisher, 1968).  

The Keeseville Member, the youngest of the three, was likely deposited upon a 

stable continental shelf during a marine transgression (Engelder and Sbar, 1976). It is a 

regular-bedded, clay-deficient quartz-sandstone, and ranges from pinkish-gray to very pale 

orange (Fisher, 1968). 

Structurally, Potsdam sandstone outcrops in northeastern New York are in a 

foreland setting relative to west-directed Paleozoic thrusts of the Taconic in Vermont 

(Bradley and Kidd, 1991). Previous mapping in the area identified north, northeast, and 

east-striking faults (e.g., Bradley and Kidd, 1991; Hayman and Kidd, 2002). The normal 

faults that cut the foreland prior to Taconic thrusting strike dominantly to the northeast, 

and are preserved in the Mohawk Valley, southwest of the Potsdam outcrops described in 

this work (Hayman and Kidd, 2002). The motion history of the faults in the Mohawk Valley  

may be more complex than previous research has suggested, as interpretations of seismic 

data have indicated that faults with similar orientations and even within the same fault 

system have had differing timings of cessation and sense of slip (Jacobi et al., 2021). Jacobi 

et al. (2021) suggest that some faults in the Mohawk Valley sustained a component of 

strike-slip motion, which can lead to the formation of rhombochasms. In turn, the 

characteristic environment of a rhombochasm can result in localized regions of high  

fracture porosity (Jacobi et al., 2021).  
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Potsdam Sandstone is exposed near Altona, in the Lake Champlain Valley in 

northern New York and in Ausable Chasm (Fig. 3-2). The Lake Champlain Valley is a 

graben-like lowland between the metamorphic Precambrian rocks of the Adirondack 

Mountains on the west and folded and faulted Cambrian and younger rocks of the Green 

Mountain Anticlinorium on the east (Fisher 1968). The valley is bound to the north in 

Quebec by a featureless plain, underlain by the St. Lawrence Basin of unmetamorphosed 

strata, and to the south the valley progressively narrows, with localized areas of higher 

relief (Fisher 1968). The bed-parallel exposures near Altona are locally extremely well 

exposed over large areas (approximately 32 km2) in a region known as the Flatrocks, owing 

to late glacial scour caused by Pleistocene ice sheets and floods caused by catastrophic 

floods due to failure of late glacial ice dams (Franzi and Adams, 1993; Rayburn et al., 

2005). 

 

Figure 3-2: Map showing locations of Potsdam outcrops discussed in this work; Brunel 
Road and Mohawk outcrop, where fracture data and hand samples were 

collected, and Ausable chasm, which offers cross-sectional views of fracture 
patterns 

20 km 
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Fracture maps were constructed on these clean bed-parallel exposures (pavements) 

in the Keeseville Member. The exposures in Ausable Chasm of the Ausable Member are 

useful views of fracture patterns in cross section (Fig. 3-3). 

 Recent structural analysis by Rick Almendinger indicates abundant NNW striking 

fracture zones in the Altona area, as well as important secondary fracture sets that strike E 

and NNE. The analysis also indicates gentle folds in the region, though the orientation of 

the cylindrical fold axis in relation to the fractures make it difficult to determine a simple 

interpretation of the relative sequence of their formation (Almendinger, 2022, 

unpublished). 

 

 

Figure 3-3: Exposure at Ausable Chasm, gives cross-sectional view of subvertical 
fractures (N striking set visible here) and bed-parallel fractures. Width of the 

image is about 10 m. 
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Data Collection at the Potsdam 

A University of Texas-Cornell field team visited the Altona and Ausable Chasm 

outcrops in October 2021. Outcrop fracture data collection included drone imagery, 

outcrop photography and 3D imaging with iPhones, sample collection for microstructural 

analysis, and 1D surveys of spatial arrangement, aperture size, and length.  

Three sets of opening-mode fractures are present. From oldest to youngest these 

strike NNW (Set A), NW (Set B) and ENE (Set C). Sets A and C are far more abundant 

that Set B, so measurements focused on these two sets. Also present are bed-parallel 

fractures, which have been the subject of extensive hydrogeologic experiments (Hawkins 

et al., 2017) and small folds and associated dense fault rock (deformation bands), which 

may form local flow barriers.  

One-dimensional spatial and size data was collected using a linear scanline survey 

method. Using 100 m plastic tape with centimeter graduations, two approximately 

perpendicular scanlines were set up at an outcrop that will be referred to here as the 

Mohawk outcrop. Figure 3-4 shows an aerial image of the Mohawk outcrop. The scanlines 

were oriented to maximize the extent of uncovered outcrop, with no debris or vegetation, 

rather than to maximize the number of fractures intersecting with the scanline. Each of the 

scanlines was set normal to the strike of a fracture set. One scanline was oriented 

approximately E-W to capture the dominant Set A, and the second scanline was oriented 

approximately N-S to capture the secondary Set C.  

Data collection proceeded as follows. Beginning at one end of the measuring tape, 

each fracture that crossed the tape and that was visible from standing height was recorded. 

In addition to position, the connectivity and apparent length of the fracture were also 

measured. As a brief aside, length measurements at the outcrop can be challenging because 

it is difficult to define because continuous traces are composed of formerly mechanically 
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separate segments that have linked and merged and evidence of linkage may not be 

apparent during outcrop inspection; differentiating separate or merged segments depends 

on scale of observation and may seem ambiguous or arbitrary (e.g., Ortega and Marrett, 

2000). We defined a protocol for length measurements at the outcrop to ensure consistency. 

The connectivity was described by reporting all observed intersections, abutments and 

terminations for each recorded fracture following standard procedures (Barton et al., 1993; 

Sanderson and Nixon, 2015). 

 

Figure 3-4: Aerial image taken by drone of Mohawk outcrop of Potsdam sandstone. Beds 
are close to horizontal. Fracture traces are visible as fain dark lines parallel 
to the yellow NNW-trending line. Yellow line denotes placement of NNW 

scanline, and red line denotes placement of ENE scanline. Image by Rodrigo 
Correa. 
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Additional data was collected from a second pavement, another Potsdam sandstone 

outcrop near Altona, New York. This outcrop is referred to as Brunel Road. This data was 

collected using the same 100 m plastic tape with centimeter graduations. At this pavement, 

two roughly parallel scanlines were set up. An aerial image of the Brunel Road pavement 

with the position of the two scanlines is shown in Figure 3-5.  

 

 

Figure 3-5: Aerial image of the Brunel Road pavement used for fracture data collection 
from 20 m height, with positions of scanlines labeled. Traces of Set A and 

Set C fractures are visible as dark linear features. Image by Rodrigo Correa. 

  The first scanline was set at approximately 270 degrees W, while the second was 

set at 277 degrees W. The scanlines were set up from E-W to capture Set A, and oriented 

to maximize the extent of uncovered outcrop.  



 44 

There is some measurement imprecision in scanline length and fracture placement, 

arising from compliance in the tape, non-uniform tension under field conditions, and un-

even character of the surface of the outcrop. Following standard practice, (e.g., Wang et 

al., 2019), these errors are judged to be insignificant relative to the scale of the pattern 

captured in the scanline.  

Potsdam/Mohawk Outcrop Fracture Pattern 

 Across the different Potsdam pavements, the three different sets of sub-vertical 

macrofractures share several attributes. They have steep dips, close spacing, and contain 

quartz cement. Opening displacements (kinematic apertures) for fractures visible in 

outcrop are generally small. Macrofractures in Set A that have opening displacements 

larger than 0.1 millimeters are open, with some quartz lining the walls of the fractures (Fig 

3-6). Preliminary microscopy studies shows that narrower fractures are filled with quartz 

cement. Set A microfractures, which are only visible with scanning electron microcopy, 

are also present. These are filled with quartz cement. 

The spacing for the Set A  fractures is primarily below 0.5 meters, with a large 

proportion of the fracture spacings at or below 0.3 meters. Although spacing qualitatively 

appears to be regular with a spacing of about 0.3 m (Fig. 3-4), preliminary spatial 

arrangement analysis suggests that spacing pattern is indistinguishable from random.  

Crossing and abutting relations provide some evidence of relative timing; with 

abutting and crossing fractures are younger than the fractures that they abut or cross (e.g., 

Hancock, 1985). The sparse NW-striking Set B crosscuts the NNW fractures and occurs in 

rare clusters at the outcrop. Finally, the third and youngest Set has an approximately ENE 

strike and abuts the NNW set. This set is significantly less abundant than Set A, with an 

average fracture spacing of over 0.6 meters at the Mohawk outcrop.  
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Figure 3-6: Color CL image of quartz-lined open NNW-striking fracture from hand 
sample taken at Brunel Road outcrop. Dark blue regions are euhedral quartz 
overgrowths along fracture surface. Green area is porosity. The width of this 
fracture is uncertain because the fracture occurs on the edge of the sample. 
Imaging by Sara Elliott. 

 Based on the length measurements taken at the Mohawk outcrop, the mean fracture 

length for the NNW fractures is 1.27 m, significantly larger than the mean fracture length 

of 0.88 m for the ENE set (which abuts the NNW set). The apparent length distribution of 

Set A fractures when measured from the aerial images nearly doubles when compared to 

the length distributions measured at the outcrop. Figure 3-7 shows an aerial image of a 

portion of the Mohawk outcrop, with an inset that helps illustrate challenges with 

measuring length.  
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Figure 3-7: Upper image is aerial image of  pavement at Mohawk outcrop from a height 
of about 30 m. Bottom image is inset from upper image. Image is a 3D 
rendering from an iPhone, with trace overlay showing fracture traces 

observed at outcrop. Red lines in inset are Set A fracture traces, yellow lines 
Set C fractures. Note abutments of Set C on Set A. Width of inset is 2 

meters. Traces that appear continuous at 30 m and visible as separate traces 
along at closer scale.  

SUMMARY AND EXTRAPOLATION OF OUTCROP FINDINGS 

Evidence from the literature and from the field work I participated in at the New 

York Potsdam outcrops shows that Cambrian sandstones commonly contain opening-mode 

fractures that have steep dips and so make linear traces on exposed subhorizontal beds (e.g., 

Fig. 3-7). Faults are also present in all examples, but the faults are widely separated and 
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may be absent over distances of many tens of meters. Faults are not considered in the 

following analysis.  

Opening-mode fractures are long and narrow (opening displacement typically less 

than 1 mm) and are associated with populations of microfractures. Fracture populations 

typically have a wide aperture size and length range, although the widest fractures are still 

narrow (ca. 0.1 mm to 5 mm), and individual fractures have uniform widths except near 

their tips, where they abruptly taper. Fractures are arranged in one or several sets. Sets are 

populations of fractures sharing a narrow strike range and (usually) a common relative time 

of formation (as marked by abutting and crossing relations) (e.g., Hancock, 1985). Quartz 

cement partly and variably blocks porosity in both host sandstone and in fractures. In 

fractures, quartz tends to fill the narrowest fractures preferentially, a widespread process 

that reflects slow quartz accumulation governed by a rock’s thermal history (e.g., Lander 

and Laubach, 2015). 

These observations point to several factors that could influence fluid flow and heat 

exchange in geothermal targets. The presence of one or several sets will dictate the 

complexity and connectivity of the fracture pathways through the rock. The orientation of 

various sets relative to flow directions will be a factor in how flow is accomplished. 

Spacing of open fractures will influence available fracture surface area, with more closely 

spaced fractures having greater surface area.  

Variable amounts of quartz cement are likely to be present in host rocks and 

fractures. Quartz that fills sandstone pores will impede flow. Quartz in fractures can reduce 

fracture surface areas available for convective heat transfer by closing narrow fractures. If 

sufficiently abundant, quartz can fully seal fractures (as in the early fractures in the Eriboll 

sandstone), completely closing off flow pathways and reducing the cumulative amount of 

fracture surface area. If less abundant, quartz deposits can reduce the connectivity of 
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fracture networks. In the Flathead sandstone, this effect is slight; in the Potsdam field 

example, the effect is considerable (with quantification of ‘slight’ and ‘considerable’ 

pending ongoing work). 

Outcrop fracture patterns provide insights into what types of patterns need to be 

modeled and what elements the models need to contain. But outcrop data sets have 

limitations that hinder their direct use as a source of model parameters for 2- or 3-

dimensional flow simulation. The main limitation is the lack of aperture observations 

distributed over the entire fracture pattern. For example, in the data set that I helped collect 

on the Potsdam outcrops, aperture measurements were limited to 1D scanline observations 

in two orientations.  

An approach to overcoming this limitation is to use fracture patterns having 

distributed aperture information derived from geomechanical model simulations. The 

relationships between the fractures during formation may impact the consequent 

distribution of aperture sizes across different interconnected fracture sets (Olson et al., 

2007). Modeling using Jon Olson’s Joints model (Philip et al., 2005; Olson et al., 2007; 

2009), that was specifically aimed at simulating patterns in stratified sedimentary rocks, 

replicates patterns similar to those observed in the Cambrian sandstone outcrops. 

Moreover, Olson et al. (2007; 2009) also simulate the effects of quartz deposits in the 

fracture network. Simulation of fluid flow in these fractures can account for differences in 

host rock porosity and discontinuous fracture networks. I used effective permeability 

values derived from these models as input for thermal and economic analysis.  
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Chapter 4: Thermal and Economic Analysis 

The methodology chapter is divided into two primary sections. The first section 

describes the geothermal reservoir simulator and the input parameters and gives context 

for the different permeability inputs. The second section describes the techno-economic 

simulation and the key economic parameters.  

GEOTHERMAL RESERVOIR SIMULATION 

The geothermal reservoir is simulated using CMG STARS, a thermal 

compositional reservoir simulator. STARS uses the finite difference method. The spatial 

domain and time interval are discretized into smaller intervals, and then a series of 

equations are solved for each discretized point based on the neighboring points in both time 

and space. A 3-dimensional grid of blocks represents the reservoir, and rock properties 

such as permeability, porosity, and thermal conductivity are assigned to each individual 

block. The equations STARS solves for each block are conservation of flowing component 

and conservation of energy (CMG, 2020). The conservation of energy equation accounts 

for the heat transfer in the rock and flowing component.  

While the permeability varies for each simulation, the majority of the reservoir 

simulation parameters are held constant for all cases. This is to isolate the effects of the 

changing permeabilities. The reservoir simulations center around a horizontal injection and 

production well pair. The horizontal wells are five hundred meters in length and spaced 

five hundred meters apart, so the overall area between the wells is 250,000 m2. Figure 4-1 

shows a 2-dimensional plan view of the reservoir model, with the green lines  parallel to 

the y-axis representing the two horizontal wells. The well on the right is the injection well, 

and the well on the left is the production well. 
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Figure 4-1: Plan view of the reservoir simulation, where the two green lines represent the 
horizontal injection (R) and production (L) wells 

The simulation runs over a period of 30 years, with data recorded at timesteps of 

one month. The 30-year period matches the typical ideal lifetime for a commercial 

geothermal project (e.g., Asai et al., 2019a; Beckers et al., 2019). The overall reservoir 

size, 2500m x 2500m x 30m, ensures that temperature at the reservoir boundaries remained 

unaffected by the end of the simulation period.  

The size of the grid blocks for these simulations is five meters by five meters by 

thirty meters. There is only one layer in z-direction, because the simulation is based on 2-

dimensional fracture observations. The rock matrix properties are assumed to be 

homogenous across the entire reservoir. Further discussion about the implications of this 

specific assumption can be found in Chapter 6. The thermal properties of the rock are based 

on values found in literature for sandstones (Manger, 1994; Domagala, 2021) . Table 4-1 

summarizes the parameters used for all reservoir simulations. 
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Table 4-1: CMG reservoir simulation parameters 

Numerical Model Verification 

To evaluate the performance of the coupled thermal-hydraulic simulation, the 

simulation is verified against a 2D single fracture model of thermal extraction (e.g., Zhang 

et al., 2019). In the single fracture model, a rectangular, horizontal fracture of constant 
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width separates two blocks of rock. The rock is homogeneous, isotropic, and impermeable. 

There is a Cartesian coordinate system placed such that x = 0 coincides with the inlet of 

the fracture. The rock is assumed to extend infinitely in both the positive and negative y 

directions, and both the rock and the fracture are assumed to extend infinitely along the x 

axis. 

Initially, when 𝑡𝑡 = 0, the system is at a uniform temperature, 𝑇𝑇0. Water is injected 

at a constant temperature, 𝑇𝑇𝑖𝑖𝑖𝑖, at constant flow velocity, 𝑢𝑢𝑓𝑓. The water flows parallel to the 

fracture direction towards the outlet. The model employs these additional assumptions: the 

temperature variation of the water in y (perpendicular to the fracture) is negligible. Since 

the aperture of the fracture is small, conduction in the y direction in both the fracture and 

the rock formation is negligible. The thermo-physical properties of both water and the rock 

matrix are constant and independent of temperature. Figure 4-2 illustrates the single 

fracture thermal extraction process. 

 

Figure 4-2: Schematic showing heat transfer `in a single fracture 
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Following a thermo-hydraulic coupled model, the analytical solution for the 

temperature distribution in a fracture, as a function of both time and position within the 

fracture, can be written as (Zhang et al., 2019): 

𝑇𝑇(𝑥𝑥, 𝑡𝑡) = 𝑇𝑇𝑖𝑖𝑖𝑖 + �𝑇𝑇𝑓𝑓0 − 𝑇𝑇𝑟𝑟0� ∗ erf (
𝑘𝑘𝑟𝑟 ∗ 𝑥𝑥

𝜌𝜌𝑓𝑓 ∗ 𝐶𝐶𝑓𝑓 ∗ 𝑢𝑢𝑓𝑓 ∗ 𝛿𝛿
∗ �

𝜌𝜌𝑟𝑟 ∗ 𝐶𝐶𝑟𝑟 ∗ 𝑢𝑢𝑓𝑓
𝑘𝑘𝑟𝑟 ∗ �𝑢𝑢𝑓𝑓 ∗ 𝑡𝑡� + 𝑥𝑥

 ) 

The input parameters and variables for the analytical solution are as follows: 

temperature, 𝑇𝑇, density, ρ, heat conductivity, 𝑘𝑘𝑟𝑟, and specific heat capacity, 𝐶𝐶. The 

subscripts “r” and “f” distinguish between the rock matrix and the water, respectively. 

Table 4-2 gives the values used for the coupled thermo-hydraulic model. 

 
Parameter  Value Unit 

Rock matrix properties 
Initial temperature 𝑇𝑇0 150 °C 
Density of rock 𝜌𝜌𝑟𝑟 2820 kg/m3 
Heat capacity of rock 𝐶𝐶𝑟𝑟 1170 J/(kg∙K) 
Thermal conductivity of rock 𝑘𝑘𝑟𝑟 3 W/(m∙L) 
Fracture aperture 𝛿𝛿 0.01 m 
Fluid properties 
Heat capacity of water 𝐶𝐶𝑓𝑓 4200 J/(kg∙K) 
Density of water 𝜌𝜌𝑓𝑓 1000 kg/m3 
Inlet temperature 𝑇𝑇𝑖𝑖𝑖𝑖 80 °C 
Flow rate 𝑢𝑢𝑓𝑓 0.000656 m/s 

Table 4-2: Parameters for Numerical and Analytical Solutions 

A 500x500x30 meter domain with a fracture of 1e-3 m thickness (aperture) is used 

to numerically simulate the single fracture heat extraction process. In order to avoid 

potential issues with model convergence, the fracture is modeled as “pseudo” fractures 

(e.g., Sanchez-Rivera et al., 2015). Flow conductivity stays constant as the permeability of 

the fracture decreases and the width of the pseudo-fracture is increases. The relationship 
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between the permeability and width of the natural fractures and pseudo-fractures is given 

by:  

𝑘𝑘𝑒𝑒𝑓𝑓𝑓𝑓𝑤𝑤𝑒𝑒𝑓𝑓𝑓𝑓 = 𝑘𝑘𝑓𝑓𝑤𝑤𝑓𝑓 

where 𝑘𝑘 and 𝑤𝑤 are the permeability and width, and the subscripts denote the 

fracture,  𝑓𝑓, and the effective values applied to a simulated grid block, 𝑒𝑒𝑓𝑓𝑓𝑓. The use of 

pseudo fractures does not significantly affect the simulated behavior of the fracture but 

reduces the permeability contrast between the fracture and the matrix, improving the 

stability of the simulation. 

Figure 4-3 shows the temperature at 300 m along the fracture over 30 years for both 

the numerical and analytical solution. There is a good match between the numerical and 

analytical solutions, with some slight deviation. Figure 4-4 plots the percentage difference 

between the two solutions. There are a few possible reasons for the deviation between the 

two models. The analytical solution treats the rock matrix as extending infinitely, while the 

numerical solution uses a finite domain. In addition, there are more complex elements in 

the numerical simulation, such as pressure and viscosity, which are not accounted for in 

the analytical solution.  
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Figure 4-3: Comparison of numerical and analytical solutions for temperature at x = 300 
meters in a  single fracture model 

 

Figure 4-4: Percentage error between analytical and numerical solutions for single 
fracture model 
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Simulated Fracture  Networks 

My analysis attempts to model a range of fracture network characteristics that 

geothermal developers could potentially encounter in the subsurface, based on outcrop 

analog studies and other input. The reservoir simulation inputs are based on the 

geomechanical and permeability modeling from Olson et al. (2007) which themselves aim 

to replicate fracture patterns found in outcrops. The advantage of the model results is that 

they distribute apertures across the entire network, which allows the effects of cement 

deposits in modifying the fracture patterns to be modeled, because quartz deposits tend to 

preferentially fill narrow fractures (Laubach, 2003; Lander and Laubach, 2015). For the 

outcrop data sets, aperture measurements are mostly restricted to 1D samples and quartz 

deposit observations are limited to areas analyzed with microscopy.  

In Olson et al.’s work, a geomechanical model was used to simulate three different 

strain conditions that result in different fracture geometries for a 5-meter by 5-meter area 

(Olson et al., 2007). The geomechanical model simulated the propagation of vertical 

fractures confined to a horizontal layer of finite thickness, with the intention of representing 

jointing in many sedimentary environments (Olson et al., 2007). Next, the patterns were 

input into a fluid flow simulator to assess their effective permeability in both the x and y 

directions (Olson et al., 2007). The three patterns, shown in Figure 4-5,  which are used in 

this work as inputs into the geothermal reservoir model are: (a) relatively isotropic 

orthogonal fractures, (b) anisotropic orthogonal fractures, and (d) parallel fractures without 

any cross-cutting fractures.  Two additional patterns are used as inputs into the reservoir 

simulator; these are rotated versions of the original patterns. Pattern (c) is a 90-degree 

rotation of pattern (b), and pattern (e) is a 90-degree rotation of pattern (d).  

These patterns correspond to trace arrangements found in the Potsdam outcrop I 

studied as well as to patterns in other Cambrian sandstones. Figure 4-5 b and c, for example, 
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resemble beds with two fracture sets in the Potsdam exposure, as shown in Fig 4-6, and Fig 

4-5d and e mark the case of the Potsdam outcrop if the second cross-fracture set is 

determined to have formed due to near-surface processes, and is therefore irrelevant to the 

subsurface, leaving only the primary set. These also correspond to single-set fracture 

strikes common in Flathead outcrops (Forstner et al., in preparation) and the situation of 

the latest, open fractures in the Eriboll (Laubach and Diaz-Tushman, 2009). In the case of 

this last example, other sets are present in the Eriboll, but they are all sealed with cement 

(Laubach and Diaz-Tushman, 2009).  

 

 

Figure 4-5: Fracture trace images of patterns used in reservoir model (adapted from 
Olson et al., 2007) 
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Figure 4-6: Fracture trace image from Mohawk outcrop (trace map by Rodrigo Correa) 
with 5 x 5 m grid overlain. Two of the 5 x 5 m squares are shown to the 
right. Both show long, closely-spaced fractures striking WNW, with a 
second set of shorter, less closely spaced perpendicular fractures. Based on 
outcrop shown in Fig 3-4. 

It is important to note that the fracture aperture is not uniformly distributed across 

any of the patterns. For the first pattern, (a), generated by isotropic strain, the hierarchy in 

fracture aperture is determined by the fracture sequence; older fractures have larger 

apertures than the cross-cutting fractures that have propagated between them (Olson et al., 

2007). In patterns (b) and (c), which had a relatively small initial anisotropic strain, there 

is a preference for aperture development in the longer fractures, rather than in the smaller 

cross-cutting fractures (Olson et al., 2007). Finally, patterns (d) and (e) have larger initial 
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anisotropic strain, but overall lower aperture and flow capacity (Olson et al., 2007). Figure 

4-7 illustrates the variation in aperture distribution across fracture patterns for three fracture 

patterns presented in Olson et al. (2007).  

 

 

Figure 4-7: Aperture distributions for fracture traces, where diameter of black circle scale 
is 2 x 10-3 mm (adapted from Olson et al., 2007) 

Olson et al. (2007) applies methods developed in Philip et al. (2005) and modified 

by Rijken (2005)  to assess the x and y effective permeabilities for each pattern. These 

permeabilities are assigned to the five-meter by five-meter grid blocks used in the reservoir 
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simulation. Table 4-3 summarizes the patterns used as inputs for the simulation and their 

associated permeabilities. 

 

 

ID Fracture Description Kx (md) Ky (md) 

A Orthogonal, Nearly Isotropic 9500 8690 

B Orthogonal, Anisotropic, Higher Fracture Intensity 
Parallel to Flow Between Wells 14310 630 

C Orthogonal, Anisotropic, Higher Fracture Intensity 
Perpendicular to Flow Between Wells 630 14130 

D Parallel Fractures, Parallel to Flow Between Wells 1990 1 

E Parallel Fractures, Perpendicular to Flow Between 
Wells 1 1990 

Table 4-3: Summary of permeability inputs for reservoir simulations 

Finally, to investigate how the impacts of diagenesis might play a role in the thermal 

productivity of the reservoir, the simulated scenarios include a second set of permeabilities 

for each pattern. Olson et al. (2007) derives this second set of permeabilities based on the 

empirical observation of an emergent threshold, which suggests that smaller aperture 

fractures are less likely to have preserved porosity. The term emergent threshold describes 

the condition where apertures with smaller fractures are less likely to have had a 

mechanical opening rate that exceeded the rate of cement precipitation, so fractures below 

a certain threshold will be completely filled with cement (Laubach, 2003; Lander and 

Laubach, 2015). Olson et al. (2007) recalculate permeability for each pattern across a series 

of emergent thresholds. This work uses the values calculated for the emergent threshold of 

0.30 mm, meaning that cement fills all fracture segments below that aperture value, leading 

to a reduction in potential flow pathways. Figure 4-8 illustrates this effect, showing how 

the cementation of fractures under a specific aperture threshold impacts permeability. This 
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specific threshold was selected because it had some notable impact on the permeability 

values for each pattern; lower threshold values did not significantly modify the 

permeability for some patterns, and higher threshold values drastically reduced 

permeability to the level that desired geofluid production levels could not be attained. In 

the figure, the darkened fracture segments represent segments that are filled with cement, 

while the light gray segments are still open to fluid flow. Table 4-4 summarizes the second 

set of permeabilities for each fracture pattern, with the emergent threshold of 0.3mm 

imposed.  

 

 

Figure 4-8: Illustration of changes in permeability and fracture porosity due to cement 
accumulation for a specific fracture pattern and aperture distribution 
(adapted from Olson et al., 2010) 
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Table 4-4: Summary of permeability input data for fracture patterns with emergent 
threshold of 0.3mm 

TECHNO-ECONOMIC MODEL 

The techno-economic analysis uses GEOPHIRES, a geothermal techno-economic 

simulation tool from NREL (Beckers et al., 2019). The aim of this economic analysis is 

not to assign a definitive economic value to any of the simulated reservoir scenarios, but 

rather to allow for analysis of the economic impacts of different geologic outcomes.  

GEOPHIRES returns economic metrics, such as levelized cost of electricity 

(LCOE), as well as a summary of annual geofluid temperatures and electricity generation 

for a geothermal production scenario. Figure 4-9 outlines the general steps in the 

GEOPHIRES simulation. The primary subsurface input for the GEOPHIRES code is the 

temperature profile generated by the CMG STARS simulation. 

ID Fracture Description Kx (md) Ky (md) 

A2 Orthogonal, Nearly Isotropic 5640 5080 

B2 Orthogonal, Anisotropic, Higher Fracture 
Intensity Parallel to Flow Between Wells 12660 2 

C2 Orthogonal, Anisotropic, Higher Fracture 
Intensity Perpendicular to Flow Between Wells 2 12660 

D2 Parallel Fractures, Parallel to Flow Between 
Wells 1370 1 

E2 Parallel Fractures, Perpendicular to Flow 
Between Wells 1 1370 
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Another of the requirements for the subsurface calculations in GEOPHIRES is 

reservoir impedance (Beckers and McCabe, 2019). Reservoir impedance, defined as 

resistance to flow for a pair of wells, is a function of the overall pressure drop in the 

reservoir and the flow rate. GEOPHIRES requires the input for impedance to be in units of 

GPa∙s/m3 (Beckers and McCabe, 2019). For each case, this parameter is calculated using 

the following formula: 

 

𝐼𝐼𝐼𝐼 =
�𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑃𝑃𝑝𝑝𝑟𝑟𝑝𝑝�

𝑞𝑞
 

where 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖 is the bottom-hole pressure at the injection well, 𝑃𝑃𝑝𝑝𝑟𝑟𝑝𝑝 is the bottom-hole 

pressure at the production well, and 𝑞𝑞 is the fluid flow rate through the reservoir.  

The temperature production profile and reservoir impedance are unique for each 

reservoir simulation. The other subsurface parameter that varies across simulation 

scenarios  is the production flow rate; in order to examine the sensitivity of the analysis to 

flow rate, there are reservoir simulations for each fracture pattern at a 50 l/s flow rate as 

well as a 100 l/s flow rate. The rest of the subsurface parameters, such as the reservoir heat 

capacity, density, depth, and geothermal gradient, are constant through all simulation 

scenarios, and match the parameters used in the reservoir simulations. 

The GEOPHIRES code has three different built-in economic models: the Fixed 

Charge Rate model, a Standard Levelized Cost model, and the BICYCLE model (Beckers 

and McCabe, 2019). This work uses the Standard Levelized Cost Model, which discounts 

future revenues and expenditures and uses the following equation to calculate the levelized 

cost for producing a unit of electricity (Beckers and McCabe, 2019): 

. 



 64 

𝐿𝐿𝐶𝐶𝐿𝐿𝐿𝐿 =
𝐶𝐶𝑐𝑐𝑐𝑐𝑝𝑝 + ∑ 𝐶𝐶𝑂𝑂&𝑀𝑀,𝑡𝑡

(1 + 𝑑𝑑)𝑡𝑡
𝐿𝐿𝐿𝐿
𝑡𝑡=1

 ∑ � 𝐿𝐿𝑡𝑡
(1 + 𝑑𝑑)𝑡𝑡�  𝐿𝐿𝐿𝐿

𝑡𝑡=1

 

In this formulation, 𝐶𝐶𝑐𝑐𝑐𝑐𝑝𝑝  refers to the capital costs of the project, 𝐶𝐶𝑂𝑂&𝑀𝑀,𝑡𝑡 are the 

operation and maintenance costs for a period,  𝐿𝐿𝑡𝑡 is the electricity production for the year 

𝑡𝑡 in the plant lifetime, 𝐿𝐿𝑇𝑇, and 𝑑𝑑 is the annual discount rate.  

 

Figure 4-9: Overview of the GEOPHIRES simulation, steps performed by internal 
mechanisms are in dashed box 

The capital cost includes costs of the wells, stimulation, field gathering system, 

surface plant, and exploration (Beckers and McCabe, 2019). GEOPHIRES has different 

built-in cost correlations for each capital and O&M cost component, which can be specified 

as part of the input file (Beckers and McCabe, 2019). There are multiple well-cost 

correlations available, depending on the diameter of the well-bore and whether the well is 
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vertical and unlined or horizontal with a liner (Beckers and McCabe, 2019). The borehole 

diameter used in the CMG subsurface simulation (9.625”) falls between the two correlation 

diameters (8.5” and 12.25”) but is significantly closer to the small diameter, so the small-

diameter, horizontal lined well correlation is used. 

GEOPHIRES offers several options for surface plant cost correlations, which 

assign a cost depending on the type of technology chosen, the size of the plant, and the 

initial geofluid production temperature (Beckers and McCabe, 2019). The cost correlation 

selected for this work is a binary power plant, or a subcritical organic Rankine cycle (ORC) 

plant. Subcritical ORC plants are most suitable for producing electricity from lower 

temperature resources, in the range of 100 to 150°C  (Moya et al., 2018).  

The other key economic parameters are the discount rate and plant lifetime. The 

plant lifetime is 30 years, to match the 30 years modeled in the reservoir simulation. This 

is a common lifetime for electricity generation projects. The annual discount rate is 7%, 

which is the default value for GEOPHIRES (Beckers and McCabe, 2019). Subsurface 

parameters match the reservoir simulation inputs, ensuring consistency across the two 

simulations. Table 4-5 summarizes the various GEOPHIRES inputs.  
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Parameter Value Units 
Subsurface Parameters 
Reservoir depth 5 km 
Geothermal gradient 27 °C/km 
Production well diameter 9.625 in 
Injection well diameter 9.625 in 
Production flow rate  50/100 l/s 
Injection temperature 80 °C 
Reservoir heat capacity 900 J/kg/K 
Reservoir density 2500 kg/m3 
Reservoir thermal conductivity 3 W/m/K 
Reservoir volume 1.875e8 m3 

Surface Parameters 
Circulation pump efficiency 0.8 n/a 
Power plant type Subcritical ORC n/a 
Utilization factor 0.9 n/a 
Surface temperature 15 °C 
Ambient temperature 15 °C 
End-use efficiency factor 0.9 n/a 
Economic Parameters 
Discount rate 7% n/a 
Plant lifetime 30 years 
Well drilling cost correlation 2 n/a 

Table 4-5: GEOPHIRES inputs 
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Chapter 5: Model Results 

This chapter presents the results from both the reservoir simulations and the techno-

economic simulations. 

GEOTHERMAL RESERVOIR SIMULATION RESULTS 

This section describes the results of the reservoir simulations. The first pair of plots 

(Fig. 5-1) show the production temperature profile for the isotropic cases. The graph 

labeled A1 shows the temperature over time for both the low and high flow cases (50 l/s 

and 100 l/s respectively) when all the fractures are assumed to be completely open. The 

graph labeled A2 shows the temperature over time for low and high flow cases when an 

emergent threshold of 0.30 mm is implemented. In other words, when all fracture openings 

below 0.30 mm are assumed to be filled with cement. Thermal breakthrough, or the time 

at which the reservoir production temperature begins to decline, occurs around year 4 for 

the 50 l/s cases, and closer to year 2 for the 100 l/s cases.  

 

Figure 5-1: Production temperature profiles for isotropic cases 
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 The next pair of graphs (Fig. 5-2) show the production temperature profiles 

generated for the anisotropic cases where the primary fracture set was parallel to the 

direction of flow between the injection and production wells. In all four cases shown, for 

both flow rates across both fracture fill scenarios, thermal breakthrough occurs around year 

2 or 3. In the B1 cases, where all fractures are assumed to be open, there is an initial sharp 

decline in production temperature after thermal breakthrough, and then a slower, more 

gradual decline starting around year 4 or 5, depending on the flow rate. The B2 cases, on 

the other hand, decline sharply to 85°C by year 3 in the 100 l/s case and by year 5 in the 

50 l/s case. After the sharp decline, the B2 cases both gradually decline around 82°C, which 

is only slightly higher than the injection temperature of 80°C. The B1 cases go to year 30 

with a final temperature of 94°C for the 50 l/s case and 90°C for the 100 l/s case. 

 

 

Figure 5-2: Production temperature profiles for anisotropic cases with primary fracture 
set parallel to flow path between wells 
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Figure 5-3 shows the production temperature profiles for anisotropic cases where 

the primary fracture set is striking perpendicular to the flow between wells. There are no 

results shown for the C2 cases, because the permeability and pressure conditions did not 

allow for the achievement of constant flow rates of 50 l/s or 100 l/s. In the 100 l/s case, 

thermal breakthrough occurs at approximately year 4, with a decline to around 86°C by 

year 30. Thermal breakthrough is delayed to around year 7 in the 50 l/s case, followed by 

a more gradual decline in production temperature. The final temperature at year 30 for the 

50 l/s case is approximately 95°C. 

 

 

Figure 5-3: Production temperature profile for anisotropic cases with primary fracture set 
perpendicular to flow path between wells 
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4 cases, thermal breakthrough occurs before year 3, with a slight delay for 50 l/s cases. 

Thermal breakthrough is followed by a steep decline in temperature to around 85°C, which 

occurs slightly more gradually for the 50 l/s cases. After reaching 85°C, the temperature 

continues to decline over the remaining years to around 82°C at year 30.  

 

 

Figure 5-4: Production temperature profiles for parallel fracture cases 

Reservoir simulations were run for another set of cases where parallel fractures 
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4-5. Similarly to the C2 cases, these cases were unable to achieve constant 50 l/s flow rates 

given the pressure constraints of the simulations. The highest constant flow rate that could 

be achieved for this pattern, given the simulation constraints, was 10 l/s. A sample of the 

flow results for that simulation are shown here in Figure 5-5.  
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Figure 5-5: Sample of flow rate over time for parallel fracture case with fractures oriented 
perpendicular to flow between wells 

TECHNO-ECONOMIC SIMULATION RESULTS 

The results for techno-economic simulation are summarized in Table 5-1 below.  

For each reservoir simulation, there are minimum, maximum, and average production 

temperatures, as well as average net electricity generation, or the net amount of electricity 

produced annually, which accounts for the electricity used to power the pump and surface 

plant. The final output of the technoeconomic simulation is the levelized cost of electricity, 

or LCOE, which is a common metric used to evaluate cost per unit of electricity generation.  

The reservoir with the nearly isotropic fracture pattern, consisting of two 

orthogonal sets of fractures and designated as A,  has average production temperatures 

between 108°C and 118°C, with variance across geofluid flow rate and degree of 

cementation. For the uncemented (A1), lower flow (50 l/s) scenario, the average production 

temperature is 118.8°C and the average net electricity generation is 0.76 MWe. For the 

uncemented higher flow scenario, the average production temperature was 110.2°C and 
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the average net electricity generation is 1.05 MWe. The addition of some cementation in 

the A2 scenarios leads to slight reductions in average production temperature and net 

generation for both flow rates. The LCOE for the 50 l/s flow simulations is 52.3 ¢/kWh in 

the uncemented case and 55.4 ¢/kWh in the case with some cementation. The LCOEs for 

the higher flow simulations are 40.2 ¢/kWh and 43.5¢/kWh respectively.  

For the B1 and B2 inputs, which are derived from traces with anisotropic, 

orthogonal fractures, where the primary permeability was in the direction parallel to the 

flow between wells, there is a wide range in simulation results. First, the results for the 

uncemented fracture pattern. For the 50 l/s flow scenario, the average production 

temperature is 102.8°C, while the average production temperature for 100 l/s flow is 

97.9°C. The associated average net electricity generation and LCOE  is 0.47MWe and 

79.7 ¢/kWh for 50 l/s  and 0.58MWe  and 68.9 ¢/kWh  for 100 l/s.   

In the cases with some cementation, labeled as B2, the average production 

temperatures are 88.5°C for the 50 l/s flow and 85,2°C for the 100 l/s flow. The average 

net electricity generation is 0.25MWe  and 0.19MWe, respectively. For 50 l/s flow the 

LCOE is 130.7 ¢/kWh, which increases to 162.2 ¢/kWh for 100 l/s flow.  

The C1 cases correspond to the same fracture pattern with anisotropic, orthogonal 

fractures, but where the primary permeability is instead in the direction perpendicular to 

the flow between wells. As mentioned in the presentation of reservoir simulation results, 

the cases with some added cementation were unable to maintain flow rates of 50 l/s or 100 

l/s, given the pressure constraints, so there are no results given here for those scenarios.  

The average production temperature is 120.5°C for 50 l/s flow and 105.8°C for 100 l/s 

flow. In the lower flow case, the average net electricity generation is 0.82MWe and the 

LCOE is 53.2.5 ¢/kWh. The average net generation and LCOE for the higher flow case are 

0.77 MWe and 42.7 ¢/kWh. 
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Table 5-1: Summary of Results of Techno-Economic Simulation 

The final set of cases summarized here are the parallel fractures, which are oriented 

parallel to flow between the wells. For D1, the cases without cementation, the average 

production temperatures are 88.8°C for the 50 l/s geofluid flow rate and 85.6°C for the 100 

l/s geofluid flow rate. The 50 l/s flow case yields an average net electricity generation of 

Results from GEOPHIRES for 5km, 150°C Reservoir 

Fracture 
Pattern 

Flow 
Rate 
(l/s) 

Max. 
Production 
Temp. (°C) 

Min. 
Production 
Temp. (°C) 

Avg. 
Production 
Temp. (°C) 

Avg. Net 
Electricity 

Gen. (MWe) 

LCOE 
(¢/kWh) 

A1 
50 143.6 105.5 118.8 0.76 52.3 

100 146.4 97.4 110.2 1.05 40.2 

A2 
50 143.5 102.7 115.8 0.71 55.4 

100 146.4 96.7 108.5 0.95 43.5 

B1 
50 143.0 93.2 102.8 0.47 79.7 

100 146.0 89.6 97.9 0.58 68.9 

B2 
50 142.8 82.1 88.5 0.25 130.7 

100 145.8 81.5 85.2 0.19 162.2 

C1 
50 144.1 93.8 120.5 0.82 53.2 

100 146.7 86.3 105.8 0.77 42.7 

D1 
50 143.0 82.3 88.8 0.21 144.1 

100 146.0 81.7 85.6 -0.03 419.3 

D2 
50 143.3 82.5 89.0 0.19 151.6 

100 146.0 81.8 85.7 -0.12 547.9 
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0.21MWe and an LCOE of 144.1 ¢/kWh. The 100 l/s flow case has an average net 

generation of -0.03MWe  and an LCOE of 419.3 ¢/kWh. With the imposition of some 

cementation in the D2 cases, the average production temperatures increase slightly to 

89.0°C for the lower flow case  and 85.7° for the higher flow case. The associated net 

generation and LCOE for the lower and higher flow cases are 0.19MWe and 120.2 ¢/kWh, 

and -0.12MWe and 547.9 ¢/kWh, respectively.  

Reservoir simulations were run for parallel fractures oriented perpendicular to the 

direction of flow between the wells, but the reservoir was unable to maintain the constant 

production rates outlined in these cases. For this reason, the results of those cases were not 

included in these tables.  
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Chapter 6: Discussion of Results  

This chapter offers further discussion of the results presented in Chapter 5. First, I 

discuss the results of the reservoir simulations. More specifically, I examine the variations 

across fracture patterns, the effect of cementation, and differences due to flow rates. Then 

I review the LCOE and electricity generation results from the techno-economic simulation. 

Finally, I contextualize these findings with respect to the sandstone outcrops discussed in 

chapter 3. 

RESULTS FROM RESERVOIR SIMULATIONS 

The production temperature profiles generated using the initial fracture pattern 

permeabilities vary widely across range of input scenarios. While cases A1, B1, and C1 all 

have orthogonal fracture sets, case A is relatively isotropic and cases B and C are 

anisotropic. The direction of the anisotropy appears to play a significant role in the heat 

extraction performance of the reservoir. Figure 6-1 compares the production temperature 

profiles for the two anisotropic cases, where one has higher permeability parallel to the 

flow between the wells (B1) and the other has higher permeability perpendicular to the 

flow between the wells (C1). Both of these temperature profiles are for the 50 l/s flow rate. 

Thermal breakthrough occurs around year 2 in the parallel case but is delayed until 

approximately year 7 in the perpendicular case. In addition, once thermal breakthrough 

occurs, it appears that the temperature declines more gradually in the perpendicular case.  
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Figure 6–1: Comparison of production temperature profiles for anisotropic cases  

Another interesting comparison is that of the relatively isotropic and highly 

anisotropic cases. Figure 6-2 shows the production temperature profiles for the relatively 

isotropic case and the anisotropic fracture case with higher permeability in the direction 

perpendicular to the flow between the wells. The isotropic fracture case has an earlier 

thermal breakthrough, occurring near year 5, but the decline in production temperature 

appears to be more gradual than the decline for the anisotropic case (C). The production 

temperature at the end of the 30-year period is actually lower for the anisotropic case, 

despite the significantly delayed thermal breakthrough.  
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Figure 6-2: Comparison of production temperature profiles for interconnected fracture 
cases  

This process can be further visualized in Figure 6-3, which shows plan view images 

of the temperature in the reservoir at different years (t). The green lines near the center of 

the reservoir represent the injection well on the right and the production well on the left. In 

the isotropic case, shown on the top row, the cool temperatures reach the production well 

(the green line on the left) by year 15. However, since the fluid is moving at a similar rate 

in both directions, there are still areas near the production well that have maintained a 

higher temperature by year 30, like the top left region of the circle. In the anisotropic case, 

shown on the bottom, since the fluid is moving more quickly in the direction perpendicular 

to the flow between the wells, the cooling of the rock near the production well occurs later 

– after year 15. However, once the thermal front reaches the production well, it consistently 

cools the entire region. 
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Figure 6-3: Plan view of the temperature in the reservoir at various simulation times, 
where the temperature is measured in degrees Celsius, and t is the time in 

years 

The performance of fracture patterns with parallel fractures that were not 

interconnected depended heavily on the orientation of the fractures in relation to the 

injection and production wells. In the case where the fractures were parallel to the flow 

between the wells, thermal breakthrough occurred around year 2 and then the production 

temperature quickly declined to just a few degrees above the injection temperature of the 

fluid. However, in the case where the fractures are perpendicular to the flow between the 

wells, the pressure constraints of the simulation prevent geofluid flow rates from reaching 

50 l/s or 100 l/s.   

Effect of Partial Fracture Closure by Quartz Deposits 

In sedimentary rocks in diagenetic environments, quartz accumulates in fractures 

in patterns that seals narrow fractures first, and then gradually seals wider fractures. 
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Empirical evidence shows that for fracture patterns having a wide aperture size range, the 

switch from open to sealed fractures happens over a narrow size range (Laubach, 2003). 

Because this transition is thought to reflect an emergent aspect of the pattern that resulted 

from competition between fracture opening and fracture sealing, the size is termed the 

‘emergent threshold’ (Laubach, 2003). Modelers simulating the flow-blocking effects of 

cement deposits have adopted this terminology (e.g., Philip et al., 2005; Olson et al., 2007, 

2009). Similar systematic patterns of dolomite and calcite accumulation are found in 

carbonate rock fractures (Gale et al., 2010; Wennberg et al., 2016). 

The conditions that lead to this pattern are likely to be widespread although 

probably not universal. Where fluid transport governs quartz accumulation, wide 

conductive fractures may fill first (e.g., Williams and Fagereng, 2022). These conditions 

may occur in conductive fault zones (e.g., Williams et al., 2015; Romano et al., 2022). In 

contrast, successful quartz accumulation predictions that assume that accumulation is 

governed by precipitation kinetics rather than fluid flow successfully predict pore-filling 

quartz over wide ranges of burial conditions (e.g., Lander and Walderhaug; Lander et al., 

2008; Taylor et al., 2022). Rates governed by precipitation kinetics are likely widespread 

in sedimentary basins where slow flow and stagnant fluids may be widespread. If 

precipitation kinetics governs quartz accumulation, a pattern of preferential fill in narrow 

fractures, narrow fracture tips, and constricted fracture connections is characteristic (e.g., 

Lander and Laubach, 2015). 

The effect of the emergent threshold varies across different fracture patterns. One 

of the primary reasons for this is that the aperture distributions across fracture patterns are 

not uniform. Olson et al.’s models (2007, 2009) have traces with a wide range of apertures. 

All of the Cambrian sandstones have wide aperture size distributions (Hooker et al., 2011; 

Forstner et al., in preparation), and unpublished data from the Potsdam outcrop that 
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suggests aperture size distributions fit a power law. Interestingly, Philip et al. (2005) 

concluded that in networks where fractures are poorly connected, the aperture distribution 

has minor impacts on permeability, and the length distribution of the fractures is instead 

the key driver for permeability. However, in well-connected fracture networks, the aperture 

distribution can be highly influential in determining the equivalent permeability (Philip et 

al., 2005).  

 

 

Figure 6-4: Production temperature profile comparison of anisotropic case with 
cementation and parallel fracture case without cement 

The non-preferential flow paths, which have lower aperture distributions, are the 

first to become filled. In the anisotropic case studied here, this leads to the virtual 

elimination of permeability in one direction, effectively resulting in parallel fractures with 

little to no interconnectivity. Figure 6-4 shows the similarity between the production 

temperature profiles of the anisotropic case with preferential flow paths parallel to flow 
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between wells with cementation and the parallel fracture case without cementation. Though 

there are slight variations, the curves are nearly identical.  

In the anisotropic case where the preferential flow paths are oriented parallel to the 

flow between the wells, the imposition of an emergent threshold makes fluid production at 

rates of 50 l/s or 100 l/s infeasible based on simulated constraints. This makes sense, as the 

case with parallel fractures perpendicular to the flow between the wells was similarly 

unable to produce fluid at those rates.  

For the isotropic cases, the addition of an emergent threshold results in slightly 

reduced production temperatures at both flow rates, as shown in Figure 6-5. Intuitively, 

this makes sense because cementation will reduce the amount of surface area available for 

heat convection, so if the same amount of fluid is passing through the fractures the surfaces 

will cool more quickly. Since fractures have similar aperture distributions regardless of 

direction in the isotropic case, the emergent threshold equally impacts the x and y 

permeabilities. The fluid still moves through the reservoir evenly in each direction, so the 

general shape of the curve is not significantly altered. 

As mentioned in Chapter 4, this work uses the emergent threshold value of 0.3 

millimeters. Higher emergent threshold values reduce permeability drastically and make it 

impossible to achieve productive geofluid flow rates with the simulated pressure 

constraints. This further illustrates the potential impact that quartz cementation can have 

on the geothermal productivity of a formation. 
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Figure 6-5: Effects of cementation on isotropic cases, where dashed lines represent cases 
with an emergent threshold of 0.3 mm 

Effect of Flow Rate 

In all cases, an increase in flow rate from 50 l/s to 100 l/s leads to an earlier thermal 

breakthrough and quicker decline in production temperature. Intuitively, an increased rate 

of fluid flow would cool the reservoir more quickly. However, the magnitude of that effect 

does vary across different fracture patterns. The most significant effects on temperature 

profile are seen in the isotropic cases and the anisotropic cases where preferential flow 

paths are perpendicular to flow between wells.  

In the isotropic and anisotropic interconnected fracture cases, the total surface area 

of the fractures is much higher than in the parallel fracture cases. For this reason, the 

magnitude of the cooling effect of an increased flow rate is lower in the parallel fractures. 

In the anisotropic cases where the preferential flow paths are perpendicular to the wells, an 

increased flow rate causes the shape of the temperature production profile to resemble that 

of the relatively isotropic cases, as shown in Figure 6-6. The thermal breakthrough time 
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resembles that of the low flow isotropic case, but the rate of thermal drawdown is much 

quicker for the anisotropic high flow case. 

 

Figure 6-6: Effect of flow rate in anisotropic case where higher permeability is 
perpendicular to flow between wells 

RESULTS FROM TECHNO-ECONOMIC SIMULATIONS 

As mentioned in Chapter 4, the purpose of the techno-economic simulation is not 

to assign a definitive value to the idealized geothermal reservoir model. LCOE for different 

generation technologies varies spatially, depending on the availability of fuel and 

variability of costs associated with construction and  transmission. However, to give some 

context for LCOE values discussed below, minimum cost technologies in different regions 

across the United States typically cost between 5 and 10 ¢/kWh (Rhodes et al., 2017). In 

the county where CUBO is located, Tompkins County, NY, the estimated LCOE for a 

natural gas CCGT is 8.4 ¢/kWh (Energy Institute, 2018). The lowest estimated LCOE for 

coal is 12.2 ¢/kWh, but this cost varies based on the type of coal and the amount of carbon 

that is captured during generation (Energy Institute, 2018). The LCOE for utility scale solar 
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PV in Tompkins County is estimated to be 5.3 ¢/kWh, and for wind the estimated LCOE 

is  7.5 ¢/kWh (Energy Institute, 2018). Finally, for nuclear, the estimated LCOE is 

11.2 ¢/kWh (Energy Institute, 2018). For a geothermal project to be cost competitive, it 

would need to have a similar, if not lower, LCOE. My simulations are therefore far from 

the range of cost-competitive geothermal systems, but not out of line with estimated 

LCOEs (60 ¢/kWh) for EGS systems with similarly low geothermal gradients (30°C/km) 

(Beckers et al., 2014).   

There are several key findings suggested by the techno-economic simulations. 

Generally, adjusting the flow rate can allow for optimization of temperature production 

profiles for long-term electricity generation, assuming that sufficient permeability is 

available within the system. In other words, there is typically a tradeoff between producing 

less geofluid at a higher temperature and producing more geofluid at a lower temperature 

to optimize the average net electricity generation. This is seen in most of the cases with 

interconnected fractures, regardless of anisotropy. In the isotropic (A) and anisotropic with 

greater permeability parallel to flow across the reservoir (B) cases, the higher flow cases 

produce more electricity on average, despite lower temperatures, leading to a lower LCOE. 

However, in the anisotropic with greater permeability perpendicular to flow across the 

reservoir (C) cases, the higher flow case has a lower average temperature and a lower 

average electricity production, but still has a lower LCOE. This is probably due to the delay 

in thermal breakthrough. Though the average electricity generation value is lower for the 

100 l/s than the 50 l/s case, there are several years at the beginning of the plant lifetime 

when the reservoir is still close to its maximum production temperature, offsetting the 

significantly lower generation in later years. 

However, for the parallel fracture arrangement with little interconnectivity between 

the fractures, higher flow rates cannot compensate for lower production temperatures. In 
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fact, cooling occurs so quickly that even lower flow rates are highly uneconomic. The 

average net generation for the higher flow cases is actually negative, which means that the 

operator must purchase power in order to operate the pump and power plant. This deficit 

in power production is the reason that the LCOE values are so high for the parallel fracture 

arrangement. Figure 6-7 shows the different ranges in LCOE associated with fracture 

patterns. The variation in the range is a result of different flow rates. Even though the 

parallel fracture arrangements (D1 and D2) offer the widest range of LCOE values across 

flow rates, the lowest LCOE is still significantly higher than any of the more interconnected 

patterns.  

While the production temperature profiles for the isotropic cases appeared to be 

impacted by the addition of an emergent threshold (Fig 6-5), that had a relatively small 

effect on the reservoir economics. The production temperature profiles for the anisotropic 

case with higher permeability parallel to flow between the wells (B) shifted drastically 

based on the impacts of cementation (B2) (Fig. 6-4), causing the temperature profile to 

resemble that of the parallel fracture case. While the LCOEs for both flow cases are 

significantly elevated from the B1 to B2 scenario, the range of LCOE values for the B2 

scenario is much lower than the range of LCOE values for the D1 or D2 scenarios, even 

though the temperature profiles are nearly identical. This difference can likely be attributed 

to the higher magnitude of permeability in the B2 case. The fractures that formed as part 

of a highly connected network are more closely spaced and have larger apertures than those 

that formed in only direction in the highly anisotropic strain case. Since the effective 

permeability is higher, the power required to pump fluid through the system is significantly 

lower, resulting in a much lower LCOE. 

Another interesting finding is that the isotropic (A) and anisotropic case (C) with 

higher permeability perpendicular to flow between the wells are similar economically, but 
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the other anisotropic case has notably less favorable economics. This is unsurprising based 

on the temperature profiles generated by the different cases, but it demonstrates the 

economic importance of understanding the relationship between interconnected fracture 

sets in a reservoir, including the aperture distributions. If there are two interconnected 

fracture sets in a reservoir, and one has a larger aperture distribution, it would be 

significantly better from an economic standpoint to place the wells so that the fluid is 

flowing perpendicular to that more conductive set, so long as there is still sufficient 

permeability in that direction.  

 

Figure 6-7: Levelized Cost of Electricity (LCOE) ranges for different fracture patterns 

IMPLICATIONS FOR THE GEOTHERMAL DEVELOPMENT OF THE POTSDAM 

The pre-existing fracture networks observed at the Mohawk outcrop of the Potsdam 

are well-interconnected, with regularly spaced fracture sets in two directions. The 

approximately N-S striking set is significantly more abundant at the Mohawk outcrop 
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compared to the ENE-striking set and there are a few NW-SE striking fractures. The 

lengths of the N-S striking set also appear to be greater, although there are several issues 

involved with measuring length that make field measurements challenging (e.g., Ortega 

and Marrett, 2000). This indicates similarity to the anisotropic case, with possible 

preferential flow paths along the approximately N-S set. However, fracture aperture 

distribution and connectivity data would be needed to confirm the existence of preferential 

flow paths.  

Quartz cement observed at the outcrop that nearly completely fills many fractures 

indicates that fractures which at one point might have served as potential flow pathways 

for geofluid production in the outcrop rocks are now poor flow pathways, and similar 

fractures may be sealed in the subsurface if they experienced similar thermal histories. Site-

specific core data can confirm the degree of cement accumulation in the target formation 

and the presence of similar fractures. If the outcrop is established as a suitable analog for 

the subsurface, the application of hydraulic stimulation strategies, such as hydroshearing, 

potentially re-activate these pre-existing fracture networks, counteracting the impacts of 

cementation, but potentially increasing the costs associated with production.  

Additionally, it is important to note that an underlying assumption in this work was 

that the effective permeability calculated for a 5-meter by 5-meter area could be applied at 

a reservoir scale. However, the fracture arrangements observed at the outcrop scale indicate 

significant heterogeneity within a 40-meter by 40-meter area (Fig 4-6). Knowing that the 

interconnectivity of fractures plays an important role in geothermal reservoir economics, 

understanding this heterogeneity could be key in understanding geothermal performance 

at a reservoir scale. For example, if the ENE striking set of fractures are extremely 

localized, and only appear along a 20-meter interval, then the overall geothermal potential 
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of the reservoir is significantly lower than if they appear consistently throughout the 

reservoir.  

In addition, the application of an effective continuum approach for modeling heat 

extraction from fractures in porous media is only an appropriate assumption when the 

spacing between the fractures is relatively small (e.g., Zeng et al., 2013). This means that 

this approximation of heat extraction may not hold for cases where fracture spacing 

exceeds 2 or 3 meters. 

Finally, as mentioned in Chapter 2, previous studies have found that vertical 

anisotropy can have significant impacts on heat extraction. Kalinina et al. (2014) find that 

horizontal wells can minimize the effects of vertical anisotropy, so I implemented 

horizontal wells in this work. My approach only accounts for sub-vertical fractures and 

simulates fluid flow 2-dimensionally. This means that the effect of different fracture 

heights on the connectivity of the fracture network is neglected. These effects could vary, 

enhancing connectivity in some cases, or isolating fractured regions in others. When 3-D 

EGS systems with lateral wells are modeled, the convention is to place the production well 

closer to the surface (e.g., Yao et al., 2018; Asai et al., 2019b). The difference in the depths 

of the injection and production wells may affect the pressure distribution across the 

reservoir, which may impact the pumping parameters and in turn, the reservoir economics.   
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Chapter 7: Conclusions 

Pre-existing fracture networks can greatly enhance the permeability and geothermal 

potential of otherwise low-permeability sandstones. However, the arrangement of the 

fractures does have a significant effect on the heat extraction performance of the reservoir. 

While various fracture geometries create sufficient permeability to allow for high volume 

geofluid production, not all of those geometries also result in sustainable and economic 

thermal performance. The ideal fracture geometries for geothermal productivity are highly 

interconnected, either with relatively isotropic permeabilities that allow for even flow 

throughout the reservoir, or with preferential flow pathways that are perpendicular to the 

flow between the wells, delaying the arrival of thermal breakthrough at the production well. 

In addition, understanding of the pre-existing fracture networks can help inform 

effective stimulation strategies and well placement. For example, the economic and thermal 

performance for a fracture pattern can vary significantly based on the orientation of the 

fractures relative to the flow across the reservoir. Thermal breakthrough could also be 

delayed by increasing well spacing or adjusting flow rats as seen in this analysis. One 

potential extension of this work would be to explicitly incorporate stimulation techniques, 

such as hydraulic fractures, into the reservoir simulation. The cases with parallel fracture 

distributions that are perpendicular to flow between wells could be modified with hydraulic 

fractures to simulate the effect of an isotropic or slightly anisotropic network of 

interconnected fractures.  

As mentioned in the discussion of the Potsdam, this work assumes that the effective 

permeabilities are homogenous across the reservoir. In reality, there is almost certainly 

spatial variation across the reservoir. If the magnitude of the permeability is consistent, the 

general findings here are likely still relevant, but at a reservoir scale there may be large 
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regions where different fracture geometries are present. It may be interesting to model 

reservoirs with regional variances in prevalent fracture patterns to see how thermal 

performance is affected. However, there is an inherent tradeoff between computational 

efficiency and specificity of input data. In addition, extrapolating fracture information over 

a larger area introduces increasing levels of uncertainty without additional data. 

Quantification of the uncertainty in subsurface fracture network characterization could be 

helpful in determining the potential value associated with gathering additional subsurface 

data.  

 Arrangements of fractures on a large scale can be difficult to ascertain in the 

subsurface,  but observations at outcrops that are established as suitable analogs for the 

subsurface can help predict the characteristics of pre-existing fracture networks. Since 

cementation plays a large role in the permeability of a sandstone target, site-specific core 

samples can help reduce uncertainty regarding the diagenetic history of the reservoir. 

Paired with analog outcrop data, it is possible to make preliminary predictions about the 

potential productivity of a particular formation. 

 

 

 



 91 

References 

Aliyu, M. D., & Chen, H.-P. (2017). Sensitivity analysis of deep geothermal reservoir: 
Effect of reservoir parameters on production temperature. Energy, 129, 101–113. 
doi:10.1016/j.energy.2017.04.091 

Anderson, A., & Rezaie, B. (2019). Geothermal technology: Trends and potential role in a 
sustainable future. Applied Energy, 248, 18–34. 

Asai, P., Panja, P., McLennan, J., & Deo, M. (2019a). Effect of different flow schemes on 
heat recovery from Enhanced Geothermal Systems (EGS). Energy, 175, 667–676. 
doi:10.1016/j.energy.2019.03.124 

Asai, P., Panja, P., McLennan, J., & Moore, J. (2019b). Efficient workflow for simulation 
of multifractured enhanced geothermal systems (EGS). Renewable Energy, 131, 
763–777. doi:10.1016/j.renene.2018.07.074 

Augustine, C. (2014.). Analysis of Sedimentary Geothermal Systems Using an Analytical 
Reservoir Model. Geothermal Resources Council Transactions, 38, 641-648. 

Augustine, C., & Zerpa, L. (2017). Sedimentary Geothermal Feasibility Study: October 
2016 (NREL/SR--6A20-66552, 1339939; p. NREL/SR--6A20-66552, 1339939). 
doi:10.2172/1339939 

Barbier, E. (2002). Geothermal energy technology and current status: an overview. 
Renewable and Sustainable Energy Reviews, 6(1-2), 3–65. 

Beckers, K. F., Lukawski, M. Z., Anderson, B. J., Moore, M. C., & Tester, J. W. (2014). 
Levelized costs of electricity and direct-use heat from Enhanced Geothermal 
Systems. Journal of Renewable and Sustainable Energy, 6(1), 013141. 
doi:10.1063/1.4865575 

Beckers, K. F., & McCabe, K. (2019). GEOPHIRES v2.0: Updated geothermal techno-
economic simulation tool. Geothermal Energy, 7(1), 5. doi:10.1186/s40517-019-
0119-6 

Bedre, M. G., & Anderson, B. J. (2012). Sensitivity Analysis of Low-Temperature 
Geothermal Reservoirs: Effect of Reservoir Parameters on the Direct Use of 
Geothermal Energy. Geothermal Resources Council Transactions, 1255-1262. 

Blackwell, D., Richards, M., Frone, Z., Batir, J., Ruzo, A., Dingwall, R., & Williams, M. 
(2011). Temperature-At-Depth Maps for the Conterminous U. S. and Geothermal 
Resource Estimates. Geothermal Resources Council Transactions, 35, 1545-1550. 

Blackwell, D.D., Richards, M.C., Frone, Z.S., Batir, J.F., Williams, M.A., Ruzo, A.A., & 
Dingwall, R.K. (2011). SMU Geothermal Laboratory Heat Flow Map of the 
Conterminous United States, 2011. http://www.smu.edu/geothermal 

Boersma, Q. D., Bruna, P. O., Hoop, S. de, Vinci, F., Tehrani, A. M., & Bertotti, G. (2021). 
The impact of natural fractures on heat extraction from tight Triassic sandstones in 



 92 

the West Netherlands Basin: A case study combining well, seismic and numerical 
data. Netherlands Journal of Geosciences, 100. doi:10.1017/njg.2020.21 

Bradley, D. C., & Kidd, W. S. F. (1991). Flexural extension of the upper continental crust 
in collisional foredeeps. Geological Society of America Bulletin, 103(11), 1416. 
doi:10.1130/0016-7606 

Chiarenzelli, J.R., & Selleck, B.W. (2016) "Bedrock Geology of the Adirondack 
Region," Adirondack Journal of Environmental Studies, 21(1), 5, 19-42. 

CMG. (2020). STARS User Guide: Thermal & Advanced Processes Simulator. Computer 
Modeling Group Ltd. Calgary, Alberta, Canada. 

Daniilidis, A., Alpsoy, B., & Herber, R. (2017). Impact of technical and economic 
uncertainties on the economic performance of a deep geothermal heat system. 
Renewable Energy, 114, 805–816. doi:10.1016/j.renene.2017.07.090 

Domagała, K., Maćkowski, T., Stefaniuk, M., & Reicher, B. (2021). Prediction of 
Reservoir Parameters of Cambrian Sandstones Using Petrophysical Modelling—
Geothermal Potential Study of Polish Mainland Part of the Baltic Basin. Energies 
(19961073), 14(13), 3942–3942. doi:10.3390/en14133942 

Energy Institute at the University of Texas at Austin. (2018, September 21). LCOE with 
Environmental Costs. https://energy.utexas.edu/lcoe-sbs. 

Engelder, J. T., & Sbar, M. L. (1976). Evidence for uniform strain orientation in the 
Potsdam Sandstone, northern New York, from in situ measurements. Journal of 
Geophysical Research (1896-1977), 81(17), 3013–3017. 
doi:10.1029/JB081i017p03013 

Ferguson, G., & Ufondu, L. (2017). Geothermal energy potential of the Western Canada 
Sedimentary Basin: Clues from coproduced and injected water. Environmental 
Geosciences, 24, 113–121. doi:10.1306/eg.0206171600917003 

Fisher, D. W. (1968). Geology of the Plattsburgh and Rouses Point, New York--Vermont, 
quadrangles [Map]. Geological Survey, New York State Museum and Science 
Service. 

Forstner, S.R, and Laubach, S.E., (2022). Scale-dependent fracture networks. Manuscript 
in preparation. 

Forstner, S.R., Laubach, S.E., Fall., A., 2018. Evolution of deformation in the Buck 
Mountain Fault damage zone, Cambrian Flathead Sandstone, Teton Range, 
Wyoming (ext. abs.). 14th Pan-American Current Research on Fluid Inclusions 
Conference, Houston, Texas, Abstracts with Program; Fall, A., ed., 47-48. 

Franzi, D. A., & Adams, K. B. (1993). The Altona Flat Rock Jack Pine Barrens: A Legacy 
of Fire and Ice. Vermont Geology, 7, 43-61. 



 93 

Gan, Q., & Elsworth, D. (2016). Production optimization in fractured geothermal reservoirs 
by coupled discrete fracture network modeling. Geothermics, 62, 131–142. 
doi:10.1016/j.geothermics.2016.04.009 

GeoVision (2019). GeoVision: Harnessing the Heat Beneath Our Feet, U.S. Department of 
Energy (DOE) Office of Energy Efficiency & Renewable Energy, Geothermal 
Technologies Office (GTO). 

Ghassemi, A. (2012). A review of some rock mechanics issues in geothermal reservoir 
development. Geotech. Geol. Eng., 30, 647–664. 

Gringarten, A. C., Witherspoon, P. A., & Ohnishi, Y. (1975). Theory of heat extraction 
from fractured hot dry rock. Journal of Geophysical Research, 80(8), 1120–1124. 

Hadgu, T., Kalinina, E., & Lowry, T. S. (2016). Modeling of heat extraction from variably 
fractured porous media in Enhanced Geothermal Systems. Geothermics, 61, 75–85. 
doi:10.1016/j.geothermics.2016.01.009 

Hao, F., & Shao, W. (2021). What really drives the deployment of renewable energy? A 
global assessment of 118 countries. Energy Research & Social Science, 72, 101880. 
doi:10.1016/j.erss.2020.101880 

Hawkins, A. J., D. B. Fox, M. W. Becker, and J. W. Tester (2017), Measurement and 
simulation of heat exchange in fractured bedrock using inert and thermally 
degrading tracers, Water Resour. Res., 53, 1210–1230, 
doi:10.1002/2016WR019617 

Hayman, N. W., & Kidd, W. S. F. (2002). Reactivation of prethrusting, synconvergence 
normal faults as ramps within the Ordovician Champlain-Taconic thrust system. 
Geological Society of America Bulletin, 114(4), 476–489. doi:10.1130/0016-7606 

Hoffman, P. F. (1991). Did the breakout of Laurentia turn Gondwanaland inside-
out?. Science, 252(5011), 1409-1412. 

Hooker, J.N., Laubach, S.E., and Marrett, R., 2013, Fracture-aperture size–frequency, 
spatial distribution, and growth processes in strata-bounded and non-strata-
bounded fractures, Cambrian Mesón Group, NW Argentina. Journal of Structural 
Geology, 54, 54-71. 

Jordan, T. et al. (2020). Borehole research in New York State can advance utilization of 
low-enthalpy geothermal energy, management of potential risks, and understanding 
of deep sedimentary and crystalline geologic systems. Scientific Drilling., 28, 75–
91. doi:10.5194/sd-28-75-2020 

Kalinina, E. A., Klise, K. A., Mckenna, S. A., Hadgu, T., & Lowry, T. S. (2014). 
Applications of fractured continuum model to enhanced geothermal system heat 
extraction problems. SpringerPlus, 3(1), 1–13. doi:10.1186/2193-1801-3-110 



 94 

Kumari, W. G. P., & Ranjith, P. G. (2019). Sustainable development of enhanced 
geothermal systems based on geotechnical research – A review. Earth-Science 
Reviews, 199, 102955. doi:10.1016/j.earscirev.2019.102955 

Lander, R.H., Larese, R.E., Bonnell, L.M. (2008). Toward more accurate quartz cement 
models—The importance of euhedral vs. non-euhedral growth rates. AAPG 
Bulletin 92, 1537–1564. 

Lander, R. H., & Laubach, S. E. (2015). Insights into rates of fracture growth and sealing 
from a model for quartz cementation in fractured sandstones. Geological Society of 
America Bulletin, 127(3–4), 516–538. doi:10.1130/B31092.1 

Lander, R.H., & Walderhaug, O. (1999). Porosity prediction through simulation of 
sandstone compaction and quartz cementation. AAPG Bulletin, 83, 433–449. 

Landing, E. (2007). Edicaran-Ordovician of east Laurentia – Geologic setting and controls 
on deposition along the New York promontory region. In E. Landing (Ed), 
Ediacaran-Ordovician of East Laurentia: S.W. Ford memorial volume: 12th 
International Conference of the Cambrian Chronostratigraphy Working Group 
(pp. 5-24). New York State Museum. 

Laubach, S.E. (1988). Subsurface fractures and their relationship to stress history in East 
Texas Basin sandstone. Tectonophysics 156 (1-2), 37–49. 

Laubach, S.E. (2003). Practical approaches to identifying sealed and open fractures. AAPG 
Bulletin, 87(4), 561–579. doi:10.1306/11060201106 

Laubach, S.E., & Diaz-Tushman, K. (2009). Laurentian paleostress trajectories and 
ephemeral fracture permeability, Cambrian Eriboll Formation sandstones west of 
the Moine thrust zone, northwest Scotland. Journal of the Geological Society 
(London), 166(2), 349–362. 

Laubach, S.E., Lander, R.H., Criscenti, L.J., et al. (2019). The role of chemistry in fracture 
pattern development and opportunities to advance interpretations of geological 
materials. Reviews of Geophysics, 57(3), 1065-1111. doi:10.1029/2019RG000671 

Laubach, S.E., Olson, J.E., Gale, J.F. (2004) Are open fractures necessarily aligned with 
maximum horizontal stress? Earth and Planetary Science Letters, 222, 191-195. 
doi:10.1016/j.epsl.2004.02.019 

Love, J.D., Reed, J.C., Christiansen, A.C. (1992). Geologic map of Grand Teton National 
Park, Teton County, Wyoming. [ca. 1:62,500]. USGS. 

Menberg, K., Pfister, S., Blum, P., & Bayer, P. (2016). A matter of meters: State of the art 
in the life cycle assessment of enhanced geothermal systems. Energy & 
Environmental Science, 9(9), 2720–2743. doi:10.1039/C6EE01043A 

Olson, J. E., Laubach, S. E., & Lander, R. H. (2007). Combining diagenesis and mechanics 
to quantify fracture aperture distributions and fracture pattern permeability. 



 95 

Geological Society, London, Special Publications, 270(1), 101–116. 
doi:10.1144/GSL.SP.2007.270.01.08 

Olson, J.E, Laubach, S.E., & Lander, R.H. (2009). Natural fracture characterization in tight 
gas sandstones: Integrating mechanics and diagenesis. AAPG Bulletin, 93(11), 
1535–1549. doi: 10.1306/08110909100 

Olson, J. E., Laubach, S. E., & Eichbul, P. (2010). Estimating natural fracture producibility 
in tight gas sandstones: Coupling diagenesis with geomechanical modeling. The 
Leading Edge, 29(12), 1494–1499. doi:10.1190/1.3525366 

Ortega, O., Marrett, R., 2000. Prediction of macrofracture properties using microfracture 
information, Mesaverde Group sandstones, San Juan basin, New Mexico. Journal 
of Structural Geology 22 (5), 571–588. 

Otvos, Jr., E. G. (1966). Sedimentary structures and depositional environments, Potsdam 
Formation, Upper Cambrian. Bulletin of the American Association of Petroleum 
Geologists, 50(1), 159–165.doi:10.1306/5D25B473-16C1-11D7-
8645000102C1865D 

Pearce, J. M. (2012). Limitations of Nuclear Power as a Sustainable Energy Source. 
Sustainability, 4(6), 1173–1187. doi:10.3390/su4061173 

Philip, Z. G., Jennings Jr, J. W. , Olson, J. E., Laubach, S. E., & Holder, J. (2005). Modeling 
Coupled Fracture-Matrix Fluid Flow in Geomechanically Simulated Fracture 
Networks. SPE Res Eval & Eng 8 (04): 300–309. 

Polsky, Y., Jr, L. C., Finger, J., Huh, M., Knudsen, S., Chip, A. J., Raymond, D., & 
Swanson, R. (2009.). Enhanced Geothermal Systems (EGS) Well Construction 
Technology Evaluation Report. Proceedings: Thirty-Fourth Workshop on 
Geothermal Reservoir Engineering, Stanford, California. 

Rayburn, J. A., K. Knuepfer, P. L., & Franzi, D. A. (2005). A series of large, Late 
Wisconsinan meltwater floods through the Champlain and Hudson Valleys, New 
York State, USA. Quaternary Science Reviews, 24(22), 2410–2419. 
doi:10.1016/j.quascirev.2005.02.010 

Rhodes, J. D., King, C., Gulen, G., Olmstead, S. M., Dyer, J. S., Hebner, R. E., Beach, F. 
C., Edgar, T. F., & Webber, M. E. (2017). A geographically resolved method to 
estimate levelized power plant costs with environmental externalities. Energy 
Policy, 102, 491–499. doi:.1016/j.enpol.2016.12.025 

Rijken, M. C. M. (2005). Modeling naturally fractured reservoirs: From experimental rock 
mechanics to flow simulation [Thesis]. 
https://repositories.lib.utexas.edu/handle/2152/1708 

Robins, J., Kolker, A., Flores-Espino, F., Pettitt, W., Schmidt, B., Beckers, K., Pauling, H., 
& Anderson, B. (2021). 2021 U.S. Geothermal Power Production and District 



 96 

Heating Market Report. National Renewable Energy Laboratory. 
doi:10.2172/1808679 

Rogelj, J., D. Shindell, K. Jiang, S. Fifita, P. Forster, V. Ginzburg, C. Handa, H. Kheshgi, 
S. Kobayashi, E. Kriegler, L. Mundaca, R. Séférian, and M.V. Vilariño. (2018). 
Mitigation Pathways Compatible with 1.5°C in the Context of Sustainable 
Development. In Masson-Delmotte, V., P. Zhai, H.-O. Pörtner, D. Roberts, J. Skea, 
P.R. Shukla, A. Pirani, W. Moufouma-Okia, C. Péan, R. Pidcock, S. Connors, 
J.B.R. Matthews, Y. Chen, X. Zhou, M.I. Gomis, E. Lonnoy, T. Maycock, M. 
Tignor, and T. Waterfield (eds.): Global Warming of 1.5°C. An IPCC Special 
Report on the impacts of global warming of 1.5°C above pre-industrial levels and 
related global greenhouse gas emission pathways, in the context of strengthening 
the global response to the threat of climate change, sustainable development, and 
efforts to eradicate poverty (pp. 93-174). Intergovernmental Panel on Climate 
Change. 

Romano, C.R., Williams, R.T., Cheng, F. (2022). Evolution of fault-zone hydromechanical 
properties in response to different cementation processes. Lithosphere, 2022 (1). 

Rybach, L., & Mongillo, M. (2006). Geothermal Sustainability—A Review with Identified 
Research Needs. Geothermal Resources Council Transactions, 30, 1083-1090. 

Shaik, A. R., Rahman, S. S., Tran, N. H., & Tran, T. (2011). Numerical simulation of Fluid-
Rock coupling heat transfer in naturally fractured geothermal system. Applied 
Thermal Engineering, 31(10), 1600–1606. 
doi:.1016/j.applthermaleng.2011.01.038 

Somma, R., Blessent, D., Raymond, J., Constance, M., Cotton, L., De Natale, G., Fedele, 
A., Jurado, M.J., Marcia, K., Miranda, M. & Troise, C. (2021). Review of recent 
drilling projects in unconventional geothermal resources at Campi Flegrei Caldera, 
Cornubian Batholith and Williston sedimentary basin. Energies, 14(11), 3306. 
doi:10.3390/en14113306 

Taylor, T.R., Lander, R.H., Bonnell, L.M. (2022). Sandstone Petrography, Petrology, and 
Modeling. SEPM Concepts in Sedimentology and Paleontology No. 20, 
doi:10.2110/sepmcsp.13.12 

Tester, J. W., Anderson, B. J., Batchelor, A. S., Blackwell, D. D., DiPippo, R., Drake, E. 
M., Garnish, J., Livesay, B., Moore, M. C., Nichols, K., Petty, S., Toksoz, M. N., 
Veatch, R. W., Baria, R., Augustine, C., Murphy, E., Negraru, P., & Richards, M. 
(2007). Impact of Enhanced Geothermal Systems on US Energy Supply in the 
Twenty-First Century. Philosophical Transactions: Mathematical, Physical and 
Engineering Sciences, 365(1853), 1057–1094. 

Thorsteinsson, H., Augustine, C., Anderson, B. J., Moore, M. C., & Tester, J. W. (2018). 
The Impacts of Drilling and Reservoir Technology Advances on EGS Exploitation. 
Proceedings: Workshop on Geothermal Reservoir Engineering, Stanford, 
California, 33, 5-18. 



 97 

Ukar, E., Laubach, S. E., & Hooker, J. N. (2019). Outcrops as guides to subsurface natural 
fractures: Example from the Nikanassin Formation tight-gas sandstone, Grande 
Cache, Alberta foothills, Canada. Marine and Petroleum Geology, 103, 255–275. 
doi:10.1016/j.marpetgeo.2019.01.039 

Wall, A. M., Dobson, P. F., & Thomas, H. (2017). Geothermal Costs of Capital: Relating 
Market Valuation to Project Risk and Technology. Geothermal Resources Council 
Transactions, 41, 45-61. 

Wennberg, O.P., Casini, G., Jonoud, S., Peacock, D.C.P. (2016). The characteristics of 
open fractures in carbonate reservoirs and their impact on fluid flow: a discussion. 
Petroleum Geoscience, 22, 91–104. doi:10.1144/petgeo2015-003 

Wiesnet, D. R. (1961). Composition, grain size, roundness, and sphericity of the Potsdam 
Sandstone (Cambrian) in northeastern New York. Journal of Sedimentary 
Petrology, 31(1), 5–14. doi:10.1306/74D70AE7-2B21-11D7-8648000102C1865D 

Williams, J. H., Reynolds, R. J., Franzi, D. A., Romanowicz, E. A., & Paillet, F. L. (2010). 
Hydrogeology of the Potsdam Sandstone in Northern New York. Canadian Water 
Resources Journal / Revue Canadienne Des Ressources Hydriques, 35(4), 399–
416. doi:10.4296/cwrj3504399  

Williams, R.T. Fagereng, Å. (2022). The role of quartz cementation in the seismic cycle: 
A critical review. Reviews of Geophysics, 60. doi:10.1029/2021RG000768 

Williams, R.T., Farver, J.R., Onasch, C.M., Winslow, D.F. (2015). An experimental 
investigation of the role of microfracture surfaces in controlling quartz precipitation 
rate: Applications to fault zone diagenesis. Journal of Structural Geology, 74, 24–
30. 

Yao, J., Zhang, X., Sun, Z., Huang, Z., Liu, J., Li, Y., Xin, Y., Yan, X., & Liu, W. (2018). 
Numerical simulation of the heat extraction in 3D-EGS with thermal-hydraulic-
mechanical coupling method based on discrete fractures model. Geothermics, 74, 
19–34. doi:10.1016/j.geothermics.2017.12.005 

Zeng, Y.-C., Su, Z., & Wu, N.-Y. (2013). Numerical simulation of heat production 
potential from hot dry rock by water circulating through two horizontal wells at 
Desert Peak geothermal field. Energy, 56, 92–107. 
doi:10.1016/j.energy.2013.04.055 

Zhang, C., Jiang, G., Jia, X., Li, S., Zhang, S., Hu, D., Hu, S., & Wang, Y. (2019). 
Parametric study of the production performance of an enhanced geothermal system: 
A case study at the Qiabuqia geothermal area, northeast Tibetan plateau. Renewable 
Energy, 132, 959–978. doi:10.1016/j.renene.2018.08.061 


