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Executive Summary 

Recognizing the importance of renewable energy in combating climate change, Duke 

University has set a goal to become carbon neutral by 2024 from a 2007 baseline. To fulfill the 

goal, Duke is keen for an alternative to the natural gas that generates steam to meet heating 

demand on campus. Duke believes geothermal energy is a potential alternative.  Our study 

explores the feasibility of building a direct use geothermal system on Duke’s west campus. To 

assess the feasibility, our study includes four methodologies: building a geothermal model to 

estimate the necessary flow rates to meet campus’ heating demand, calculating emission 

reductions, conducting a geospatial analysis to select potential sites, and estimating the costs to 

construct and operate the geothermal system.  

Duke is located in a low-temperature geothermal basin, making it difficult to access 

geothermal resources.  An enhanced geothermal system (EGS) utilizes hydraulic fracturing to 

create man-made fractures in the rock and a reservoir to harness geothermal in low-temperature 

basins.  With an EGS, we analyze how geothermal can be applied to Duke’s existing steam and 

hot water district systems.  Modeling an EGS that could meet 10%-80% of campus’ steam load, 

we find that the necessary flow rates range from approximately 18,534 lbm/hr with a geothermal 

temperature of 250°F if meeting only 10% of steam load to approximately 186,00 lbm/hr with a 

geothermal temperature of 212°F and meeting 80% of steam load.  All the modeled flow rates 

are reasonable when compared to similar EGS projects in the U.S.  Our emissions reductions 

analysis demonstrates that there is a linear relationship between the load provided by geothermal 

and the resulting emissions reductions, meaning that if EGS generates 80% of the steam load 

then 80% of the current steam emissions would be reduced.  Our geospatial analysis identified 

eleven potential sites to site an EGS if used for the hot water district system and sixty-two sites if 



   

 

   

 

used for the steam district system.  We calculated that the average construction cost for a single 

well is $5.6 million dollars, the average distribution cost is $700,000 for hot water pipes and 

$900,000 for steam pipes, and the average annual operation cost for an EGS is $200,000. Each 

aspect of our analysis confirmed that geothermal may be feasible to use for Duke’s heating needs 

if the geothermal temperature gradient below Duke is sufficient.  Therefore, our recommendation 

is that Duke University should pursue further research of an EGS for campus heating and 

consider the following next steps. 

 

Recommended Next Steps: 

• Wait for further evaluation until Duke researchers drill a test well to better understand 

the geology and geothermal conditions of the Triangle area. 

• Use GEOPHIRES software to better predict the flow rate and costs of geothermal. 

• Drill a test well on Duke’s campus to assess the geology, thermal gradient, and rock 

permeability below campus. 

• Rerun our model and the GEOPHIRES model with updated data inputs. 

• Determine whether to go forward with an EGS for Duke’s campus. 
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Introduction  

In light of the crisis posed by climate change, Duke University (Duke) has pledged to 

become climate neutral by 2024.1 Duke’s 2019 Climate Action Plan Update states that by 2019 

Duke will reduce 78% of its greenhouse gas (GHG) emissions from 2007 by 2024 if all 

recommendations are implemented, leaving approximately 73,000 MTCO2 to offset.2 Even after 

the goal is reached, Duke plans to continue its work to reduce remaining GHG emissions on 

campus.3 To achieve deep emissions reductions, Duke will need to invest in alternatives to its 

existing natural gas-powered district steam and hot water systems that meet the campus 

buildings’ heating needs. 

The U.S. Energy Information Administration (EIA), in 2014, estimated that more than 

76% of all electricity use and over 40% of all energy use is for commercial and residential 

buildings, making buildings a significant contributor to GHG emissions.4 This holds true for 

Duke. In the 2019 Duke University Climate Action Plan Update, Duke estimated that 25% of the 

campus GHG emissions were from burning natural gas for steam plants that heat and cool the 

buildings and another 40% of GHG emissions were from electricity for buildings.5 To meet our 

climate goals, we must address building energy use. Incredible gains in energy efficiency have 

reduced overall building electricity demand over the last few decades. Shifting more of our 

electricity supply to carbon-free sources will further reduce buildings’ GHG contribution. Since 

2009, Duke has shifted its steam generation from coal to natural gas; however, this natural gas 

 

1 “About Sustainable Duke.” 
2 “2019 Duke University Climate Action Plan Update.” 
3 “About Sustainable Duke.” Sustainability, 2020. https://sustainability.duke.edu/about” 
4 “Increasing Efficiency of Building Systems and Technologies.” 
5 “2019 Duke University Climate Action Plan Update.” 

 



   

 

   

 

consumption remains a troubling source of GHG emissions since no easy alternative for heating 

is yet feasible at scale. For Duke to significantly reduce its emissions from heating, Duke must 

find an alternative source of energy, and geothermal may offer that potential. 

One potential alternative to natural gas heating in buildings is developing an enhanced 

geothermal system (EGS) for district heating. To assess whether geothermal has the potential to 

provide heating for Duke, we conducted a feasibility study that examined the heating 

requirements for Duke’s campus and the necessary geothermal inputs to meet those 

requirements. We modeled scenarios using Duke’s Facilities Management’s energy data and 

calculated the potential GHG emissions reductions. We further researched the costs of building 

EGS on Duke’s campus and modeled potential locations to site the required infrastructure.  

Our analysis suggests that with the right geologic conditions, EGS could provide a 

portion of Duke’s heating load and offset a small amount of GHG emissions from natural gas. 

However, we recommend that Duke wait until a test geothermal well is drilled in the Triangle 

region and more geologic data is collected before pursuing further research into EGS for Duke’s 

campus.  

Our report provides background on Duke’s climate goals and current emissions, current 

research on EGS, and alternatives to natural gas for heating. We then give an overview of the 

feasibility study’s goals and methods, detail the results of our analysis, and discuss other 

considerations for EGS and gaps in our analysis. We conclude with a discussion of our 

recommendation to Duke and the steps to move forward with a geothermal project on Duke’s 

campus. 

 



   

 

   

 

Goals 

Reducing Duke’s GHG emissions from natural gas remains a primary challenge for the 

university’s climate goals. EGS offers the potential to reduce Duke’s reliance on natural gas for 

the campus’ hot water and heating needs. Our report aims to assess whether EGS could meet a 

portion of the campus’ steam and hot water demand and the feasibility of using geothermal at 

Duke. Specifically, we identified four objectives: 

1. Estimate the base requirements for a geothermal system to meet increasing shares of 

projected heating demand and identify suitable geothermal systems and associated 

infrastructure needs for Duke’s campus. 

2. Model the emissions reductions/change from a geothermal system compared to the 

existing steam plants. 

3. Using GIS tools, identify suitable locations for EGS on Duke’s property, including 

well sites and the location for a geothermal system and distribution infrastructure.  

4. Approximate the costs to construct and operate an EGS that serves Duke’s heating 

needs. 

 

Our Clients 

Deep Earth Laboratory for Triangle Affiliates Researchers 

A group of scientists from Duke University, which includes Dr. Paul Baker, an expert in 

earth and climate sciences, and Dr. Peter Malin, a specialist in earth and ocean sciences, 

proposed drilling a 2-km demonstration borehole in the Triangle's Triassic Deep River 

sedimentary basin, a region with geothermal potential. They note that geothermal research has 

emphasized use of high-temperature resources for electrical power generation but paid 



   

 

   

 

insufficient attention to direct use of mid-temperature resources. The scientists plan to apply two 

advanced technologies: sub-surface flow mapping and enhancement and above-ground 

geothermal cooling technologies. The former is a new seismic method to identify suitable sites 

prior to massive exploratory drilling and the latter is a technology to utilize geothermal energy 

for cooling. If the demonstration project succeeds, it would become a global leader in mid-

temperature geothermal solutions that can be applied equitably around the world. 

 

Duke Facilities Management 

Duke Facilities Management operates and maintains the facilities, grounds, and utilities 

for Duke University. This includes management of the current district steam and hot water 

systems on campus that provide heating for all buildings. Facilities Management is interested in 

meeting Duke’s clean energy goals while maintaining resiliency and reliability and meeting 

campus load growth for these systems. The Facilities Management team would operate and 

manage a geothermal system if Duke were to pursue this as an option to offset its natural gas use 

on campus. We worked closely with Facilities Management to understand Duke’s heating 

demand and current heating infrastructure to ensure that a geothermal system could meet system 

requirements and be properly integrated into the current district heating system. 

 



   

 

   

 

Duke’s Energy Use 

Duke’s Clean Energy Goals 

Duke’s goal is to be climate neutral by 2024. In 2007, Richard Brodhead, then Duke 

University President, signed the University Presidents’ Climate Commitment to become climate 

neutral.6 Following this commitment, the university formed the Campus Sustainability 

Committee comprised of faculty, staff, and students to create a comprehensive Climate Action 

Plan that developed strategies and identified opportunities for Duke to meet its 2024 climate 

neutrality goal.7 The original Climate Action Plan was approved in 2009 and, a decade later, in 

2019, Duke initiated an update to the Climate Action Plan to expand on its climate efforts. The 

initial Climate Action Plan aimed to reduce GHG emissions by 45% and offset the remaining 

185,000 metric tons of CO2, creating a Duke Carbon Offsets Initiative to develop a carbon offset 

strategy.8 The 2019 Climate Action Plan Update describes revisions to Duke’s original 

strategies9  

Duke has made tremendous progress in reaching its climate neutrality goal. Duke’s 2019 

Climate Action Plan Update states that by 2019 Duke will reduce 78% of its GHG emissions 

from 2007 by 2024 if all recommendations are implemented, leaving approximately 73,000 

MTCO2 to offset.10 Even after the goal is reached, Duke aims to be carbon neutral without 

relying on offsets and plans to continue its work to reduce GHG emissions on campus.11  

 

 

6 “2019 Duke University Climate Action Plan Update.” 
7 Ibid. 
8 “About Sustainable Duke.” 
9 “2019 Duke University Climate Action Plan Update.” 
10 Ibid. 
11 “About Sustainable Duke.” 



   

 

   

 

Energy Usage at Duke 

 Energy is the largest source of emissions for Duke University. Duke reduced its GHG 

emissions by 24% from 2007 to 2019, primarily by repowering its steam plants from coal to 

natural gas, investing in energy efficiency and utility plant improvements, and by relying on 

utility procurement of clean energy sources for its electricity.12 Duke has been evaluating its 

options to further reduce energy-related GHG emissions, and commissioned an Energy Needs 

Analysis in 2018 to better understand the current system needs of the campus.13 The report 

assessed the chilled water, steam, hot water, electric power, water, and natural gas systems on 

campus and identified several system needs: utility resiliency and reliability, campus load 

growth, and the Climate Action Plan.14 These system needs are at the forefront of every decision 

that Duke makes on energy as well as for our analysis.  

Figure 1: Duke University’s 2018 Emissions by Emission Source15 

 

12 “About Sustainable Duke.” 
13 “Energy Needs Analysis Final Report.” 
14 Ibid, 2. 
15 “2019 Duke University Climate Action Plan.” 



   

 

   

 

In 2018, electricity comprised 40% of Duke’s GHG emissions, the largest source for the 

campus.16 Duke University purchases electricity from Duke Energy and is subject to Duke 

Energy’s fuel mix, except for a small portion of its electricity that comes from solar that Duke 

University owns. Duke Energy has its own climate goals—aiming to achieve a 50% reduction in 

CO2 emissions from electricity generation by 2030 and net-zero emissions by 2050—that will 

reduce Duke University’s electricity GHG emissions over time.17 Duke University is also 

committed to reducing its electricity emissions through building energy efficiency. Duke’s 

building footprint has grown sizably since 2007 as seen in Figure 2, but energy inputs have 

remained relatively stable, reducing the electricity emissions of the university.18 

 

Figure 2 Historical Campus Growth Compared to Energy Used on Campus19 

 

 

16 “2019 Duke University Climate Action Plan.” 
17 Ibid. 
18 Ibid. 
19 Ibid. 



   

 

   

 

The most difficult source of energy emissions for Duke to address is from transportation. 

Approximately 31% of Duke’s GHG emissions result from transportation due to commuting, air 

travel, and fleet emissions.20 These emissions are mostly from work-related commuting (51%) 

and air travel (44%), and only a small portion is from Duke’s fleet vehicles (5%) which is 

directly controlled by Duke.21 Because commuting and air travel are largely personal choices, it 

is difficult to incentivize people to make changes that would ultimately reduce transportation 

emissions. Even so, Duke has developed a plan to address transportation emissions and has 

reduced its transportation emissions by 9% from its 2007 baseline.22 

Another significant source of emissions for Duke is from the natural gas that powers the 

campus’ steam plants that serve the district heating system, accounting for approximately 25% of 

Duke’s emissions.23 Duke burns natural gas in its steam plants to generate steam and also 

indirectly produces hot water through a heat exchanger. This steam and hot water are then used 

for space heating, sterilization, humidification, and de-humidification at Duke Hospital and in 

campus laboratories and buildings. It is difficult to find alternative energy sources that can 

efficiently produce the heat required for these purposes. Many of the newest campus buildings 

are using hot water systems to heat the buildings instead of traditional steam, which is more 

efficient and requires lower-grade heat (130°F-160°F). However, the steam used for sterilization 

in the hospital and laboratories must be very hot (350°F), requiring a fuel like natural gas to 

produce steam. To ultimately achieve deep emissions reductions, Duke will need to invest in 

alternatives to natural gas that can meet the campus buildings’ heating needs. Finding an 

 

20 “2019 Duke University Climate Action Plan.” 
21 Ibid. 
22 Ibid. 
23 Ibid. 



   

 

   

 

alternative to natural gas to power Duke’s district heating system is the focus of our feasibility 

study. 

 

Duke’s Heating Infrastructure 

Duke operates a district system for both its steam and hot water needs. In a district 

system, steam or hot water is first generated in a centralized steam or hot water plant and is then 

circulated through the buildings via pipes to meet their heating demand. Duke currently operates 

two steam plants and is planning on constructing a third. At the steam plant, natural gas is piped 

into the plant where it is burned to heat water into steam in a series of boilers to a temperature of 

350°F. The steam is then circulated through a network of pipes to all the buildings on Duke’s 

campus. In each building, heat is extracted to meet the building’s demand for space heating, 

sterilization, or other needs. The steam continues through each building on campus until it 

returns to the steam plant at a lower temperature of 180°F where the steam is recirculated 

through the boilers to be heated back to 350°F. A district steam system offers several benefits. It 

allows natural gas to be piped to central locations on campus and to have centralized 

infrastructure, rather than boilers in each builder on campus. A district steam system can also be 

sized for peak heating demand across campus, which can be less than the aggregate peak heating 

demands of individual buildings. This creates greater energy efficiency and space savings, 

ultimately reducing the amount of natural gas that is needed for Duke’s heating demand.  

Duke operates two hot water plants for its district system, which works similarly to its 

natural gas system. The working fluid from the district steam system is piped to the hot water 

plants on campus. In each hot water plant, the steam enters a heat exchanger to transfer heat to 

the working fluid of the hot water system. The hot water is heated until it reaches temperatures 



   

 

   

 

between 130°F – 160°F. Then the hot water is circulated through a separate district system to 

campus buildings for space heating in newer and upgraded buildings that are designed to take 

advantage of the hot water for space heating. The hot water returns to the hot water plant at 

temperatures between 120°F – 130°F, where it is reheated to its original temperatures. Because 

the hot water is at a lower temperature than the steam, it requires less natural gas to heat it and is 

therefore more efficient than using steam for space heating.  

The centralization of a district system makes it easier to use alternatives to natural gas 

because infrastructure does not need to be upgraded in individual buildings. Instead, a working 

fluid only needs to be heated in a central location that can then be distributed to all of the 

buildings on campus. However, finding alternatives to natural gas is still a challenge because 

natural gas has a high heating value and can heat steam to the temperatures necessary for 

sterilization in the hospital and in labs. Even with this constraint, there are potential alternatives 

to power at least a portion of Duke’s district steam and hot water systems, which are discussed 

below. 

 

Alternatives to Natural Gas 

Synthetic Fuels 

Synthetic fuel is a liquid or gaseous fuel derived from a source such as coal, shale oil, tar 

sands, or biomass, used as a substitute for oil or natural gas. Synthetic fuels are generally divided 

into two types: Efuel and synthetic biofuel. Efuel is produced with sustainable electricity, carbon 

dioxide and water. Efuel not only has near-zero emission but uses carbon dioxide as raw 

material. Synthetic biofuels are produced from hydrocarbons by chemical and thermal methods. 



   

 

   

 

Similarly, synthetic biofuels have less emissions than natural gas. With further development, 

synthetic fuels could reach net-zero carbon emission.24  

However, most types of synthetic fuels face a low overall thermal efficiency and high 

capital costs. Thus, to reduce the total emissions and make sure the heat contained in the fuel 

maintains an acceptable level, synthetic fuels are usually blended with fossil fuel such as 

petroleum in certain quantities.25 Synthetic fuel is a potential alternative to natural gas for Duke 

because it requires no infrastructure changes and only small changes to the current operation of 

the steam plant. Furthermore, the blended energy with natural gas and synthetic fuel would 

generate less emissions than only burning the natural gas.26 However, if Duke relies on synthetic 

biofuel, Duke may face supply shortages and high fuel costs.  

 

Biogas 

Duke has also explored the feasibility of utilizing biogas as an alternative to natural gas. 

Biogas is usually referred to renewable biomethane, which are produced by anaerobic 

decomposition or thermochemical conversion. 27 However, natural gas is nonrenewable and 

cannot be easily produced. In 2010, Duke collaborated with Google to build a waste-to-energy 

system in Yadkin County that utilized the waste of hog farms to generate methane and renewable 

natural gas (RNG) for electricity generation.28 This method reduces the GHG effect from the hog 

waste but still generates methane emissions when burning the biogas. What’s more, in 2016, 

 

24 “Policy Briefing: Sustainable Synthetic Carbon Based Fuels.” 
25 Konarova et al. “Fischer-Tropsch Synthesis to Hydrocarbon Biofuels: Present Status and Challenges 

Involved.” 
26 “Policy Briefing: Sustainable Synthetic Carbon Based Fuels.”  
27 “Biomass Explained.” 
28 “Biogas and RNG at Duke University.”  



   

 

   

 

Duke sought a stable supply of biogas to offset GHG emissions from natural gas, though there 

has not been a recent update on this effort.29 

 

Geothermal 

Geothermal Energy Overview 

Geothermal energy is the heat generated and stored in the earth. The heat dates to the 

formation of the planet and generation continues with the slow decay of radioactive particles in 

the earth's core, a process that happens in all rocks. The temperature of the core of the earth is 

approximately 9000°F (5000°C). The surrounding rock is heated and melts to become magma. 

The magma is lighter than rock so that it flows upward and further heats the surrounding rocks or 

liquid water. 30 This heat can be harnessed for electricity generation or for heating buildings 

depending on the geothermal temperature gradient. Different geothermal technologies are suited 

to different geothermal gradients and are divided into three classes: low-temperature (<90°C), 

mid-temperature (90 to 150°C), and high-temperature (>150°C). The mid-temperature and high-

temperature geothermal resources can be effectively and directly utilized. 

 

Ways to Utilize Geothermal Energy 

Electricity Generation 

Geothermal power plants use hydrothermal fluids to produce electricity. Wells are drilled 

into the earth to reach the target reservoir and then steam or hot water is pumped from the 

 

29 “Biogas and RNG at Duke University.”  
30 Mohamed, Thamer. “Geothermal Energy.” 



   

 

   

 

reservoir to power a turbine that generates electricity. There are three main types of geothermal 

power plants, which are chosen based on the geothermal temperature and availability of a 

hydrothermal resource.31 The first is the dry steam plant that utilizes high-quality dry steam from 

an underground reservoir. This type of power plant requires the least fluid flow. The second is 

the flash cycle steam plant that requires a hydrothermal resource above 180°C and a portion of 

water that flashes to steam. This type is the most common geothermal power plant due to the 

lack of high-quality steam.32 The last type is the binary cycle power plant. This plant transfers 

heat from hydrothermal fluids to a liquid with a low boiling point, which then becomes a vapor 

that can power a turbine. This type is usually built in an area without high-temperature 

hydrothermal resources.33 

 

Direct Use 

Geothermal energy for direct use can be used for agriculture, industrial purposes, 

electricity generation, heating and cooling homes, and for recreational purposes. Currently, direct 

use is primarily used for agriculture, and is used for heating greenhouses, drying food, and 

heating farm structures.34 A direct use heating system utilizes the hot water from a hot spring or 

reservoir near the Earth's surface. Hot water reservoirs can be found in many areas with volcanic 

or tectonic activity, such as Yellowstone National Park and Iceland, where groundwater 

reservoirs reach the surface. Direct use of geothermal is also possible in some low- and mid-

temperature geothermal basins that are not tectonically active. To use the geothermal energy, 

 

31 “Electricity Generation.” 
32 Ibid. 
33 Ibid. 
34 Garman, David. “Geothermal Technologies Program - NREL.” 



   

 

   

 

first, production wells are built to extract the hot water or steam from the target reservoir. 

Secondly, the hot water or steam is transferred to a secondary working fluid through a heat 

exchanger. In this process, the heat from the steam or hot water is extracted by the working fluid 

in the district heating system and the production hot water or steam loses its heat. Finally, the 

cooled hot water or steam is reinjected into the geothermal reservoir to create a closed loop.35 

  

Ground-Source Heat Pumps 

Ground-source heat pumps are a technology that moves heat by taking advantage of the 

difference between air temperature and soil temperature. Such systems use a buried network of 

pipes to exchange heat with pipes a few feet to several hundred feet below the surface. If the 

underground temperature is higher than the air temperature, the heat pump moves the heat from 

the soil to the air to heat a building. On the other hand, when the air temperature is higher than 

the soil temperature, the heat is moved from the air to the soil and the building is cooled. The 

heat pump system runs entirely on electricity. Thus, the sustainability of the heat pump system is 

determined by how the electricity is generated. If the electricity is from burning fossil fuels, the 

system is less sustainable.36 

  

Enhanced Geothermal System (EGS) 

 We consider an enhanced geothermal system (EGS) that uses direct use geothermal as 

alternative to natural gas for heating Duke’s campus. An EGS creates an opportunity to use 

geothermal in regions with lower geothermal temperature gradients for district heating or other 

 

35 “Use of geothermal energy.” 
36 “Use of geothermal energy.” 



   

 

   

 

uses. EGS uses hydraulic fracturing methods that inject high pressure fluid into subsurface rock 

to reopen pre-existing fractures in the rock creating a man-made reservoir and increased 

permeability.37 EGS is ideal where the subsurface rock is hot but has little permeability or 

contains little fluid.38 Instead of using natural hydrothermal resources typical of traditional 

geothermal, water is pumped into wells to form a geothermal reservoir that can then be extracted 

for district heating. EGS expands the potential for geothermal beyond geographies with volcanic 

activity, such as in North Carolina, because it “could be engineered cost effectively wherever 

there is hot rock at accessible depths.”39 The GeoVision analysis conducted by the U.S. 

Department of Energy assumes that EGS is possible at a depth of less than 7 km.40 Duke 

geophysicists have estimated that mid-temperature (60-200 degrees Celsius) geothermal sources 

could provide enough energy to offset significant electricity and natural gas use, and that these 

conditions exist in deep sedimentary basins across 50% of Earth’s surface.41 EGS creates an 

opportunity for Duke to potentially tap into geothermal resources to offset its own natural gas 

usage for heating on campus. 

To create an EGS reservoir, first, the geologic properties of the potential site must be 

determined. Geologists must assess the temperature gradient, rock permeability, structure of 

fractures within the rock, and whether fluid is present.42 Once the geologic properties are 

determined, then an injection well is drilled and high-pressure water is injected to create a 

network of fractures. Once there are enough fractures to sustain a necessary flow rate and 

 

37 “What Is an Enhanced Geothermal System (EGS)?”  
38 U.S. Department of Energy, “GeoVision.” 
39 Ibid. 
40 Ibid. 
41 Baker et al. “Deep Earth Laboratory for Triangle Affiliates (DELTA) Proposal.” 
42 “What Is an Enhanced Geothermal System (EGS)?” 



   

 

   

 

reservoir volume, then a production well is drilled, intersecting the fracture network. Finally, 

water is cycled through the well at the desired flow rate. The process is depicted in Figure 3. 

Unlike in the figure, however, the working fluid drawn from the production well will be directed 

to a heat exchanger to heat a district system rather than being directed to a power plant to 

generate electricity. 

Figure 3 Enhanced Geothermal System43 

 

 

An EGS could be integrated into Duke’s current district system. The geothermal working 

fluid would be circulated through a heat exchanger, where the working fluid for campus would 

extract the geothermal heat so that it can be used to meet the campus’ heating demand. The 

geothermal system could support the campus heating load in several potential ways. If the 

underlying rock has a high enough temperature to produce steam, then the steam generated from 

the heat exchanger could directly be circulated into the campus’ steam system. Similarly, if the 

 

43 “Enhanced Geothermal System (EGS) Fact Sheet.” 



   

 

   

 

underlying rock is at a lower temperature and only produces water, then the hot water produced 

from the heat exchanger could directly be circulated into the campus’ hot water system. Finally, 

if the temperature produced from the EGS is not sufficient on its own, the steam or hot water 

generated from the geothermal system could be piped to the steam plants where the working 

fluid would be further heated by the current natural gas system. While these are each viable 

options, we expect that an EGS on Duke’s campus would likely integrate into the campus’ hot 

water district system. 

 

Geology underlying Duke University  

North Carolina is not volcanically active and all regions in North Carolina are known to 

have a low geothermal temperature gradient. The SMU Geothermal Laboratory map shows 

temperatures between 25°C-125°C (77°F-257°F) at 3.5km depth in North Carolina, a typical 

depth for EGS.44 NREL has identified North Carolina as one of the least favorable areas for deep 

enhanced geothermal systems, yet with recent technology developments there is a possibility to 

use EGS even in low-temperature geothermal basins.45  

 

 

 

44 Blackwell D.D. et al., SMU Geothermal Laboratory Heat Flow Map of the Conterminous United States. 
45 Roberts Billy J., Geothermal Resources of the United States. 



   

 

   

 

Figure 4 Geothermal Temperature at 3.5 km in the U.S.46 

 

Figure 5 Geothermal Resources of the United States47 

 

 

46 Blackwell D.D. et al., SMU Geothermal Laboratory Heat Flow Map of the Conterminous United States. 
47 Roberts Billy J., Geothermal Resources of the United States. 



   

 

   

 

Duke University is located in the Piedmont Region of North Carolina, in between the 

Appalachian Mountains and the Coastal Plain. More specifically, Duke sits within the Eno River 

Basin, which is comprised of sedimentary rocks of the Durham Triassic Basin and 

metamorphized igneous rock that have intruded the sedimentary rock.48 The sedimentary rock is 

made of sandstone, siltstone, and mudstone, which is ideal for hydraulic fracturing needed for 

EGS. A drill can more easily penetrate the softer sedimentary rock and create a network of 

fractures. However, igneous diabase sills, a magma solidified rock, is harder and more resistant 

than the sedimentary rock and is known to underlie at least parts of Duke’s campus. This may 

make the potential for EGS more challenging, since the subsurface location of the diabase sills 

are not precisely known. 

 

48 Bradley, Philip. “A Geologic Adventure Along the Eno River. 



   

 

   

 

Figure 6: Durham Quadrangle Map49 

 

49 Bradley et al., “Geologic Map of the Northwest Durham 7.5-Minute Quadrangle.” 



   

 

   

 

Proposed and Existing EGS and Direct-Use Projects 

While EGS is a relatively new technology, there are several studies or projects in the U.S. 

that are currently underway. We researched proposed and existing EGS or large-scale, direct-use 

projects to explore potential applications of these technologies on Duke’s campus. 

The University of Illinois published a report in 2020 exploring the feasibility of installing 

the large-scale, deep direct-use system on their campus, which is located in a low-temperature 

sedimentary basin.50 Table 1 shows the sensitivity of capital and operation costs of their project. 

They plan to extract the energy from Mt. Simon sandstone fluid and deliver the thermal energy 

to six agricultural research facilities at University of Illinois along the southern part of the ACES 

Legacy Corridor in the South Farms (ARFs) along with the Agricultural, Consumer, and 

Environmental Sciences (ACES). The estimated cost of drilling an injection well is $3.8 million. 

The researchers explain the thermal energy extracted from the low-temperature sedimentary 

basin is too low to use (~ 114 °F) and the cost of the thermal energy ($50-100/MMBtu) is higher 

than that of burning conventional natural gas ($5-$10/MMBtu). However, the researchers note 

that while not currently economical, they intend to investigate additional methods to reduce the 

extraction and operating costs. 

Table 1 Sensitivity of Capital and Operation Cost of University of Illinois at Urbana-Champaign
51 

 

50 Ibid. 
51 Lin et al., “Geothermal Heat Recovery Comples: Large-Scale, Deep Direct-Use System in a Low-

Temperature Sedimentary Basin.” 



   

 

   

 

Cornell University has proposed an enhanced geothermal system with one injection well 

and one production well at the depth of 2.5 km, where the temperature of the reservoir is around 

72°C.52 Their system is designed for district heating and heat pumps. They plan to spend $16.3 

million on the construction of the pair of wells and to spend $1.2 million on annual operation. 

The researchers from Cornell conclude that the project return to the environment and regional 

economy is higher than the cost for the 30-year project life.53  

An additional example is the direct use geothermal system that has been proposed at 

West Virginia University (WVU). WVU plans to build the direct use geothermal system on their 

main campus in Morgantown, West Virginia to offset natural gas consumption for heating and 

cooling. The geothermal target layer is the Tuscarora Sandstone at a depth of 3000m where the 

temperature is estimated to be 90°C. Compared with other projects at universities or research 

institutes, WVU plans to construct a larger system including five injection wells and ten 

production wells, which could generate 267 GWhth/year. Principal Investigator Koenraad 

Beckers and his fellow researchers point out that WVU’s geothermal project could reach an 

LCOE that is on par with current and simulated U.S. and European geothermal district heating 

systems.54 However, they also note that there are other geothermal projects, such as the Cornell 

project, which have a more attractive LCOE.55 

 

 

Tester et al., Final Report – Earth Source Heat: A Cascaded Systems Approach to DDU of Geothermal 

Energy on the Cornell Campus. 
53 Tester, et al. “Geothermal Data Repository (GDR).”. 
54 Beckers et al., “Evaluating the Feasibility of Geothermal Deep Direct-Use in the United States.” 
55 Ibid. 



   

 

   

 

Methods for the Geothermal Feasibility Study 

Geothermal Model 

To assess the feasibility of geothermal for Duke’s campus, we determined Duke’s energy 

requirements and baseload heating demand, calculated the heating requirement for Duke’s 

district heating and hot water systems on campus, and evaluated the necessary flow rates from a 

geothermal well to meet this requirement. To meet campus’ heating load, there is a direct 

relationship between geothermal temperature and flow rate. A high temperature corresponds with 

a lower flow rate to meet a given heating load and a low temperature corresponds with a higher 

flow rate to achieve the same heat production. While we do not currently know the geothermal 

temperature gradient this will be given by the geologic conditions below Duke’s campus. 

Therefore, Facilities Management will control the heat production of the geothermal system with 

the flow rate by pumping the geothermal fluid out of the production well at a given rate. We 

model a range of temperatures and corresponding flow rates since we do not currently know the 

geothermal temperature underlying Duke’s campus. 

We used the following heat transfer equation to calculate both the baseload heat 

requirement for Duke and the necessary flow rate for geothermal. 

 



   

 

   

 

 

Duke’s Energy Demand 

Duke plans its energy system for resiliency and reliability, to meet campus load growth, 

and to achieve its climate commitments.56 Resiliency and reliability are especially important for 

Duke’s energy systems because Duke must supply electricity and heat to Duke hospital at all 

times. If Duke were to invest in an alternative heating source like geothermal, Facilities 

Management expects that it would still maintain a natural gas system to provide reliability for 

Duke’s hospital, laboratories, and other buildings. When assessing the feasibility of a geothermal 

system for Duke’s heating system, we evaluated the heating that an EGS would need to provide 

based on this assumption and by considering Duke’s planning requirements of resiliency and 

reliability, campus load growth, and climate commitments.  

To estimate the heating that a geothermal system could provide, we first evaluated the 

current heating requirement of Duke’s campus. Due to the aforementioned reliability 

requirements, we assumed that EGS would only meet a portion of Duke’s heating load and that 

 

56 Affiliated Engineer. “Energy Needs Analysis Final Report.”  



   

 

   

 

natural gas would continue to provide the system peaks. Therefore, we model a range of 

scenarios where 10%-80% of the steam demand is met by geothermal and 10%-100% of the 

baseload hot water demand is met by geothermal, with natural gas used to meet the remaining 

demand and to provide load following capability. Because Duke runs both steam and hot water 

district systems, we evaluated current demand for both systems. Facilities Management measures 

the campus’ heating demand with hourly steam flow rate data. For the steam system, we 

estimated Duke’s heating requirement by averaging Duke’s 2020 daily steam flow rate to be 

165,922 lbm/hr. 57 The chart below depicts the steam flow rates for Duke in 2020, showing 

changes in monthly demand. For the hot water system, we assumed an average flow rate of 

10,000 lbm/hr, an estimate provided by Facilities Management.  

Figure 7 Duke’s 2020 Daily Steam Flow Rate 

 

57 Duke Steam Production Data. 
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To calculate Duke’s heating demand for the steam and hot water systems, we solved for 

the heat requirement over time (Q/t). The average flow rate for each system corresponds to the 

mass flow rate over time (m/t). The initial temperature for the steam system is 350°F and the 

final temperature when the steam has completed its cycle through campus is 180°F, therefore the 

system change in temperature is 170°F. For the hot water system, the initial temperature is 160°F 

and the final temperature is 120°F, therefore the change in the hot water system temperature is 

40°F. We use an average for the specific heat of steam for the steam system, since it is operating 

across a range of temperatures, and we use the specific heat of water for the hot water system. 

While the specific heat of steam would change throughout the system cycle, the difference is not 

significant at the temperatures we model and because our feasibility analysis is a simplification, 

we chose to use an average of 0.454 Btu/lb -°F. Lastly, Duke’s district system operates at an 

approximate efficiency of 90%. Plugging in each of our values to the equation, we solve for the 

heating requirement over time, resulting in a baseload demand of 14,228,708 Btu/hr for the 

district steam system and a baseload demand of 360,000 Btu/hr for the district hot water system.  

 

Estimating Necessary Geothermal Flow Rates 

To evaluate whether geothermal can provide a portion of Duke’s heating requirement, we 

used the same heat transfer equation, instead solving for the geothermal mass flow rate over time 

that provides a given fraction of campus baseload demand. Mass flow rate is the variable that 

Facilities Management can control to meet the baseload heating requirement. The rate at which 

water is injected into the geothermal injection well and then extracted from the production well 

will ultimately determine the heat that can be generated from an EGS. To solve for this value, we 

use the following equation: 



   

 

   

 

 

First, for each system, we calculate the portion of Duke’s heating demand that will be 

met by geothermal. We generate a range of scenarios based on the percent of the baseload 

heating demand, which becomes the heating requirement over time (Q/t). Since there is not yet 

data on the geothermal temperature for the Triangle region or Duke specifically, we model a 

range of temperatures for the geothermal production temperature from approximately 120°F – 

250°F based on expected temperatures in a low-temperature sedimentary basin, like the Triangle 

basin.58 We assume a reinjection temperature of 70°F regardless of the geothermal production 

well temperature. We calculate the change in temperature based on the difference between the 

production well temperature and reinjection temperature. Similar to the calculation of Duke’s 

heating requirement, we simplify the model to use the specific heat of liquid water despite 

potential differences in the geothermal temperature. Lastly, we assume a geothermal system 

efficiency of 95%. With these inputs, we solve for the potential geothermal well flow rates for 

each heating demand scenario and over the range of potential geothermal temperatures. 

 

58 Blackwell D.D. et al., SMU Geothermal Laboratory Heat Flow Map of the Conterminous United States. 



   

 

   

 

Emissions Reductions  

To understand the impact that an EGS will have on Duke’s climate goals, we estimate the 

potential emissions reductions that could result from operating an EGS. The Energy Information 

Administration reports the carbon dioxide emissions coefficient for natural gas as 116.7 lbs 

CO2/mmBtu and virtually zero for geothermal.59 Using these emissions coefficients, we estimate 

the current emissions from natural gas and compare it to emissions with an EGS, accounting for 

both the geothermal and natural gas that would heat the district system under each scenario. We 

multiply the heat required for to meet Duke’s campus demand by the Energy Information 

Administration’s carbon dioxide emissions coefficients for natural gas and geothermal for the 

portion of heating that each energy source is providing. In this way, we approximated the CO2 

emissions reductions that would result from operating an EGS. 

 

Geospatial Analysis 

After calculating the required geothermal flow rates, we built a geospatial model to 

examine potential sites for geothermal wells and heat exchangers on Duke’s campus. We did not 

consider the underlying geothermal temperature when we built the geospatial model due to the 

lack of exploratory drilling data. We used ArcGIS Pro for the site selection analysis. Based on 

conversations with geothermal expert Dr. Peter E. Malin, we determined that the land needed for 

the construction of a geothermal well is 30m×150m due to drilling and construction equipment, 

however only 30m×30m is needed for daily operation of a geothermal well. Additionally, the 

land required for a heat exchanger to connect the geothermal system to the campus district 

 

59 “Carbon Dioxide Emissions Coefficients.” 



   

 

   

 

heating system is only 5m×5m. Thus, we only consider the land for geothermal wells in our 

model.  

In addition to the space needed for well construction and operation, the ideal sites are 

located close to the current steam and hot water circulation pipe system to decrease the energy 

loss from the geothermal system. According to Dr. Peter E. Malin the distance between the 

geothermal well and the current steam or hot water pipe should not exceed 1 km. We chose to 

identify sites even closer to the existing steam and hot water pipes, finding sites within 200m of 

current steam and hot water pipes. In our model, we also kept distance between the proposed 

system and buildings, roads, ponds, streams, reserved forest land, and gardens. To take into 

consideration the construction and impact on the surroundings, we kept a 30m buffer between 

the geothermal system and current building and utility infrastructure. After including these 

buffers, we narrowed down potential sites by manually filtering the parcels to identify parking 

lots and developable land and to exclude odd-shaped areas. 

 

Table 2 Buffer Size 

 



   

 

   

 

Cost Estimation 

In the last stage of our analysis, we estimated the construction, distribution, and operation 

expenses of a geothermal system. We use a Monte Carlo simulation to account for uncertainly 

and examine a range of possible costs. There are two reasons to use this method. First, it is 

difficult to collect the detailed cost of an operational geothermal project and we do not expect the 

cost of a single project to be representative of similar projects. Second, North Carolina is not a 

place with existing geothermal energy projects. Geothermal projects in the eastern U.S. are not 

as numerous as projects in the western U.S. Therefore, the total cost of geothermal projects may 

be highly variable. Thus, we decide to model uncertainty in our analysis rather than reporting a 

deterministic value. The drilling attributes we include in the model are listed in Table 1 of the 

appendix. The information contained in the table is collected by Maciek Lukawski of Cornell 

University from 22 geothermal projects between 2003 to 2016.60 Most attributes depend on 

either time or product quantity except four parameters: contract labor (CL), directional drilling 

(DD), rig mobilization (RM), and other which are deterministic. After simulating these costs, the 

total cost is calculated by summing up the product of unit cost, product quantity, or time. For 

example, the cost of drilling bits is calculated by multiplying the number of bits and the cost for 

each bit.  

To calculate the distribution cost, we collect the unit distribution cost from Duke. To 

calculate the distribution cost, we collect the unit distribution cost from Duke Facilities 

Management. The estimated distribution cost is $1600 per trench-ft for hot water piping and 

$2000 per trench-ft for steam and condensate. We then measure the distance between the center 

 

60 Lukawski, et al. “Uncertainty Analysis of Geothermal Well Drilling and Completion Costs.” 



   

 

   

 

of the potential sites and the current hot water pipes and steam pipes to calculate the total cost by 

multiplying the distance and unit cost.  

To determine operational cost, we first evaluated the system size of our geothermal 

system by MWth, to compare it to the system size of six similar projects illustrated in Table 7.61 

Then we calculated the annual weighted average operation cost per MWth for the six projects. 

Furthermore, we assume our geothermal system could meet 5% to 80% of the current demand of 

heat on campus and obtain the corresponding geothermal system sizes by MWth. We then 

multiply the system sizes and the minimum, maximum, and average of the annual weighted 

average operation cost to obtain the bottom, top, and mean operation cost of our geothermal 

system. 

 

Results 

Geothermal Flow Rate 

The model we developed for geothermal flow rates results in a range of necessary flow 

rates across the heating load that will be met by geothermal in each district system and the 

geothermal temperature. For the district steam system, we modeled a narrower range of 

temperatures (212°F - 248°F) because the geothermal system would need to generate steam 

rather than hot water. Our geothermal model shows a significant range of potential flow rates. If 

only meeting 10% of campus’ load and at the highest geothermal temperature of 248°F (120°C), 

then the required geothermal flow rate is only 18,534 lbm/hr (1.3 kg/s). However, if the 

 

61 Beckers, et al. “Evaluating the Feasibility of Geothermal Deep Direct-Use in the United States.”. 



   

 

   

 

geothermal temperature is only 212°F (100°C), then the flow rate for 10% of campus load needs 

to be 23,233 lbm/hr (2.1 kg/s). If Duke would like to supply 80% of the steam demand with 

geothermal, then a 148,271 lbm/hr (10.3 kg/s) flow rate is needed at a high temperature of 248°F 

and a much higher flow rate of 212,841 lbm/hr (14.9 kg/s) flow rate is needed at a low 

temperature of 212°F. 

Table 3 Geothermal Flow Rates for District Steam System (Standard Units) 

 

 

  



   

 

   

 

Table 4 Geothermal Flow Rates for District Steam System (Metric Units) 

 

Figure 8 Flow Rate Required to Meet Campus Steam Load 

 

 

The hot water system’s load is smaller than the steam load and, therefore, requires 

significantly lower flow rates at all temperatures modeled from 122°F to 248°F. To meet 10% of 

the campus’ hot water baseload, the necessary flow rate is 729 lbm/hr (0.10 kg/s) at 122°F and 
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only 213 lbm/hr (0.03 kg/s) at 248°F. To meet all of campus’ hot water baseload, the necessary 

flow rate is 7,287 lbm/hr (1.02 kg/s) at 122°F and 2,129 lbm/hr (0.30 kg/s) at 248°F. 

 

Table 5 Geothermal Flow Rates for District Hot Water System (standard units) 

 

Table 6 Geothermal Flow Rates for District Hot Water System (metric units) 



   

 

   

 

Figure 9 Flow Rate Required to Meet Campus Hot Water Load 

 

We compare our flow rate results to the key parameters that Beckers et al. compile of six 

deep direct use geothermal projects in the U.S to examine the feasibility of achieving the flow 

rates modeled. The projects that Beckers et al. evaluated include an agricultural research facility 

at Urbana-Champaign campus in Champaign, Illinois (UIUC), a project for the Hawthorne Army 

Deport in Hawthorne, Nevada (Sandia), a geothermal project for Cornell University in Ithaca, 

New York (Cornell), a project for West Virginia University campus in Morgantown, West 
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Virginia (WVU), a chilled water project at Southern Methodist University (NREL), and a 

geothermal reservoir for storage of solar heat in Portland, Oregon (PSU).62 

 

Table 7 Summary of the 6 Similar Geothermal Projects63 

 

 

We find these projects to be a useful comparison because the temperatures and heat 

production of these projects are comparable to the system we model for Duke’s campus. The 

geothermal reservoir temperatures that we model (50°C-150°C) are similar to the temperatures 

of these projects (45°C-272°C). The outlier temperature among these projects is 272°C for the 

project in Nevada which sits in a known geothermal region, which we do not consider to be a 

reasonable geothermal temperature to be found in Durham. The heat production for the projects 

ranges from 1.8 GWh/year to 267 GWh/year. The heating requirement for Duke’s steam system 

is 26.30 GWh/year and the baseload heating requirement for Duke’s hot water system is 1.02 

GWh/year. 

Given these similarities, we can assess the reasonableness of our modeled flow rates for 

an EGS for Duke. The range of our flow rates for both the district steam system and district hot 

 

62 Beckers et al., 4. 
63 Ibid. 



   

 

   

 

water system seem feasible when compared to the six projects with flow rates ranging from 11 

kg/s (87,303.1 lbm/hr) to 125 kg/s (992,080 lbm/hr). The flow rates across all our modeled 

system loads and temperatures for the Duke district steam system fit within or below this range 

and the flow rates for the district hot water system are well below this range. This suggests that 

an EGS could provide sufficient heat for Duke’s steam and hot water systems provided there is a 

high enough geothermal temperature below Duke’s campus. The low flow rates needed for the 

hot water system raise the possibility that an EGS could meet Duke’s hot water load at even 

lower geothermal temperatures, could meet a greater portion of Duke’s hot water load, or could 

meet the hot water load as demand grows with new buildings and building upgrades on campus. 

Finally, we compare our modeled flow rates to predict the necessary geothermal 

infrastructure that Duke would need to construct. Of the six geothermal projects modeled by 

Beckers et al., five of the projects operate one injection well and either one or two production 

wells. The much larger WVU project (267 GWh/year) operates five injection wells and ten 

production wells. While the number of injection and production wells ultimately depends on the 

temperature and permeability of the rocks from which the geothermal working fluid will extract 

its heat, we would expect Duke to need one injection well and one or two production wells.  

 

Emissions Reduction 

 The emissions reduction potential of EGS has a linear relationship with how much of the 

campus heating load is provided by geothermal. For the district steam system, an EGS would 

reduce 1,166 lbs CO2/hour (1.5 million lbs CO2/year) if 10% of the campus load were provided 

by geothermal to 1,328 lbs CO2/hour (11.6 million lbs CO2/year) reduction if 80% of the campus 

load were provided by geothermal.  



   

 

   

 

Figure 10 CO2 Emission Reduction Potential for District Steam System  

 

 

For the district hot water system, EGS would have less of an impact on campus emissions 

but would still lead to a reduction. An EGS would reduce 4.2 lbs CO2/hour (36,787 lbs 

CO2/year) if providing 10% of the campus baseload to 42.0 lbs CO2/hour (367,867 lbs CO2/year) 

if providing 100% of the campus baseload.  

Figure 11 CO2 Emission Reduction Potential for District Hot Water System 
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Evaluating the value of an EGS from its GHG emissions reduction potential, an EGS 

would need to provide a significant portion of the campus’ steam load for a reasonable GHG 

emissions reduction. If only 10% of campus heating load is provided by geothermal, an EGS 

may not provide large enough emissions reductions to make an investment worthwhile. 

Conversely, offsetting 50% or more of Duke’s emissions from its district steam system may 

warrant an EGS. To fully understand the emissions reduction potential, additional analysis on the 

district steam and hot water systems contribution to campus emissions must be considered. If 

each of these systems is small a portion of Duke’s campus-wide emissions, the relative emissions 

reductions from each system may be viewed as insignificant on the campus scale. 

 



   

 

   

 

Geospatial Analysis 

 

 
Figure 12 Potential Sites Based on Steam Pipe  

 

Using the site selection method described earlier, we selected the proper sites for 

geothermal wells in four regions of Duke’s West Campus. However, these sites will need further 

analysis based on the future exploratory drilling since there is currently no data on the thermal 

gradient. It is possible that the temperature of the reservoir is not high enough for the district 

heating system. 

 

 

 

 

 
 

 



   

 

   

 

Figure 13 Potential Sites Based on Steam Pipe – West Quadrant 

 

The potential sites in the west quadrant include the current chemistry parking lot, a site 

close to Chiller Plant #2, and the parking lots to the west of Duke Law School. These three sites 

are on the edge of our campus and are away from central teaching areas. Accordingly, the 

construction and operation of the geothermal wells would have limited impact on students and 

staff.  

Figure 14 Potential Sites Based on Steam Pipe – North Quadrant 



   

 

   

 

The sites in the north quadrant include SP+ parking lot and Parking Garage III. The site 

east of Trent Drive Hall is the parking lot near Flowers Drive. These areas may need extra 

consideration because they are the parking lots around Duke Hospital. Eliminating these parking 

lots may impact hospital patients, visitors, and staff.   

 

Figure 15 Potential Sites Based on Steam Pipe – East Quadrant 
 

 

The suitable polygons on the east side of West Campus include areas surrounding the 

Jewish Life at Duke building. There are a lot of open grassy areas and parking lots that may be 

repurposed. The parking lots provide far more available spaces than demand in the daytime and 

as well as at night. The only uncertainty is that these sites are close to residential areas to the 

south and may generate complaints. 

 

 
  

  



   

 

   

 

Figure 16 Potential Sites Based on Steam Pipe – South Quadrant 
 

 

 

The potential sites in the south quadrant include the IM Parking Lot, surrounding areas of 

Chiller Plant #1, and the area near 616 Chapel Drive Garage. These areas could be better than the 

sites near the Duke Hospital because they have less impact on transportation and are close to 

current utility infrastructure. 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 

 

 



   

 

   

 

Figure 17 Potential Sites Based on Hot Water Pipe  

 

When we only consider a geothermal system needed for the hot water district system, the 

size of the proper site is smaller than that based on steam pipe. Additionally, the sites in the north 

are not qualified and removed from the geospatial model. 

 

 

 

 

 

 

 
 



   

 

   

 

Figure 18 Potential Sites Based on Hot Water Pipe – West Quadrant 

 

In the west quadrant, these three sites partially overlap the sites based on steam pipes and 

there are no additional areas based on the hot water pipe infrastructure. 

 

 Figure 19 Potential Sites Based on Hot Water Pipe – South Quadrant 

 

The new sites according to hot water pipes in the south quadrant of West Campus include 

the same areas for the steam pipes and three more sites along Anderson Street. The three new 

sites are all open grassy lands 



   

 

   

 

Figure 20 Potential Sites Based on Both Steam and Hot Water Pipes 

 

Finally, when we take both the steam and hot water systems into consideration, the 

overlapped sites are located in the west and south of West Campus. They are all at the edge of 

our campus and would have minimum impact on daily activities. The most suitable sites include 

the current Gross Hall parking lot and west of Chiller Plant #2. 

  

  

  

 

 



   

 

   

 

Cost Estimation 

Construction Cost 

The below figure illustrates the distribution of the total cost of building one geothermal 

well for 1000 trials of a Monte Carlo simulation. The shape of the distribution is right skewed. 

The highest frequency happens around at $5 million and there are no significant outliers.  

 

Figure 21 Distribution of The Construction Cost of a Single Well 

 

 

 

 

 

 

 

 

 



   

 

   

 

The shape of the distribution of the total cost for multiple wells (2-4) is very similar to 

that of a single well and the range of the total cost for multiple wells (2-4) is from $6 million to 

$42 million. Since the maximum cost of building a single well is $12 million, the maximum total 

cost of building 4 wells should be $48 million. However, the total cost is 42 million dollars thus 

there is an economic scale. 

Figure 22 Distribution of The Construction Cost of 2-4 Wells 

 

 

Table 8 Summary of the Construction Cost Simulation 

 

 

The mean cost of building a geothermal well is $5.6 million and the median is $5.3 

million. The average cost to build two to four wells is $16.5 million and the median is $14.5 

million. The standard deviation for both models is significantly large, which means the 

Statistics Single Well Cost (Million $) Multiple Wells (Million $)

Mean 5.6 16.5

Median 5.3 14.8

Standard Deviation 2.6 14.8



   

 

   

 

construction cost of a geothermal well is very variable and the scale of different geothermal 

projects is relatively different. The cost of building a geothermal well is very dependent on the 

number of days for the project, mud logging hour, and rate of penetration (additional parameters 

can be seen in Table 2 in the appendix). Due to lack of exploratory drilling data and the 

uncertainty of the number of wells Duke should build, it is advised to plan for a large budget.  

 

 Table 9 Percentiles of The Total Cost for 1000 Trail 

 Single Well Multiple Wells (2-4) 

Percentiles: Cost Million $ Cost Million $ 

0% 1.60 3.38 

10% 3.01 7.45 

20% 3.72 9.39 

30% 4.29 11.10 

40% 4.81 12.94 

50% 5.26 14.80 

60% 5.68 16.92 

70% 6.23 19.21 

80% 7.16 21.87 

90% 8.66 27.18 

100% 31.09 104.64 

 

There is a 90% chance that the construction cost of a single geothermal well would cost 

less than $8.6 million. When modeling the cost of multiple wells (2-4 wells), we are 90% 

confident that the total construction cost would be below $27 million. 

 

Distribution Cost 

Our analysis finds that the distribution costs will not be a significant project cost. To 

connect to the hot water district system, there are total 11 potential sites for geothermal 

(Appendix Table 3). The distance between all the 11 potential sites and the hot water pipe is 

from 186 ft (parcel 6) to 591 ft (parcel 9) and the corresponding distribution cost is from 

$300,000 to $1.1 million. The mean distribution cost is $767,000. The size of these potential 



   

 

   

 

sites ranges from 34,000 square feet (parcel 9) to 393,000 square feet (parcel 6). A noticeable 

feature of the potential sites is that parcel 6 has the largest land but the lowest distribution cost. 

On the contrary, parcel 9 has the smallest land but the highest distribution cost. This may be 

coincidental, but parcel size and distribution cost should be considered when selecting a site for 

the geothermal wells. 

Table 10 Summary of the Distance and Distribution Cost Based on Hot Water Pipe 

 

Figure 23 Distribution Cost of the Potential Sites Based on Hot Water Pipe 

 

 

  



   

 

   

 

Figure 24 Size of the Potential Sites Based on Hot Water Pipe 

 

 

To connect to the steam district system, there are total 62 potential sites based on the 

current steam pipes (Appendix Table 4). Site 59 is the largest site (458,120 sq-ft) and site 62 is 

the smallest site (85 sq-ft). Site 10 is the closest sites but site 42 is the farthest site away from the 

current steam pipes. The distribution cost for each potential site based on steam pipe ranges from 

$900,000 to $1.7 million. Since the distance is calculated from the centroid of the potential 

parcels to the current steam pipes, the actual distance could be shorter if the wells are closer to 

the edge of potential parcels. Overall, the distribution costs for additional piping to connect the 

geothermal system to the district steam system is not significant.  

Table 11 Summary of the Distance and Distribution Cost Based on Steam Pipe 

 

 

 



   

 

   

 

Figure 25 Distribution Cost of the Potential Sites Based on Steam Pipe 

 

 

Figure 26 Size of the Potential Sites Based on Steam Pipe 

 

 

 

  



   

 

   

 

Operation Cost 

 
Table 12 Summary of the Annual Operation Cost of The Six Similar Geothermal Projects 

 

 
 

 

According to the aforementioned six similar geothermal projects we summarized the 

annual operation costs for the projects. Although UIUC designed the smallest direct use 

geothermal system, it has the highest unit operation cost of $400,000/MWhth. An explanation is 

that UIUC uses geothermal energy to produce electricity and district heat at the same time.64 The 

National Renewable Energy Laboratory (NREL) has the lowest unit operation cost 

($52,000/MWhth)), which could be due to the highest well flow rate among these projects. 

 

Table 13 Operation Cost of The Geothermal System by Percentage 
 

 

 

 

 

 

 

 
Figure 25 Average Annual Operating Cost of the Geothermal System 

 

 

64 Beckers, Koenraad F., Amanda Kolker, Hannah Pauling, Joshua D McTigue, and Devon Kesseli. 

“Evaluating the Feasibility of Geothermal Deep Direct-Use in the United States.” Energy Conversion and 

Management. Pergamon, June 6, 2021. https://www.sciencedirect.com/science/article/pii/S0196890421005112. 



   

 

   

 

 
 

Figure 25 shows the annual operation cost based on the percentage of campus heating 

that geothermal would provide on Duke’s campus. If the future geothermal system can provide 

50% of Duke’s heat demand, we calculate that the system could cost $260,000 annually. 

Currently, Duke spends around $8 million annually on natural gas fuel to generate steam for 

campus. The operation cost of geothermal plant is much lower than the natural gas fuel plant at 

all geothermal levels. 

 

If Duke wants to build two to four geothermal wells, the average total capital cost, 

including the construction cost and distribution cost is $17.26 million for the hot water system 

and $17.44 million for steam system. If we add annual operation cost, the total cost is $17.52 

million for hot water system and $17.7 million for steam system.  
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Additional Considerations 

Regulations 

National 

The National Environmental Policy Act (NEPA) took effect in 1970 and requires the 

Environmental Protection Agency (EPA) to evaluate the environment impact of proposed 

projects to make sure there is no significant adverse environmental impact. The EPA classifies 

the proposed projects into 5 groups: Casual Use (CU), Determination of NEPA Adequacy 

(DNA), Categorical Exclusion (CX), Environmental Assessment (EA), and Environmental 

Impact Statement (EIS).65 The timeframe and action needed for each of them are listed in the 

Table 14. 

 

65 Young, Katherine, “Geothermal Permitting and NEPA Timelines.” 



   

 

   

 

Table 14 Types of NEPA Review
66

 

 

  

 

66 Katherine Young, “Geothermal Permitting and NEPA Timelines,” GRC Transactions, 2014, 

https://gdr.openei.org/search?q=EGS&tp%5B%5D=groundwater. 



   

 

   

 

StateTo ensure that the geothermal system is properly designed the North Carolina Underground 

Injection Control (UIC) Program of the Division of Water Resources only allows certified 

construction companies to drill a geothermal well. Additionally, only licensed heating, 

ventilation, and air conditioning (HVAC) contractors by the State Board of Examiners of 

Plumbing, Heating and Fire Sprinkler Contractors are allowed to install heat exchange tubing 

into a well or borehole. Special types of geothermal systems such as are required additional 

permits, such as heat pump systems.67 While these geothermal systems are different from the 

EGS direct-use system Duke would build, permitting will be a key part of the process. An EGS 

direct-use geothermal system has not yet been built in North Carolina, so the state does not have 

protocols for this type of system yet. Duke would need to coordinate closely with the state of 

North Carolina and the city and county of Durham to make sure that the EGS is constructed 

according to all relevant codes. 

Geologic Data 

While there is some knowledge about the geology of Duke, more geologic data is needed to fully 

evaluate the feasibility of using geothermal to meet Duke’s heating demand. The geothermal 

temperature is needed to calculate the actual flow rate to meet Duke’s heating requirement, and 

the permeability needs to be understood to determine whether the flow rate can be achieved. 

Additionally, the rock permeability will inform the necessary distance between the injection and 

production well. Until a test well is drilled in the Triangle region or below Duke’s campus, we 

cannot fully assess the viability of using direct-use geothermal. 

 

67 Levine et al., “Efforts to Streamline Permitting of Geothermal Projects in the United States.” 



   

 

   

 

Timeline to Build an EGS  

Constructing an EGS requires years of research and development before the system can 

begin operation. The below timeline illustrates the construction and application phase and time 

for a general geothermal project.68 Generally, it takes 7 to 10 years, excluding the time for 

leasing land. Most time is spent on exploration activities and drilling wells. The timeline for a 

direct-use project on Duke’s campus may be shorter because the leasing timeline could be 

reduced and the construction activities for electricity generation and transmission will not be 

included. 

Figure 26 General Timeline of Constructing a Geothermal System in the United States
69 

 

In the timeline, steps 1 and 2 show the processes of a constructor finding available lands 

for leasing and the NEPA environmental analysis. The time of these two steps varies greatly and 

depends both on the land market and the NEPA’s efficiency. Because the wells would be built on 

 

68 Young, Katherine, “Geothermal Permitting and NEPA Timelines.” 
69 Young, Katherine, “Geothermal Permitting and NEPA Timelines.” 
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Duke’s land, the lease process would be avoided. Steps 3 and 4 are the processes for exploratory 

work. The project planner, in conjunction with the EPA, do the exploration and test if the 

selected land is environmentally and economically suitable for the construction of geothermal 

systems. Steps 5 and 6 are the construction processes where the injection and production well 

and the distribution pipes are built. Because Duke is a university and the well will not be built on 

public lands, it is unclear if a NEPA environmental review is needed, which may speed up the 

process.  

 

Recommendations 

In summary, our analysis assessed the feasibility of an enhanced geothermal system by 

calculating the necessary flow rates to meet Duke’s baseload heating requirement for its district 

steam and hot water systems, estimated the GHG emissions reductions that an EGS would 

provide, identified potential sites on campus for geothermal wells, and estimated the costs to 

construct an EGS. Across a range of geothermal temperatures, we found that EGS has the 

potential to produce a percentage of Duke’s steam baseload and potentially all of Duke’s hot 

water baseload. EGS would reduce Duke’s heating GHG emissions but would only lead to 

substantial reductions if offsetting a significant portion of Duke’s steam load. The best sites for 

EGS on campus are directly west of Chiller Plant #2 and the current Gross Hall parking lot. 

Lastly, we expect the construction of a single well to cost approximately $5.6 million, and we 

expect Duke to need one injection well and either one or two production wells for a total 

construction cost of approximately $17 million. Each of these conclusions were determined with 

the best information we had available, however the feasibility of geothermal on Duke’s campus 

cannot be truly understood without knowing the geologic properties below Duke’s campus. 



   

 

   

 

Specifically, Duke will need to know the geothermal gradient to assess the temperature and 

necessary depth for drilling and the permeability of the rock to understand how well a 

geothermal working fluid can flow underground. Therefore, our recommendation to Duke 

Facilities Management is to pause further evaluation of an enhanced geothermal system until the 

DELTA researchers drill a test well in the Triangle area to better understand the geology. 

 

Next Steps 

If the DELTA researchers drill a test well in the Triangle region, then Duke should 

pursue further research of EGS. Once the geothermal temperature gradient and rock permeability 

is determined, we recommend that Duke consider options for further evaluating EGS. First, 

Facilities Management should input the data available into the GEOPHIRES model. 

GEOPHIRES (GEOthermal energy for Production of Heat and Electricity (“IR”) Economically 

Simulated) is an open-source Python model that takes inputs of reservoir, wellbore, and surface 

plant data to provide “cost calculations and levelized cost models to estimate the capital and 

operation and maintenance costs, instantaneous and lifetime energy production, and overall 

levelized cost of energy of a geothermal plant.”70 GEOPHIRES can provide a more detailed 

analysis of EGS specific to the conditions of the Triangle Basin and integrate data from previous 

projects more thoroughly than the simple feasibility model we have created for this first stage of 

analysis.  

With our feasibility model and GEOPHIRES, Facilities Management hopefully can get a 

fuller understanding of the feasibility and potential cost of EGS on campus. If these two models 

 

70 Beckers and McCabe, “GEOPHIRES v2.0: Updated Geothermal Techno-Economic Simulation Tool.” 



   

 

   

 

provide promising results for EGS, then we recommend that Facilities Management consider 

further analysis for researching geothermal potential on Duke’s campus. One option is to 

commission an engineering study on geothermal that will more fully evaluate how an EGS could 

be integrated into Duke’s existing district steam and hot water systems, how much of Duke’s 

heating load geothermal could produce, and the costs of constructing and operating geothermal at 

Duke. Another option is to invest in drilling a test well on Duke’s campus to evaluate the specific 

geologic conditions below Duke’s campus, which could vary considerably from the broader 

Triangle region due to the diabase sill. Once data is collected from the well, our model and the 

GEOPHIRES model should be rerun with additional load scenarios beyond the baseload scenario 

to assess whether geothermal could provide a greater portion of load and offset more natural gas 

and GHG emissions than our initial model suggests. With these results, Facilities Management 

can determine whether EGS is a viable means to offset Duke’s natural gas use for campus 

heating. 

 

Additional Areas of Research 

Our feasibility assessment is meant to be an initial scoping tool to evaluate whether 

further research is worthwhile and to identify additional questions to drive this research. The 

primary question that must be answered is what are the geologic conditions underlying the 

Triangle basin. As discussed previously, the feasibility of geothermal for Duke’s campus cannot 

be fully understood until the thermal gradient, permeability, and pressure gradient are known. 

The thermal gradient will determine how deep a geothermal well will need to be drilled to reach 

a useable temperature and will inform the drilling and construction costs of geothermal. The 

temperature will allow Duke to evaluate the necessary flow rate to meet its heating load and to 



   

 

   

 

assess how much of Duke’s steam and hot water loads could actually be met by EGS. The 

geologic permeability and pressure gradient also affect flow rate and the rate of heat transfer 

from the rock to the geothermal working fluid.71 This also determines the distance between the 

injection and production wells, since the working fluid will need an adequate distance to heat to 

the desired geothermal temperature. Finally, each of these factors will determine the number of 

wells necessary to achieve the temperature and flow rate to meet campus’ heating demand, 

which will have direct consequences for the construction and operation costs of an EGS. 

Drilling both the test wells and the geothermal wells if Duke moves forward with 

geothermal will have high upfront costs that require significant investment. We recommend that 

the DELTA researchers and Facilities Management research sources of funding beyond the 

university. Since using EGS for direct use in a low-temperature basin is a relatively new 

endeavor, there are likely opportunities for research and government grants. The U.S. 

Department of Energy (DOE) awarded a total of $4 million to the six projects that Becker et al. 

studied, and the DOE may offer funding for additional research projects.72 

We also recommend that Duke consult additional experts on hydraulic fracturing, 

enhanced geothermal systems, and the geology of the Triangle region. There are knowledge gaps 

that need to be filled before advancing an EGS project and consulting experts in each of these 

areas would provide a complete understanding of the requirements for EGS. Hydraulic fracturing 

for EGS uses the same methods as hydraulic fracturing for oil and gas, so a drilling company or 

oil and gas drilling expert would be useful to consult. We recommend reaching out to the 

principal investigators of other EGS projects in the U.S. and possibly abroad. They will have the 

 

71 Glassley, Geothermal Energy: Renewable Energy and the Environment. 
72 Beckers et al., “Evaluating the Feasibility of Geothermal Deep Direct-Use in the United States.” 



   

 

   

 

best input on the advantages and limitations of EGS and the steps to undertake an EGS project. 

Finally, we recommend consulting local geologists who know the geology specific to Durham 

and the data that could be determined from drilling a well. 

Lastly, to move forward with an EGS project we recognize that there may be regulatory 

barriers that we were unable to identify. Because an EGS project has not been previously 

developed in North Carolina and there are not comparable oil and gas activities in Durham, the 

state, county, and city may require permits and applications that are not easily identified without 

further discussion with these entities. If Duke chooses to move forward with an EGS, we 

recommend that Duke facilitate an open dialogue with each jurisdiction and develop a plan to 

address potential government and citizen concerns. 

 

Conclusion 

Our analysis suggests that an EGS may offer the potential to provide a portion of Duke’s 

heating load. The geothermal flow rates across the modeled geothermal temperature range are 

reasonable when compared to other EGS projects. An EGS system would reduce GHG emissions 

from the current heating system and there are suitable sites for EGS on Duke’s West Campus. 

The estimated cost for constructing an EGS system is significant, however it could lower long-

term system costs by reducing the operating and fuel costs needed for natural gas.  These results 

lead us to recommend that Duke Facilities Management pursue further evaluation of an EGS to 

offset natural gas to provide heating for Duke’s campus. 
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Appendix 

Appendix Table 1 Drilling Attributes 

 

 

 

 



   

 

   

 

 

Appendix Table 2 Sensitivity Analysis of Different Types of Cost Attributes 

 

 

 

 

Appendix Table 3 Summary of the Distance Based on Hot Water Pipes 

 

 

 

Sensitivity Data

Assumptions single well cost total cost

AC 0.00 -0.01

CM 0.18 0.14

Contract Labor (CL) · value -0.02 -0.05

CT 0.07 0.08

Day 0.75 0.60

DB -0.05 -0.02

DD -0.02 -0.01

DM 0.03 0.03

FG 0.03 0.01

MLc 0.01 0.00

Mud Logging Hour (MLh) · value 0.54 0.45

NDB 0.01 -0.02

Nwell 0.00 0.56

Other 0.00 -0.03

RE 0.08 0.06

ROP 0.58 0.46

RRC 0.03 0.02

Parcel Owner Area (sq foot) Distance between hot water pipe (ft) Distribution Cost ($)
1 DUKE UNIVERSITY 197467.8704 276.6121621 525563.108

2 DUKE UNIVERSITY 43661.52505 539.8135851 1025645.812

3 DUKE UNIVERSITY 40520.37425 461.2611784 876396.2389

4 DUKE UNIVERSITY 130331.645 283.3327995 538332.3191

5 DUKE UNIVERSITY 209125.7514 355.0127075 674524.1443

6 DUKE UNIVERSITY 392686.7611 186.28449 353940.531

7 DUKE UNIVERSITY 142094.3849 406.0915431 771573.9318

8 DUKE UNIVERSITY 321404.0946 348.6486561 662432.4465

9 DUKE UNIVERSITY 34193.66396 591.5950153 1124030.529

10 DUKE UNIVERSITY 233486.9731 452.159051 859102.1969

11 DUKE UNIVERSITY 65552.99651 544.2464121 1034068.183



   

 

   

 

Appendix Table 4 Summary of the Distance Based on Steam Pipes 

 

Parcel Owner Area (sq foot) Distance between steam pipe (ft) Distribution Cost ($)

1 DUKE UNIVERSITY 8647.935463 64.86047784 168637.2424

2 DUKE UNIVERSITY 39815.69249 72.98480433 189760.4913

3 DUKE UNIVERSITY 42787.11637 50.55998396 131455.9583

4 DUKE UNIVERSITY 25053.74183 436.7475004 1135543.501

5 DUKE UNIVERSITY 12730.5467 49.84572422 129598.883

6 DUKE UNIVERSITY 14956.66646 112.5178006 292546.2816

7 DUKE UNIVERSITY 8617.684277 237.7681028 618197.0673

8 DUKE UNIVERSITY 7996.475401 383.2209349 996374.4308

9 DUKE UNIVERSITY 14535.74163 77.00818551 200221.2823

10 DUKE UNIVERSITY 5933.671594 34.72162359 90276.22132

11 DUKE UNIVERSITY 5010.702229 109.2027064 283927.0367

12 DUKE UNIVERSITY 1441.802531 142.3610321 370138.6833

13 DUKE UNIVERSITY 3438.177299 380.0508891 988132.3116

14 DUKE UNIVERSITY 289045.6799 326.0663393 847772.4821

15 DUKE UNIVERSITY 301356.802 404.3115806 1051210.11

16 DUKE UNIVERSITY 31390.31474 319.1431276 829772.1317

17 DUKE UNIVERSITY 21367.71794 550.5195672 1431350.875

18 DUKE UNIVERSITY 1715.774159 516.8790394 1343885.502

19 DUKE UNIVERSITY 3780.019993 601.2898331 1563353.566

20 DUKE UNIVERSITY 3309.699263 435.0019318 1131005.023

21 DUKE UNIVERSITY 130608.3203 317.9872898 826766.9535

22 DUKE UNIVERSITY 5510.001378 434.1117967 1128690.671

23 DUKE UNIVERSITY 257164.2549 290.7202918 755872.7586

24 DUKE UNIVERSITY 544.4175224 485.207701 1261540.023

25 DUKE UNIVERSITY 6268.641643 602.7680839 1567197.018

26 DUKE UNIVERSITY 56424.67348 168.7091181 438643.707

27 DUKE UNIVERSITY 37605.39806 509.7042801 1325231.128

28 DUKE UNIVERSITY 6006.695421 306.5496765 797029.1588

29 DUKE UNIVERSITY 10320.55933 337.1574944 876609.4854

30 DUKE UNIVERSITY 9385.700662 375.2800209 975728.0543

31 DUKE UNIVERSITY 97333.87845 209.458681 544592.5707

32 DUKE UNIVERSITY 2696.545763 317.5915792 825738.1059

33 DUKE UNIVERSITY 7972.530381 411.9275538 1071011.64

34 DUKE UNIVERSITY 3233.197144 459.9383466 1195839.701

35 DUKE UNIVERSITY 7505.956647 468.9950015 1219387.004

36 DUKE UNIVERSITY 22176.75341 495.8761749 1289278.055

37 DUKE UNIVERSITY 4589.466554 289.8351759 753571.4574

38 DUKE UNIVERSITY 267477.4652 239.8856953 623702.8077

39 DUKE UNIVERSITY 114515.7503 189.3913792 492417.5859

40 DUKE UNIVERSITY 8856.289963 584.8745846 1520673.92

41 DUKE UNIVERSITY 8377.964725 631.4613794 1641799.586

42 DUKE UNIVERSITY 157.0355996 654.3162909 1701222.356

43 DUKE UNIVERSITY 273.8300332 650.8258929 1692147.322

44 DUKE UNIVERSITY 14569.05827 511.9494215 1331068.496

45 DUKE UNIVERSITY 352640.8095 316.2080637 822140.9656

46 DUKE UNIVERSITY 101035.6055 370.3129863 962813.7644

47 DUKE UNIVERSITY 765.6195844 495.1388882 1287361.109

48 DUKE UNIVERSITY 18587.50531 441.179544 1147066.814

49 DUKE UNIVERSITY 21512.24151 555.0987586 1443256.772

50 DUKE UNIVERSITY 17229.32191 426.6651719 1109329.447

51 DUKE UNIVERSITY 9568.804397 430.7488009 1119946.882

52 DUKE UNIVERSITY 107682.4829 551.6358026 1434253.087

53 DUKE UNIVERSITY 138350.5913 464.8299513 1208557.873

54 DUKE UNIVERSITY 395756.1157 179.4341907 466528.8959

55 DUKE UNIVERSITY 313112.0884 248.3630488 645743.9269

56 DUKE UNIVERSITY 195565.4538 279.9680489 727916.9272

57 DUKE UNIVERSITY 362482.1504 328.7011239 854622.9221

58 DUKE UNIVERSITY 458120.2982 432.7841058 1125238.675

59 DUKE UNIVERSITY 16799.38276 134.0675746 348575.694

60 DUKE UNIVERSITY 330771.1535 424.314278 1103217.123

61 DUKE UNIVERSITY 2628.029011 509.8293241 1325556.243

62 DUKE UNIVERSITY 85.66426379 497.6083254 1293781.646


