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Highlights

Inactive oil and gas wells can be repurposed for geothermal district heating.
$7 million drilling cost can be saved by recycling existing oil and gas wells.
The levelized cost of heat of district heating system is optimized with base loads.
The system with repurposed wells is comparable to the regional natural gas rate.

ABSTRACT

Oil and gas wells have been drilled in the United States and often encounter hot co-produced water
possibly suitable for geothermal direct-use applications. This study evaluated geothermal
resources, heating and cooling demand, and techno-economic potential of four oil and gas wells
repurposed for geothermal energy production to serve two public schools and 250 nearby houses
in Tuttle, Oklahoma, USA. Subsurface geology in the study area primarily consists of Permian to
Mississippian sandstone and limestone formations approximately from 2 km to 3.5 km depth. With
a geothermal gradient of 25.3°C/km, the temperature of geothermal energy production was
estimated as 68.2°C at 2.1 km. The potential of calcite scaling within boreholes and pipes was
minimal. Using the characterized reservoir properties, techno-economic analyses were conducted
for evaluating levelized costs of geothermal energy production for direct-use heating and cooling
and district heating systems with five different production scenarios. Heating and cooling demand
in two schools and 250 houses and additional 0.3 MW and 0.6 MW base heating loads for potential
geothermal direct-use applications in the study area were also incorporated in the modeling.
Results indicated that the levelized cost of heating of geothermal district heating systems utilizing
existing wells were significantly lower than those of conventional geothermal energy systems that
include well drillings. The geothermal energy production with doublet and quartet configurations
was generally sufficient to supply total annual heating demand in the district, while a peaking
boiler was used to supply peak loads. Doublet configurations showed higher production
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temperature with a lower thermal drawdown than the quartet configurations. The doublet system
at 2.1 km production depth with 9.3 kg/s flow rate represented the optimal levelized cost of
$71/MWh and 91.2% utilization factor. These results imply that the Tuttle geothermal district
heating system is techno-economically feasible and comparable to geothermal district heating
systems in the United States and the regional natural gas rate for residentials by recycling inactive
oil and gas wells with no drillings.

Nomenclature

LCOH  Levelized cost of heat [$/MWh]
LCOC  Levelized cost of cooling [$/MWh]
Ceapex  Capital expenditure [$]

Cogme  Operational cost in year t [$]

d Real discount rate [-]
LT System lifetime [year]
E; Annual net amount of heating or cooling produced in year t [MWh]

1. Introduction

A geothermal district energy system supplies geothermal energy from wells or borehole field(s) to
a group of buildings through a central distribution network possibly combining geothermal heat
pump (GHP), subsurface thermal energy storage, or a solar photovoltaic system, as well as direct
uses of geothermal energy for district heating and cooling. Robins and co-authors (2021) and Oh
and Beckers (2023) reviewed existing geothermal district heating and cooling systems in the
United States. District geothermal systems have been developed with low-temperature geothermal
resources less than 150°C, particularly for heating end use in the United States, since the 1890s.
An example of this is the geothermal district heating system in Boise, Idaho where geothermal
energy of around 75°C (165 to 170°F) has been produced for the district heating system (Hanson
1985). As of 2021, 23 geothermal district heating systems are being operated in the United States,
ranging from 0.1 MW to 20.6 MW capacity (Kolker et al. 2021). Geothermal energy has also
been exploited for cooling, using an absorption chiller where geothermal energy is used to drive a
refrigeration cycle, instead of electricity or natural gas (Gang et al. 2016; Inayat and Raza 2019).
While GHP-based district energy systems can be operated with near-ambient temperature
geothermal resources available in relatively shallow subsurface of less than 150 m depth (Im et al.
2016; Hughes 2022), the operation of a geothermal direct-use district heating and cooling system
requires geothermal resources approximately between 40°C and 120°C, likely available in deeper
subsurface between 0.5 km and 4 km, depending on the regional geothermal resource (Fig. 1). In
other words, the deep direct-use (DDU) geothermal system may be cost-intensive and high-risk,
mostly due to deeper borehole drilling in the early phase (Kolker et al. 2021).
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Fig. 1. The U.S. geothermal resource potential in shallow and deep subsurface (modified
from Mullane et al. (2016))

Recently, the U.S. Department of Energy (DOE) has funded six Wells of Opportunity
projects to harness geothermal energy in various regions (e.g., sedimentary basin) by repurposing
abandoned oil and gas (O&G) wells. Leveraging existing O&G infrastructure and necessary
information (e.g., borehole configurations and specifications, regional geological formation,
geothermal gradient) for a DDU geothermal system development can minimize the high capital
cost and risks of deep borehole drilling, as well as accompanying environmental benefits (e.g.,
lower greenhouse gas emissions from no-drilling). Nian and Cheng (2018), Kurnia and co-authors
(2021), and Santos and co-authors (2022) comprehensively reviewed previous studies on
geothermal energy production using O&G wells and reported that repurposing abandoned wells
for geothermal energy production is feasible, without drilling, at lower cost and seismic risk than
conventional enhanced geothermal systems or borehole heat exchanger systems. Specifically, deep
sedimentary layers at depths of 2.5 km to 4 km with normal geothermal temperature gradients
(e.g., 30°C/km) can be exploited for low-temperature energy conversion systems without hydraulic
fracturing (DiPippo 2012), while Caulk and Tomac (2017) demonstrated the feasibility of
geothermal energy production using 1 km deep O&G wells with relatively higher regional
geothermal gradient of greater than 70°C/km in California, USA. In addition, Li and co-authors
(2024) demonstrated the repurposed system for geothermal power generation directly benefits nine
environmental impacts (including climate change potential), and the material recycling brings
positive impacts at the end-of-life stage in 18 out of 20 impact categories.

As O&G wells have been drilled primarily into sedimentary basins regardless of the
subsurface temperature, geothermal resources may be limited, and certain conditions are needed
to convert existing O&G wells to geothermal wells. For example, the geothermal reservoir
typically consists of a large volume with distributed fractures (e.g., aquifer in hot permeable rock)
for the geothermal energy production over long periods (i.e., relatively lower energy density of hot
water), while the O&G reservoir volume is limited around the boreholes for O&G production in
relatively shorter periods (i.e., high energy density of hydrocarbons) (DOE 2019). For geothermal
energy production, the existing wellbores also should have sufficient depths, specifically with a
minimum depth of 2.4 km to 3 km, depending on the geothermal gradient and geological
formations (Bu et al. 2012; Cheng et al. 2014). Additional surface peaking boiler (Kujawa et al.
2005) and insulations (Gharibi et al. 2018; Wei and Guo 2023) are suggested to ensure high outlet
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temperature from the O&G wells for direct-use applications. The repurposed geothermal wells
also should be close to the end users to minimize heat losses through the energy distribution system
(Kurnia et al. 2021).

According to the U.S. Energy Information Administration, the Oklahoma hydrocarbon
field, including the Anadarko basin, has been exploited for over a century to produce O&G, and
Oklahoma was the nation’s fifth-largest producer of marketed natural gas and the sixth-largest
producer of crude oil in 2021 (EIA 2022). The U.S. Energy Information Administration also
reported approximately 40,000 natural gas-producing wells in Oklahoma in 2020. In addition to
this report, O&G Conservation at the Oklahoma Corporation Commission identified that
Oklahoma has more than 443,000 O&G wells, including plugged, temporarily abandoned, and
terminated wells, at a broad range of depths. In particular, the Oklahoma Corporation Commission
Oil and Gas Conservation demonstrated that there are more than 100 O&G wells in Tulttle,
Oklahoma, where O&G have been produced approximately from 1 km to 3.5 km depths. That is,
the Tuttle area may have great potential for geothermal energy production by repurposing existing
0O&G wells from relatively deeper subsurface to possible end-users at a close distance, as well as
environmental and economic benefits from “no drilling”. This study evaluated the techno-
economic feasibility of geothermal energy production using four existing O&G wells to serve two
public schools and 250 nearby houses in Tuttle, Oklahoma. The regional geothermal resource was
characterized using a wide range of databases on subsurface geology, temperature, and geothermal
fluid geochemistry. Heating and cooling demand was also modeled for the Tuttle primary and
secondary schools and a single-family house. Then, the techno-economic potential of the
geothermal district energy system was compared.

2. Geothermal Resource Characterization for the Study Area

Tuttle is a city in Grady County, Oklahoma, U.S., where the population and the number of housing
units are 7,413 and 2,563, respectively (Census 2021). Typical meteorological year data indicate
that annual maximum, minimum, and average air temperatures in Tuttle are 41.9°C, -12.5°C, and
16°C, respectively (NSRDB). Fig. 2 shows locations of four O&G wells, two schools, and a
potential residential area where the geothermal energy will be supplied. The four wells have
bottomhole depths from about 3.3 km to 3.6 km and are approximately 1.5 km away from the
middle school.
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Fig. 2. Four O&G wells and extent of geothermal district energy system, including two public schools

2.1 Subsurface Geology

The study area is in the eastern part of the Anadarko basin (Fig. 3). The Anadarko basin is a
sedimentary basin, which extends along Oklahoma, Texas, Kansas, and Colorado. Geological
formations in the study area specifically include Permian red shales and sandstones that are
relatively younger formations (around 1 km to 1.5 km depth) and Pennsylvanian and Mississippian
sandstones and limestones that are relatively older formations around 1.5 km to 3 km depth and
below 3 km, respectively. The crystalline basement is expected to be below 5 km depth (Johnson
and Luza 2008; Clement 1991). According to Clement (1991) and Wei and Xu (2016), most of the
O&M wells in the Anadarko basin had penetrated the Lower Pennsylvanian Springer or the
underlying Mississippian Chester. Similarly, borehole logs of the four targeted wells demonstrated
a wide range of formations from Tonkawa sandstone (around 2 km in depth) to Hunton limestone
(around 3.5 km in depth) where O&G have mainly been produced.
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Fig. 3. Geological characteristics in the study area: (a) geological map and (b) Anadarko basin cross-section
(modified from Johnson and Luza 2008)
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According to the literature, sedimentary rocks have a wide range of permeability,
approximately ranging from 7.632° m? (0.077 microdarcy) for fine sandstone to 3.90"1* m? (39.52
millidarcy) for coarse sandstone, and porosity approximately ranging between 8% and 22%
(Tanikawa and Shimamoto 2009). Similarly, mudstones have relatively lower permeability,
ranging from 3.592* m? (0.004 microdarcy) to 2.7317 m? (0.028 millidarcy) due to the smaller
particle size (e.g., silt and clay particles are much smaller than sand grains) (Wang and Park 2002;
Zhang et al. 2016). The permeability of crystalline basement ranges from 10-2° m? (0.1 microdarcy)
to 10°Y” m? (0.1 millidarcy), with respect to the origin of igneous rocks (cooling and solidification
of magma or lava) and metamorphic rocks (physical and/or chemical changes in rock compositions
from high temperature and pressure), while the permeability of fractured and weathered crystalline
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basement (e.g., granite) ranges from 5.11-'°> m? (5.18 millidarcy) to 1.00"*> m? (1 darcy) (Stober
and Bucher 2007; Ceccato et al. 2021).

In terms of the reservoir permeability, there are various types of geothermal systems (DOE
2019), including conventional hydrothermal systems, enhanced geothermal systems where the
reservoir permeability is artificially improved by hydraulic fracturing, and deep closed-loop
geothermal systems (e.g., Beckers et al. 2022). Deo and co-authors (2013) describes the sufficient
rock permeability for hydrothermal systems as being greater than 10"*® m? (10.1 millidarcy)
(approximately equivalent to 1 millidarcy). That is, hydraulic fracturing may be needed in certain
levels of sedimentary layers in the study area (e.g., fine sandstone or mudstone region) to increase
the permeability, even though conventional hydrothermal systems may be considered for
geothermal energy production from specific regions consisting of coarse sandstone layers. In
addition to the broad range of permeabilities of sandstone layers, as represented in Fig. 4,
subsurface geology in the study area may partially include Wichita mountain front carbonate and
granite washes, which have a wide range of grain sizes and permeabilities, at target reservoir depth
around 2.5 km to 3 km (Clement 1991; Wei and Xu 2016). For more accurate evaluation, an
additional geological survey is recommended for the specific area and depth where geothermal
energy production is targeted.
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Fig. 4. Generalized stratigraphic columnar section for producing fields in the study area (reproduced from
Clement 1991).

Using the formation and lithology information obtained from the literature review and
borehole logs, the surface topography and subsurface geology was three-dimensionally visualized
for the study area in Leapfrog Geothermal. For the surface topography, a digital elevation model,
which is a 3D graphical representation of ground topography, was generated for the study area
using the National Geospatial Program tool of the United States Geological Survey (USGS). Then,
the digital elevation model was processed (e.g., resizing) in QGIS, which is geographic
information system software, and imported as 3D topography combined with the USGS Topo
surface map in Leapfrog Geothermal.

Although Johnson and Luza (2008) indicated that no major fault exists in the study area (Fig.
3(a)), the Oklahoma Geological Survey’s comprehensive fault database (Marsh and Holland 2016)
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demonstrated there are two faults near the study area (Fig. 5(a)). However, due to limited
information (e.g., fault type, strike, and dip), the faults were excluded in the modeling, assuming
lateral continuity. The borehole logs also indicated no significant differences in geological
formations approximately at the same horizontal depth. In addition to the four targeted wells, four
boreholes were incorporated in the modeling (total eight wells) to extend the modeling region from
the geothermal energy production area (i.e., four targeted wells) to the end users (i.e., two schools
and nearby houses). For the eight wells, well logging that includes location, elevation, bottomhole
depth, formations, and lithologies was collected from the Oklahoma Corporation Commission Oil
and Gas Conservation database and the operator of the four targeted wells. Because the eight 0&G
wells have been operated mainly in relatively older geological formations around 2 km to 3 km in
depth for the O&G productions, the formation and lithology information were limited for younger
formations between 0 km and 1.5 km (e.g., Permian in Fig. 4). For a full range of subsurface
modeling from 0 km to 3.5 km, the eight borehole logs were thus combined with the information
additionally obtained from nearby O&G wells (within 1 mile distance) where the information on
young formations is available, as well as the information obtained from previous studies (e.g.,
stratigraphic column in Fig. 4).

Similar to the 2D geological formation and lithology cross-sections in Fig. 3, the 3D
geological modeling results presented that the study area consists of sedimentary formations and
lithologies, including Tonkawa, Oswego, Layton, and Cottage Grove sandstones, represented by
dark blue, green, hot pink, and blue colors, respectively (relatively younger formations), and
Mississippian and Hunton limestones represented by orange and light blue colors, respectively
(relatively older formations) (Fig. 4(b)). In particular, the cross-section shows the geological
formations in specific zones where geothermal energy may be produced (Fig. 5(c)).
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Fig. 5. 3D subsurface conceptual modeling: (a) location of eight wells and two faults in the study area (USGS

Topo map), (b) subsurface geological modeling result, and (c) cross-section

When retrofitting the inactive oil and gas wells for geothermal energy extraction in the

study area, modifications are necessary to meet the operational requirements of geothermal

cycling:
1.
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Well Integrity: Oil and gas wells consist of multiple layers of steel casing that provide
structural integrity and prevent collapse. However, the targeted geothermal cycling
zone lacks cement in the annular space between the casing and wellbore walls. To
address this, the casing will be perforated, and cement will be squeezed into the
annular space, ensuring proper well integrity.

Recompletion: The wells were originally completed at around 3 km (10,000 ft) true
vertical depth (TVD). The geothermal objective zone is located at around 2 km (6,600
ft) in the Haskell formation. In that case new perforations will allow the production
and injection in the desired zone.

Wellhead and Surface Equipment: Adjustments to the wellhead and surface
equipment are needed to meet the specific demands of geothermal energy production.
This includes the addition of extra valves for sample collection and instrumentation to
regulate the flow and temperature of geothermal fluids. Additionally, an injection
well will require the installation of a surface pump, specifically a triplex plunger
pump.

Downhole Equipment: In the production well, an electro submersible pump with
multiple stages will be installed to effectively control the production of hot water.
Zonal Isolation: Zonal isolation is crucial to maintaining the structural integrity of the
wellbore and preventing the migration of fluids between hydrocarbon zones and
geothermal cycling formations. To achieve this, a cast iron bridge plug with cement
will be positioned below the recompleted geothermal interval at 2.1 km (7,000 ft)
TVD, to prevent the mixing of different fluids, such as oil, gas, and water, which
could lead to wellbore instability and potential well control issues.
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2.2 Subsurface Temperature

The subsurface temperature distribution directly impacts the potential for geothermal energy
production. In this section, subsurface temperature distribution in southern Tuttle area was
evaluated through review of literature, bottomhole temperature (BHT) database, and
geothermometers, and then three-dimensionally visualized in Leapfrog Geothermal. Porro and co-
authors (2012) estimate geothermal resources in 15 major sedimentary basins in the United States,
including the Anadarko basin, based on the volume of rocks for each 10°C temperature interval.
The analysis results demonstrated that the Anadarko basin has a strong hydrothermal recharge rate
directly addressing the recovery capability of geothermal resources and has the second-highest
total heat among the 15 sedimentary basins with a large rock volume of more than 20,000 km3.
Moreover, the Anadarko basin contains geothermal energy potential at temperatures greater than
220°C, while most of the sedimentary basins have relatively low thermal energy at temperatures
between 100°C and 150°C. With a geothermal gradient of 34 °C/km, the Tuttle area is expected to
have subsurface temperatures ranging from 150°C to 200°C around 5 km to 6 km depth (Fig. 6).
Similarly, the Oklahoma Geological Survey estimated the geothermal gradient as 22.8°C/km in
the Tuttle area approximately 2.7 miles away from the targeted wells (Prater et al. 1981; Luza et
al. 1984).

Anadarko Basin

A

A Distance (km)
0 20 & 60 8 100 12
Kansas

Temp (C) Depth (m)
100 - 110 3,800 - 4,100
110- 120 4,101 - 4,400
120- 130 4,401-4700
130 - 140 4,701 - 5,000
140 - 150 5,001 - 5,300
150 - 160 5,301 - 5,600
160 - 170 5,601 - 5,900
170 - 180 5,901 - 6,200
180 - 190 6,201 - 6,500
190 - 200 6,501 - 6,800
200-210 6,801 -7,100
210-220 7.101 - 7,400
>220 7.401- 12,339
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Fig. 6. Estimated geothermal energy resource in the Anadarko basin (modified from Porro et al. 2012)

Similarly, BHTSs can be used with ambient temperature to estimate the geothermal gradient
and subsurface temperature at depth. Southern Methodist University Geothermal Lab collected a
national-scale BHT database, and the database included 19 BHTs approximately 2 to 4 miles (3
km to 6 km) away from Tuttle. The 19 BHTs were measured at depth ranging from 3.75 km to
4.18 km (4.03 km on average) and the BHTs ranged from 72.8°C to 102.2°C (92.5°C on average).
The corresponding geothermal gradient with an average ambient temperature of 15°C ranged from
15.4°C/km to 20.9°C/km (19.2°C/km on average).
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In addition, the reservoir temperature has been estimated using geothermometers,
particularly silica and cation geothermometers, characterizing chemical equilibrium, which is a
function of temperature (Armannsson and Fridriksson 2009; Flévenz et al. 2012). Silica
geothermometers (e.g., quartz) are based on experimental measurements for silica solubility (e.g.,
Fournier 1991) and relatively quickly respond to interactions between rock types and reservoir
conditions (Harvey 2014). Similarly, cation geothermometers characterize cation ratios (e.g., Na-
K) at a chemical equilibrium between the geothermal solution and geochemistry as a function of
temperature. While silica geothermometers can be invalidated due to mixing and dilution with
groundwater (near surface non-geothermal water), cation geothermometers are less affected by the
dilution (Harvey 2014). The relatively slow equilibrium of cation geothermometers also can be
used as an indication of the cooling or heating history of the geothermal fluid (FI6venz et al. 2012).
In this study, five well-known cation geothermometers—Fournier and Truesdell (1973), Fournier
(1979), Giggenbach (1988), Nieva and Nieva (1987), and Giggenbach (1986)—were used to
estimate the reservoir temperature with three produced water samples obtained from 4.1 kmto 4.8
km depth (4.4 km on average) in Grady County where Tuttle city is located and one water sample
from the Tuttle well. The chemistry of three produced water samples was collected from the USGS
national produced waters geochemical database (v2.3) and the chemistry of the Tuttle well sample
was obtained from the operator, Blue Cedar Energy LLC. Table 1 summarizes the geothermometer
results for three produced water samples (from PW-1 to PW-3) and the Tuttle sample. The results
for the Tuttle well suggested that the reservoir temperature ranges from 61°C to 109°C with an
average of 85°C. The deeper subsurface temperature estimated using the produced water sample
broadly ranged from 72°C to 162°C (117°C on average), which is slightly higher than the reservoir
temperature estimated using the Southern Methodist University BHT database and the literature
review.

Table 1. Summary of cation geothermometer results for the Tuttle and Grady County samples. Numbers in
Table 1 represent the fluid temperature in °C.

Sample Na-K-Ca' Na/K? Na/K?3 Na/K* K/Mg?®
PW-1 144 105 125 94 117
PW-2 162 128 148 117 137
PW-3 121 82 103 72 103

Tuttle Well 109 70 92 61 91

Note: *Fournier and Truesdell (1973), 2Fournier (1979), 3Giggenbach (1988), “Nieva and Nieva (1987),
>Giggenbach (1986)

The geothermometer results were also plotted in a spreadsheet described in Powell and
Cumming (2010). Fig. 7(a) shows the triangular plot of Giggenbach (1988) for the water samples.
The sample from the Tuttle well fell very close to the equilibrium line, indicating a medium water
temperature (over 90°C). The produced water samples (PW-1, PW-2, and PW-3) fell within the
partial equilibrium field, with the equilibration temperature ranging between 120°C and 140°C.
The relationship between log(K?/Mg) and log(K?/Ca) was also plotted for the four samples to
estimate the temperature at water-rock equilibrium and partial pressure of carbon dioxide (pCO2)
of geothermal fluids (Fig. 7(b)). The Tuttle well sample datapoint was placed on the boundary line
between immature water and calcite formation at temperature around 90°C, while all produced
water samples (PW-1, PW-2, and PW3) were in immature conditions at temperatures between
100°C and 140°C, possibly due to mixing with meteoric or ground water. As shown in Fig. 7(b),
the immature waters unlikely attain chemical equilibria with host rocks (i.e., minimum calcite
scaling potential).
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Fig. 7. Cation geothermometers for estimating the geothermal resource temperature: (a) K-Mg-Na ternary
diagram (modified from Giggenbach 1988) for the four selected water samples in the area of Tuttle and
Grady County; and (b) relationship between log (K?/Mg) and log (K?/Ca) (Fournier and Truesdell 1973) for
Tuttle well sample, selected produced and ground water samples from South Grady County wells

Similar to the 3D subsurface geology modeling, the subsurface temperature distribution was
modeled for the study area in Leapfrog Geothermal using the characterized subsurface
temperature. The results represented that geothermal resource temperature at the reservoir depth
between 2 km and 3 km ranges approximately from 65°C to 90°C (Fig. 8).
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Fig. 8. 3D visualized deposit contact surfaces with the wellbore emperature distribution. GM stands for
geological modeling incorporating all available geological formations and lithologies.
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2.3. Hydrogeochemical Characteristics of Geothermal Fluid

The scaling potential of geothermal fluid was evaluated by comparing the water chemistry to
empirical data for mineral solubility. The water geochemistry data was collected from the USGS
national produced waters geochemical database (v2.3) for 154 hydrocarbon wells at various depths
in Grady County, Oklahoma. Only 11 out of 154 samples have potassium (K), which is one of the
key chemistries in the analysis, and the 154 samples were grouped in two groups: the samples with
potassium and the samples without potassium, as well as one data point with the Tuttle sample.
The collected data was then plotted on a Piper diagram, which graphically represents major cations
and anions of water expressed in percentage of parts per million (% ppm) or milligrams per liter
(mg/L) in three diagram panels, two triangles and one rhombus, shaped by a mesh of equal-sized
triangular cells (Fig. 9). The analysis assumes that the cations and anions are in chemical
equilibrium. Cations (Ca?*, Mg?*, Na*+K*) and anions (SO4>", CO3*" + HCOs", CI") were
represented in the triangular panels and then projected onto the central rhomboidal panel for
cationic-anionic facies identification. The results showed that the geothermal brine is expected to
be a Sodium-Potassium-Chloride-Sulfate type. The Tuttle sample was classified as sodium and
potassium type on the Na+K/Mg/Ca ternary diagram like many other samples (see the red circle
in bottom-left triangle). Similar chemical compounds of the 154 samples were taken from
hydrocarbon wells. That type of water may be a mixture of alkali chloride water and may not be
common in young rocks (Ellis and Mahon 1977; Armannsson 2012). As Bicarbonate (HCO3)
concentrations were low (~200 mg/L) and the estimated production temperature was moderate (~
70°C), minimum calcite scaling is expected within the wellbore and production pipeline.
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Fig. 9. Piper diagram representing geochemistry and types of 154 produced water samples in Grady County,
Oklahoma
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3. Techno-Economic Feasibility of Four Existing Wells for Geothermal Energy Production
Techno-economic analysis (TEA) is a method for evaluating technical and economic performance
of the system (e.g., LCOH, payback period, net present value). In particular, levelized cost of
heating or cooling (LCOH or LCOC), which is a ratio of capital and lifetime operational costs of
the system to lifetime heating (or cooling) production, has been analyzed as one of the key TEA
metrics for optimizing the system configurations by comparing various scenarios (e.g., different
borehole depths), evaluating the lifetime system performance, and comparing the system’s
performance to other energy systems and applications. Eqn. 1 describes the LCOH (or LCOC),
incorporating discount rate to address the present value of future cash (i.e., inflation-adjusted cost)
(Short et al. 1995).

C
LT ~0&M.,t
capext Xt=1 (+d)t

C
LCOH (or LCOC) = — (1)

t+1(1+d)t

where LCOH (or LCOC) is levelized cost of heat (or cooling) [$/MWh], Ccqpe, is capital
expenditure [$], Cpgp ¢ is Operational cost in year t [$], d is the real discount rate [unitless], LT is

the system lifetime [years], and E; is annual net amount of heating or cooling produced in year t
[MWh].

GEOPHIRES (GEOthermal energy for Production of Heat and electricity (“IR”)
Economically Simulated) is a tool for TEA of geothermal applications (e.g., enhanced geothermal
systems, direct-use, district heating). In this study, GEOPHIRES ver. 3 incorporated with
TOUGH?2 was used to evaluate reservoir lifetime performance and calculate levelized costs of
geothermal production for DDU heating and cooling systems for the two schools and district
heating systems for the two schools and 250 nearby houses with five different configuration
scenarios. The characterized reservoir properties (e.g., permeability) and temperature were
incorporated in the GEOPHIRES modeling. Heating and cooling demand in primary and
secondary schools and 250 single-family houses in Tuttle, OK, were also modeled and
incorporated in the analysis, especially for district heating case scenarios.

3.1 Heating and Cooling Demand Modeling
Annual heating and cooling load profiles were developed using EnergyPlus®, a whole-building
energy simulation program, for elementary and middle schools and a single-family house in Tuttle
using DOE’s prototype building models (DOE 2020). The prototype models are hypothetical
models with ideal operations that meet certain specific minimum requirements. The prototype
models cover 16 building types, including offices, schools, hotels, hospitals, restaurants, and
apartments, in 19 climate locations (16 U.S. and 3 international locations) characterizing more
than 60% of commercial building stock and are very similar to other commercial building types
(Deru et al. 2011; DOE 2020). Among the prototype building models, the following models were
selected with respect to DOE’s status of state energy code adoption for Oklahoma:
1. The commercial ANSI/ASHRAE/IES Standard 90.1-2013 Primary School for Climate
Zone 3A
2. The commercial ANSI/ASHRAE/IES Standard 90.1-2013 Secondary School for Climate
Zone 3A
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3. The residential IECC-2015 single-family house with a crawlspace and a gas furnace for
Climate Zone 3A.

The heating, ventilating, and air conditioning (HVAC) layouts in primary and secondary
schools in Bonnema et al. (2013) were generally followed for the modeling. The primary school
is mostly served by a typical variable air volume (VAV) system with direct-expansion (DX)
cooling and hot water heating. The heating hot water is generated using a natural gas-fired boiler.
The primary school has a handful of spaces, namely the gymnasium, the kitchen, and the cafeteria,
that have a dedicated rooftop unit (RTU) with DX cooling and a natural gas furnace. Thus, for the
primary school, the following output variables were requested:

e The boiler heating energy

e The heating energy of the RTU furnaces

e The cooling energy of all DX cooling coils (both in the VAV air-handling units and the
RTUs).

The boiler heating energy and the heating energy from the RTU furnaces were summed to
generate the heating load profile. Similarly, the cooling energy from all the DX cooling coils was
summed to generate the cooling load profile.

Like the primary school, the secondary school is mainly served by a typical VAV system,
with a handful of spaces (gymnasium, auxiliary gymnasium, auditorium, kitchen, and cafeteria)
having a dedicated RTU with DX cooling and a natural gas furnace. Like the primary school,
heating hot water for the VAV system is provided via a natural gas-fired boiler; however, in the
secondary school, the VAV system utilizes an air-cooling chiller for cooling instead of DX. Thus,
for the secondary school, the following output variables were requested:

e The boiler heating energy

e The chiller cooling energy

e The heating energy of the RTU furnaces

e The cooling energy of the RTU DX cooling coils.

The boiler heating energy and the heating energy from the RTU furnaces were summed to
generate the heating load profile. Similarly, the chiller cooling energy and the cooling energy from
the RTU DX cooling coils were summed to generate the cooling load profile.

The HVAC system in the single-family house model is much simpler. It is a split system
comprising a gas furnace for heating and a DX air-conditioner for cooling. Accordingly, the output
variables for the single-family house HVAC are simpler, and include:

e The heating energy of the furnace
e The cooling energy of the DX cooling coil.

No summing of heating and cooling outputs was required for the single-family house
model, as there is only one heating component and one cooling component in the model.

The models were simulated using EnergyPlus version 22.2. The timestep of the models
was set to 15 minutes, and the location was changed to Oklahoma City, Oklahoma. Changing the
location includes the simulation latitude, longitude, time zone, and elevation to match that of the
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Will Rodgers World Airport, which is the nearest airport (about 30 km away from Tuttle
Elementary School). Next, the HVAC equipment sizing design conditions were changed to match
those of typical meteorological year 3 data from the Will Rodgers World Airport (Wilcox and
Marion 2008). Then, the required EnergyPlus objects were added to produce the desired output
data necessary to generate annual heating and cooling load profiles for the three building models.
These output variables were model-dependent (i.e., based on the HVAC system configuration of
each model).

In all three models, the output variables were requested on a per-timestep basis (i.e., every
15 minutes). Once the model input files were configured with the proper inputs and outputs, annual
EnergyPlus simulations were executed using the typical meteorological year 3 weather data for the
Will Rodgers World Airport. This provided the 15-minute building heating and cooling load
profiles for the three building energy models. Fig. 10 shows annual total heating and cooling
demand in two schools and 250 single-family houses. The heating and cooling demand modeled
for a single-family house was multiplied by 250, assuming the same heating and cooling equipment
used. The annual total heating and cooling demands were 2.6 GWh and 6.0 GWh, respectively.
Regardless of the end-use facility type, peak and average cooling loads were higher than those of
heating loads (Table 2). December, January, and February were the months with the highest
heating loads while the cooling loads were high from April to October. Both Grady County (where
Tuttle is located) and Oklahoma County where (Oklahoma City is located) are classified as mixed-
humid climate by DOE’s Building America Program (DOE 2013) and warm-humid by the
International Energy Conservation code (ICC 2012).
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Fig. 10. Daily heating demand of two schools and 250 single-family houses and cooling demand of two schools
in Tuttle, Oklahoma, for a typical year

Table 2. Heating and cooling loads in the three end-use facilities

Heating Load Cooling Load
- Annual Annual Annual Annual
End-Use Facility g(?vk) Average Total gg/avk) Average Total
(kWh) (MWh) (kWh) (MWh)
Primary School 322.8 10.1 88.3 4447 80.3 703.1
Secondary School 741.9 17.6 153.9 1,482.8 222.3 1,947.4
Single-Family House 7.5 11 9.5 7.5 1.6 13.6
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In addition to the heating and cooling load simulations, energy savings from the future
geothermal heating and cooling systems were estimated and compared with the base case—natural
gas-fired furnace and boiler and conventional electricity-powered air conditioner and chiller versus
geothermal direct-use heating using a radiator and cooling using an absorption chiller. For
estimating the energy that will be consumed in geothermal direct-use applications to supply the
given loads, the district load total (e.g., Fig 10) was divided by the coefficient of performance
(COP), which is a ratio of energy output to energy input, while the energy consumptions modeled
in EnergyPlus (base case) were directly compared in Table 3. For simplicity, COPs of direct-use
heating and cooling were assumed as 1 and 0.7, respectively. As summarized in Table 3, the future
geothermal direct-use heating appliance may save about 7 GWh of annual energy consumption
total on average (and probably corresponding cost and greenhouse gas emissions), while the
geothermal cooling using an absorption chiller may consume much more energy than the base case
due to a low efficiency of the chiller operating at a low temperature. However, additional analysis
is needed to comprehensively evaluate benefits of the geothermal systems, including the
greenhouse gas emissions avoided with the geothermal systems and power grid flexibility and
resilience.

Table 3. Energy and cost savings total in the district with three technologies

Energy Consumption for Heating Energy Consumption for Cooling
Annual Annual Annual Annual
Technology (R?S\l;) Average Total (IIDVIes\I;) Average Total
(MWh) (GWh) (MWh) (GWh)
Base Case 3.68 (*0.8) | 0.37(*0.8) | 3.28(*0.8) | 1.01(*3.5) | 0.18(*3.9) | 1.55(*}3.9)
Direct-Use 2.95 (%) 0.3 (A1) 2.61 (%) 5.08 (%0.7) | 0.99 (*0.7) | 8.64 (°0.7)

Note: The COP was calculated using heating and cooling loads divided by the energy consumption modeled in
EnergyPlus. The COPs varied depending on ambient and operational conditions, and average COPs
were represented in Table 3.

2Note: The COP was assumed as a constant.

3.2 Reservoir Lifetime Performance
Long-term reservoir thermal drawdown was evaluated using TOUGH2 (Transport of Unsaturated
Groundwater and Heat), which is a suite of simulation codes for non-isothermal multiphase flow
in fractured porous media. Details on TOUGH2 (e.g., governing equations) can be found in Pruess
et al. (2012). Some codes in TOUGH2 were modified for the four wells with specific reservoir
conditions in Tuttle. Five different configurations were compared to optimize the lifetime
production:
e Scenario 1: Doublet well configuration with 9.3 kg/s flow rate
e Scenario 2: Quartet well configuration consisting of three production wells and one
injection well with 3.1 kg/s flow rate
e Scenario 3: Doublet well configuration with 6.2 kg/s flow rate
e Scenario 4: Quartet well configuration consisting of three production wells and one
injection well with 6.2 kg/s flow rate
e Scenario 5: The same configuration in Scenario 1 with the geothermal energy production
at 3.3 km depth.

Table 4 summarizes inputs used in the reservoir simulation. The well depth was set at 2.1
km, with respect to the depth of existing production zones in the four wells. To investigate the
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benefit of deeper geothermal energy production at a higher temperature, the Scenario 1
configuration was duplicated in Scenario 5 with 3.3 km production depth. The diameter of each
well was 20.3 cm (8 in.), and the maximum wells’ separation was 540 m. To minimize the impact
of no-flow boundary conditions on mass and heat transfer around the wells, the lateral extent of
the reservoir was designed as 2,300 m in the reservoir simulation. The reservoir hydrostatic
pressure and the pressure drop were calculated using a built-in modified Xie-Bloomfield—Shook
equation and reservoir impedance or productivity and injectivity index, respectively, while the
hydrostatic and frictional pressure drop in well boreholes was estimated using the Darcy—
Weisbach equation that was used for pumping power calculation (Beckers and McCabe 2019).
Ramey’s wellbore transient heat transmission model was used to account for the temperature drop
from bottom to top in production wells (Ramey 1962). The production flow rates ranged between
3.1 kg/s and 9.3 kg/s to meet the regulation for minimizing seismic risk. The geothermal gradient
was set to 25.3°C/km, which is an average of 22.8°C/km (Prater et al. 1981; Luza et al. 1984),
34°C/km (Porro et al. 2012), and 19.2°C/km (average of 19 nearby BHTSs). The maximum
reservoir temperature was set at 105°C, considering the BHT of 103.7°C at 3.5 km depth. The
system lifetime was set as 30 years.

Table 4. Reservoir model parameters for long-term thermal drawdown simulation

Models Scenario 1l | Scenario2 | Scenario3 | Scenario4 | Scenario5
Model Geometry Doublet Quartet Doublet Quartet Doublet
Wellbore Heat Transfer Model Ramey
Number of Production Wells 1 ‘ 3 ‘ 1 ‘ 3 1
Number of Injection Wells 1
Well Depth (m) 2,100 3,300
Production Well Diameter (cm) 20.3 (8 in)
Injection Well Diameter (cm) 20.3 (8 in)
Flow Rate per Production Well (kg/s) 9.3 31 | 82 | 62 9.3
Geothermal Gradient (°C/km) 25.3
Injection Temperature (°C) 40
Reservoir Density (kg/m3) 2,700
Thermal Conductivity (W/m/K) 3
Heat Capacity (J/kg/K) 930
Porosity (%) 17
Permeability (m?) 5E-14 (50.7 millidarcy)
Reservoir Thickness (m) 100
Reservoir Width (m) 2,300
Well Separation (m) s40 | 270 | s40 | 270 540

Fig. 11 shows lifetime thermal drawdown in the wellbores with the five production
scenarios. The production temperatures increased in the first few years due to a large temperature
difference between injection temperature (assumed as 40 °C in this study) and reservoir initial
temperature (63 °C at 2.1 km and 90.2 °C at 3.3 km) and decreased over time with the constant
injection temperature. The Ramey’s equation below describes the long-term thermal drawdown
that initial rock temperature (T,) stays initially flat and then slowly decreases due to the water
injection over time (constant T, at a temperature lower than T,), resulting in a decrease in the
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thermal drawdown (decreased AT),,,4). Ramey’s analytical solution has been validated for long
time scales in the literature (e.g., Beckers et al. 2022).

ATprod = (Tr,O - Tw) - w(L - F) + (Tw -l = Tr,O) exp (%) [OC] (2)

where T, = initial rock temperature at the bottom of the well, T, = geofluid temperature at the
bottom of the well, w = average geothermal gradient, L = the reservoir depth.

__ MprodCwf (1)

I ==t (m] (3)
where my,,.,q = production flow rate kg/s in the wellbore, ¢, = fluid specific heat capacity at
constant pressure, k, = rock thermal conductivity, f(t) = time function for a line heat source
given by:

f(©) = —log ({2) - 029 ()

where d.,s = the outer diameter of the casing.

In Fig. 11 and Table 5, Scenario 5, where the production depth was set at 3.3 km, produced
the greatest geothermal energy (1.83 MW+w) with the highest production temperature around
87.1°C due to the higher-grade geothermal resource at deeper depth. The flow rate also affected
the geothermal energy production —0.91 MW in Scenario 1 with 9.3 kg/s and 0.55 MW in
Scenario 3 with 6.2 kg/s. The doublet configuration in Scenarios 1, 3, and 5 showed stable
production temperatures around 63°C, 61°C, and 87°C, respectively, without thermal drawdown,
while thermal drawdown was predicted during operations with the quartet well configuration in
Scenarios 2 and 4. In particular, rapid thermal drawdown was observed after 2 years of operation
in Scenario 4, in which geothermal energy is produced from three wells with the higher flow rate.
These results indicate that the optimal design of four Tuttle wells for long-term geothermal energy
production may be the doublet system using Well 1 and Well 3 with 9.3 kg/s production flow rate.
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Fig. 11. Production temperature drawdown for a 30-year lifetime of four different production scenarios

Table 5. Production temperatures and thermal energy extraction from the reservoir with five scenarios

Models Scenario 1 | Scenario 2 | Scenario 3 | Scenario 4 | Scenario 5
Initial Reservoir Temperature (°C) 68.1 68.1 68.1 68.1 98.5
Initial Production Temperature (°C) 61.3 50.8 58.3 58.3 82.4
Maximum Production Temperature (°C) 63.7 55.1 61.8 59.9 87.9
Avg. Production Temperature (°C) 61.3 53 61.3 45.8 87.1
Avg. Reservoir Heat Extraction (MWy) 0.91 0.51 0.55 0.45 1.83

3.3 Levelized Costs of Geothermal Energy Production for Direct-Use Heating and Cooling

In this section, levelized costs of the geothermal energy production for direct-use heating (i.e.,
LCOH) and cooling (i.e., LCOC) were calculated using GEOPHIRES. The 30-year lifetime
thermal energy production (e.g., Fig. 11) and lifetime operational costs (OPEX) were incorporated
with a 5% discount rate (Egn. 1), while capital expenditures (CAPEX) were directly incorporated
in the system levelized cost calculations. Due to the relatively lower production temperatures of
about 60°C at 2.1 km, Scenarios 1, 2, 3, and 4 were excluded from the LCOC calculations. This
study assumed that heating is supplied by a direct-use heating application (e.g., radiator for space
heating), and the cooling is supplied by an absorption chiller, where the coefficient of performance
is typically less than 1 for a single-stage absorption chiller at low temperature below 150°C
(Nikbakhti et al. 2020; EI Haj Assad et al. 2021). For example, ammonia/water- or lithium
bromide/water-based absorption chiller technologies can be compatible with low-temperature
geothermal resources between 85°C and 150°C with varying system efficiencies (DOE 2018; Liu
et al., 2015). Considering the reservoir temperature of 98.5 °C in Scenario 5 (average production
temperature of 87.1°C), 80% for absorption chiller efficiency was used in the LCOC calculations.

While any costs for well field development (i.e., exploration cost, stimulation cost, well
completion cost) were excluded as the four existing wells are utilized in the system, repurposing
costs of the four wells were incorporated in the CAPEX, as well as the CAPEX for system key
components, including field gathering system, heat exchanger, and absorption chiller. That is,
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these LCOH and LCOC calculations address levelized costs of the energy production itself without
any energy distribution system and the LCOH of geothermal district energy system will be
discussed in the next section. The repurposing cost was assumed as $300,000 for retrofitting the
existing wells including repair costs and circulation pump CAPEX. Wellfield operation and
maintenance and annual makeup water costs were included in the system OPEX, which is
calculated using empirical cost correlations. More details on the cost correlations for CAPEX and
OPEX calculations can be found in the GEOPHIRES user manual and Beckers and McCabe
(2019). The system utilization factor, which is a ratio of the energy production to the system size,
was assumed to be 80%, implying the system operation for 80% of the time at nominal capacity.
In the literature (e.g., Robins et al. 2021; Beckers et al. 2021a), the utilization factor ranges widely
from 23% to 98% and the low utilization factor is mainly because of the frequent operation at less
than full capacity and the seasonality of heating needs (e.g., low production for supplying low
heating demand during summer). In other words, the utilization factor is an indication of how the
system was designed and operated in terms of the supply and demand during the whole year. In
addition to the geothermal system utilizing the existing wells, LCOH of conventional geothermal
DDU systems that include well drilling was calculated to evaluate economic benefits of the system
that does not involve borehole drilling by recycling existing wells. For a fair comparison, settings
and conditions used for the geothermal energy system utilizing existing four wells were duplicated
with an addition for well drilling cost. The well drilling cost was estimated using empirical cost
correlations with the given depth and diameter of the wells (Lowry et al. 2017; Beckers and
McCabe 2019).

Table 6 summarizes the GEOPHIRES simulation results for heating and cooling
production, CAPEX, OPEX, and levelized costs of the geothermal energy production for direct
uses. Due to the high CAPEX for well drilling, LCOH of conventional geothermal DDU systems
was significantly higher than those of the geothermal system utilizing existing wells. Particularly,
the four-well systems in Scenarios 2 and 4 involved $16 million CAPEX resulting in the LCOH
of about $500/MWh. Among the geothermal systems utilizing existing wells, Scenario 5 showed
the greatest heating and cooling production and the lowest system LCOH and LCOC. In Scenario
5, the LCOC ($74/MWh) was higher than LCOH ($42/MWh), due to the lower cooling production
(0.99 MWh) than heating production (1.47 MWw) and the additional CAPEX and OPEX for
absorption chillers. Among the 2.1-km production scenarios (Scenario 1 to Scenario 4), doublet
systems in Scenarios 1 and 3 showed relatively lower capital costs caused by the smaller size of
surface equipment (e.g., heat exchanger, pipe). In particular, the LCOH of Scenario 1 was
significantly lower than those for Scenarios 2, 3, and 4, due to the higher heat production and lower
CAPEX.

Table 6. Levelized costs of geothermal energy production for direct-use applications with five scenarios
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Models Scenario 1 | Scenario2 | Scenario 3 | Scenario4 | Scenario5
Avg. Heat Production (MW) 0.73 0.41 0.44 0.36 11.47
Avg. Cooling Production (MW,) N/A N/A N/A N/A 10.99
Avg. Annual Heat Production 1
(GWha/yr) 5.09 2.84 3.1 2.49 10.29
Avg. Annual Cooling Production 1
(GWhayr) N/A N/A N/A N/A 6.96
1.87 (?14.1)
. - 2.81 for heating
2 2 2
Total System Capital Cost (million $) | 1.59 (?8.24) | 2.45 (“16.1) | 1.46 (“8.11) (216.42) 2.79 (215.0)
for cooling
Total System Operations and
Maintenance Cost 0.32 (%0.39) | 0.32 (°0.46) | 0.31(%0.38) | 0.35(%0.48) | 0.33 (?0.45)
(million $/yr)
LCOH ($/MWh) 82 (2177) 161 (?494) | 131(%289) | 171 (%496) 42 (?129)
LCOC ($/MWh) N/A N/A N/A N/A 74 (?202)

INote: Scenario 5 assumes that geothermal energy production is supplied solely for either 100% heating or
100% cooling.
2Note: Costs that include well drillings for conventional geothermal deep direct-use system.

As described in Table 2, annual heating and cooling demand totals in the two schools were
0.24 GWh and 2.65 GWh, respectively, and peak hourly heating and cooling demand in the two
schools was 1.06 MW and 1.91 MW, respectively. In other words, the annual heating load total in
the two schools can be supplied by the direct-use systems with any configuration scenarios, and
the annual cooling load total in the two schools can be supplied by Scenarios 5. However,
additional heating and cooling systems (e.g., peaking boiler, additional air conditioners) or system
improvements (e.g., increased production temperature, flow rate, or reservoir volume) are needed
to fully cover the peak heating and cooling loads in the two schools. For example, average heat
production of 0.73 MW in Scenario 1 cannot cover the peak heating load in the two schools of
1.06 MW, while the peak heating demand can be supplied by Scenario 5 of 1.47 MW average heat
production (i.e., deeper borehole depth with a higher production temperature). In the next section,
system operations with peaking boiler to cover the peak loads will be further discussed, as well as
the district heating system for 250 nearby houses.

3.4 Levelized Costs of District Heating Systems for Tuttle Primary and Secondary Schools
and 250 Houses

GEOPHIRES v.3 provides a module to calculate the LCOH of the district heating system
incorporating district distribution pipe CAPEX, natural gas-fired peaking boiler CAPEX and
OPEX, and annual district heating operations and maintenance costs, as well as the repurposing
cost (or drilling cost), heat exchanger cost, and field gathering system. The cost of those surface
facilities and equipment (e.g., peaking boiler, heat exchanger, pump) was estimated for the given
system size using built-in cost correlations in GEOPHIRES (Beckers and McCabe 2019), whereas
distribution network cost was assumed as $1 million and incorporated in the district system
modeling. In the district heating module, the annual heating demand profile was also incorporated
to analyze how heating demand and peak loads are supplied by the geothermal district heating
system incorporating the peaking boiler. In addition to the analyzed heating demand profiles for
the district (the two schools and 250 nearby houses), two base heating loads of 0.3 MW and 0.6
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MW possibly for additional geothermal direct-use applications (e.g., irrigation, swimming pool,
greenhouse heating) were incorporated to optimize the system LCOH and the utilization factor.

Table 7 and Fig. 12 show the GEOPHIRES simulation results for district heating systems.
The annual heating demand total in the two schools and 250 nearby houses was 2.61 GWh/yr
without the base load, 5.24 GWh/yr with 0.3 MW base load, and 7.87 GWh/yr with 0.6 MW base
load. Among scenarios without the base loads, Scenario 5, which has the highest-grade geothermal
resource, supplied about 95.4% of the district annual total demand (Fig. 12(c)), whereas the
utilization factor was the lowest (20%). On the contrary, about half of the district heating demand
total (2.61 GWh/yr without base load) was supplied by a natural gas-filed peaking boiler in
Scenarios 2 (1.28 GWh/yr), 3 (1.18 GWh/yr), and 4 (1.49 GWh/yr) due to the lower geothermal
heat production (e.g., Fig. 12(b)) with higher utilization factors around 38% on average (Table 7).
Similarly, Scenario 1 provided geothermal energy for 73.6% of the annual total and 26.4% was
supplied from the peaking boiler (Fig. 12(a)). As discussed earlier (e.g., Table 6), levelized costs
of the geothermal energy production for direct use heating or cooling were significantly affected
by the various production scenarios (e.g., doublet or quartet, energy production from 2.1 km or 3.3
km, flow rate of 9.3 kg/s, 6.2 kg/s, or 3.1 kg/s), while the LCOHs of the five district heating
scenarios were dependent on the well configurations (doublet or quartet) particularly in the cases
without base loads. The lowest LCOH among the cases without base load was obtained with
doublet configuration scenarios—Scenarios 1, 3, and 5-as $198/MWh on average, while the
LCOHs of quartet configuration systems in Scenarios 2 and 4 were $228/MWh and $243/MWh,
respectively. In the cases with base loads of 0.3 MW and 0.6 MW, on the other hands, the systems
produced the geothermal energy for the whole year, including the summer season (e.g., Figs. 11(d)
& (e)), and correspondingly the utilization factors significantly increased from 33% on average
(without base load) to 88% on average (with 0.6 MW base load) and the LCOHs generally
decreased about 37.1% on average with the base load of 0.6 MW due to a system operation during
the whole year. These results also indicate the size of the Scenario 5 configuration may be too big,
in terms of the system capacity and annual average heating production for the given demand (i.e.,
the exceptionally lower utilization factor of 57.6 in 0.6 MW base load cases). Conclusively,
Scenario 1 with 0.6 MW base load represented the best scenario with the optimal conditions,
including high average heat production, low capital and operational costs, low LCOH, and high
utilization factor.

Table 7. Levelized costs of district heating systems with five scenarios
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Models Scenario 1 | Scenario 2 | Scenario 3 | Scenario 4 | Scenario 5

2.61 (without base load), 5.24 (with 0.3 MW base load), 7.87
(with 0.6 MW base load)

Avg. Annual Geothermal Heat Production (GWhin/yr)

Annual District Heat Demand (GWh/yr)

Without Base Heating Load 1.92 1.33 1.43 1.12 2.49
With 0.3 MW Base Heating Load 4.04 3.1 3.24 2.50 4.97
With 0.6 MW Base Heating Load 5.81 3.61 3.89 2.78 7.36

Avg. Annual Peaking Boiler Heat Production (GWh/yr)

Without Base Heating Load 0.69 1.28 1.18 1.49 0.12
With 0.3 MW Base Heating Load 1.20 2.14 2.00 2.74 0.27
With 0.6 MW Base Heating Load 2.06 4.26 3.97 5.08 0.51

Avg. Heat Production (MW4n)

Without Base Heating Load 0.71 0.39 0.43 0.35 1.42
With 0.3 MW Base Heating Load 0.72 041 0.44 0.36 1.45
With 0.6 MW Base Heating Load 0.73 0.41 0.44 0.36 1.46

Total System Capital Cost (million $)

Without Base Heating Load (1%.7617) (113;.?31) (129..6516) (137?56) (1125?2’7)

With 0.3 MW Base Heating Load (1%2‘;) (137653 2) (129'_65%) (131'32) (121'59'%)
2.76 3.65 2.66 4.02 2.99

With 0.6 MW Base Heating Load (19.72) (117.56) (19.61) (417.93) (115.53)

Total System Operations and Maintenance Cost (million $/yr)

Without Base Heating Load (1%352) (1%_352) (1%_3;2) (1%2% (1%2%)
With 0.3 MW Base Heating Load (1%31) (1%_%) (1%_3;%) (1%_1:.)59) (1%2%
With 0.6 MW Base Heating Load (18'2'7) (1%22) (1%.45%) (1%_%37) (1%'33)

LCOH ($/MWh)

Without Base Heating Load 198 (*389) | 228 (*611) | 199 (}391) | 243 (*626) | 198 (*543)
With 0.3 MW Base Heating Load 102 (*197) | 119 (*310) | 104 (*200) | 130 (*321) | 100 (*272)
With 0.6 MW Base Heating Load 71 (*135) | 86 (%214) | 77(*140) | 94 (*221) | 68 (*182)

Utilization Factor (%)

Without Base Heating Load 30.8 39.2 37.9 37 20
With 0.3 MW Base Heating Load 63.8 86.6 83.5 80.5 39.3
With 0.6 MW Base Heating Load 91.2 100 100 89.2 57.6

INote: Costs that include well drillings for conventional geothermal deep direct-use system
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Fig. 12. Heating demand and supply profiles for two schools and 250 houses: (a) Scenario 1 (utilization factor
=30.8%), (b) Scenario 3 (utilization factor = 37.9%), (c) Scenario 5 (utilization factor = 20%), (d) Scenario 1
with 0.3 MW base load (utilization factor = 63.8%), and (e) Scenario 1 with 0.6 MW base load (utilization
factor =91.2%)

4. Discussions

Fig. 13 compares average annual heat production from the direct-use and district heating systems
with the system utilization factors. The geothermal energy production for direct-use applications
is represented with blue bars, and the annual heating supplied by the geothermal district heating
system and peaking boiler is represented with orange and gray bars, respectively. The red-colored
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horizontal line indicates the district annual heating demand totals. As described earlier, the
geothermal energy productions for direct-use applications (blue bars) were modeled for the system
operated at 80% of the time at nominal capacity regardless of the end-users’ demand (i.e., fixed
utilization factor of 80%), whereas district heating systems (orange and gray bars) produced
geothermal energy (orange bars) within the designed capacity for given demand (e.g., green
backgrounds in Fig. 12) with variable utilization factor. As peaking boiler supplies the peak loads
(e.g., pink backgrounds in Fig. 12), the district heating combining geothermal (orange bars) and
peaking boiler (gray bars) is always equal to the district annual heating demand total (red line)
with different utilization factors. It is also important to note that 80% system efficiency was
incorporated in the modeling to address heat losses throughout distribution network and heat
exchangers (i.e., average energy extraction from the reservoir multiplied by 0.8 to address the
actual energy delivered to end users).
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Fig. 13. Average annual geothermal heat production and utilization factor of direct-use and district heating
systems: (a) without base load, (b) with 0.3 MW base load, and (c) with 0.6 MW base load. The red-colored
horizontal line represents the district annual heating demand total of 2.61 GWh/yr without base load, 5.24
GWhlyr with 0.3 MW base load, and 7.87 GWh/yr with 0.6 MW base load.

Fig. 13(a) demonstrates that the district annual heating demand total of 2.61 GWh/yr (i.e.,
without base load) can be supplied by direct-use applications with Scenarios 1, 2, 3, and 5 (blue
bars) and any district heating systems combining a geothermal system (orange bars) and peaking
boiler (gray bars). These results indicate that the flow rates and system configurations used in
Scenarios 1, 2, 3, and 5 for direct-use system simulations may be appropriately designed with
respect to the district annual demand total under the utilization factor constrained at 80%.
Particularly, the direct-use geothermal energy production (blue bar) in Scenario 5 shows the great
potential of deeper geothermal resources at 3.3 km depth for both heating and cooling demand in
the entire district because of the increased production temperature (i.e., a higher delta temperature
between injection and production wells). As discussed earlier, the efficiency of an absorption
chiller also increases with the supply temperature. However, this result represents the system
capability for average annual load total where the higher peak loads are not considered, and
additional heating and cooling systems are needed to fully cover the peak loads as discussed earlier
(see Table 2 and Fig. 12).

With base loads of 0.3 MW and 0.6 MW, the district annual heating demand total (red
lines) exceeded the average annual heat production from direct-use systems, except Scenario 5
(Figs. 12(b) & (c)), while the utilization factors in district heating systems significantly increased
due to the increased geothermal energy production, within the system nominal capacity, to meet
the demand (see the example profiles in Figs 12(a), (d), & (e)). In other words, the relatively lower
utilization factors of district heating systems designed without a base load (Fig. 13(a)) are
interpreted to reflect no system operations during summer as represented in the demand profiles
in Figs 10 and 12 and are increased with system operations especially during summer season with
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the base load. Despite the district heating system sized for the given demand can be optimized
further with additional base loads, supplemental peaking boiler heating may still be necessary to
supply the peak demand, and the effect of peaking boiler operations on life cycle greenhouse gas
emissions will be evaluated in the future study.

In this study, LCOHs of the Tuttle district heating systems ranged from $198/MWh
(Scenario 5) to $243/MWh (Scenario 4) without base load, from $100/MWh (Scenario 5) to
$130/MWh (Scenario 4) with 0.3 MW base load, and from $68/MWh (Scenario 5) to $94/MWh
(Scenario 4), with 0.6 MW base load (Table 7). The LCOH of the best scenario-$71/MWh of
Scenario 1 with 0.6 MW base load case and without well drilling—was compared to the LCOH of
geothermal DDU applications obtained from the literature. Table 8 summarizes key parameters
and LCOHs of geothermal DDU applications ranging from $13/MWh to $345/MWh with
$82/MWh on average (Beckers et al. 2021a; Beckers and Ross 2023; Oh et al. 2024). In addition
to the LCOH of the nine cases in Table 8, the 2021 U.S. Geothermal District Heating Market
Report (Robins et al. 2021) has demonstrated that the LCOH of geothermal district heating systems
in the United States range from $17/MWh (Manzanita Estates) to $105/MWh (Canby District
Heating) with an average of $53.8/MWh. The LCOH of $71/MWh in this study was within a
reasonable range, even though the LCOH of other scenarios (particularly for the cases without
base load) was significantly higher than the average LCOH of $82/MWh for the nine systems in
Table 8, as well as the average LCOH of $54/MWh in the 2021 market report. The LCOH of
$71/MWh in this study was also comparable to annual average natural gas price delivered to
residential customers in Oklahoma, which was 64.8/MWh in 2022 (EIA 2023). This result implies
that additional geothermal direct-use applications (e.g., irrigation) should be incorporated with the
Tuttle geothermal district heating system to optimize the system technical and economic
performance.

Those LCOH database for geothermal DDU applications and district heating in this study
indicate that key drivers for lowering the LCOH are increasing reservoir temperatures, flow rate,
and utilization factor (i.e., the system size optimized with respect to the demand) and reducing the
system CAPEX and OPEX, particularly drilling costs (e.g., repurposing abandoned wells).
Similarly, the geothermal DDU system at Cornell University optimized the system CAPEX,
OPEX, and LCOH by leveraging existing campus district energy infrastructure, as well as
integrating central heat pumps (Beckers et al. 2021b).
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Table 8. Summary of key parameters and LCOH of geothermal DDU systems (Beckers et al. 2021a)

Direct-Use Reservoir L . _ .
. District Heating | District Heating .
Coupled with District Heating Thermal En_ergy Coupled with and Absorption Abso_rptlon
Systems EIectrlc_Heaters in Hawthorne Storage with Heat Pumps at | Cooling at West Coqlmg at
for Agricultural NV ’ Solar Thermal Cornell Virginia Chemical Plant
Facility at Panels in Universit Univgersit in TX
UIUC! Portland, OR Y Y
Drilling Depth (km) 1.9 0.3 0.3 25 2.9 2.7
. o Initially 12 and
Reservoir Temperature (°C) 45 100 80 after charging 72 88 120
GeOthe(';g"lir%rad'e”t 165 27.2 N/A 275 258 375
Flow Rate (kg/s) 11 36 50 50 40 125
System Size (MWq,) 0.6 6 05 13 (with HP) 32 (with HP) » ggg}:ggg
Utilization Factor (%) ~ 45 48 N/A 98 95 90
Heat Production (GWh/yr) 2.34 26.1 1.8 115 267 119
Total CAPEX $11.2M $8.9M $4.53M $16.3M $102.5M $11.7M
Total OPEX ($/yr) $240k $450k $30k $1.23M $8.8M $780k
LCOH or LCOC ($/MWh) 345 41 116 17 60 13

INote: UIUC = The University of Illinois at Urbana-Champaign
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Table 8 continued. Summary of key parameters and LCOH of geothermal DDU sy

stems (Beckers and Ross 2023; Oh et al. 2024)

District Direct-Use District
. Direct-Use ; . Direct-Use Direct-Use with Heating with
Direct-Use Heati ith Heating with Heating i Heating i Ab . Peaki
Heating at eating wit Peaking eating in eating in sorption eaking
Systems Cornell Heat Pumps Boiler at West Point, West Point, Chiller in Boiler in
Universit at Cornell Cornell NY, and NY, and West Point, West Point,
y University Universit Detroit, Ml Detroit, Ml NY, and NY, and
Y Detroit, Ml | Detroit, Ml
Drilling Depth (km) 2.96 2.96 35 3 4 4 3
Reservoir Temperature (°C) 81 81 94 69 ((ITI\/IYI; “ 8 ((III\/IYI; % 8 ((III\/IYI; % 69 ((III\/IYI; “
Geothermal Gradient o4 o4 o4 19.7 (NY), 19.7 (NY), 19.7 (NY), 19.7 (NY),
(°C/km) 21.2 (MI) 21.2 (MI) 21.2 (MI) 21.2 (MI)
Flow Rate (kg/s) 50 50 50 50 50 50 50
System Size (MWin) 6.72 11.24 17.67 55 ((IT\B 64 |92 ('E'J |)) 104192 ('E'J |)) 104 | 55 ((IT\R 6.3
Utilization Factor (%) 90 85 88.3 %0 (('?I\AYI; %0 %0 (('T\/IYI; %0 %0 (('T\/IYI; %0 1280%1(('\]'\/'\8
137
. (geothermal) | 39 (NY), 45 66 (NY), 74 73 (NY), 82 8 (NY), 10
Heat Production (GWh/yr) 53 84 106 (peaking (MI) M) M1) M)
boiler)
$65.2M
(excludes $15.4M (NY), | $22.4M (NY), | $27.7M (NY), | $15.4M (NY),
Total CAPEX $25.6M $287M | Gistrict heating | $15.7M (MI) | $22.7M (MI) | $20M (MI) | $15.7M (MI)
system)
$0.8M (NY), | $0.76M (NY), | $0.87M (NY), | $0.45M (NY),
Total OPEX ($/yr) $580k $2.3M $4.8M $0.78M (MI) | $0.7IM (MI) | $0.83M (MI) | $0.46M (MI)
LCOH or LCOC ($/MWh) 51.9 56 409 54 (('T'\AYI; a4 ((IT\R % | ((IT\B 65 | 224 ((IT\R 181
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5. Summary and Conclusion

In this study, the feasibility of geothermal energy production using four inactive O&G wells in
Tuttle, Oklahoma, was studied through geothermal resource characterization and TEA. Key
findings on the resource characterization include:

e The subsurface geology model showed that the study area primarily consists of Permian to
Mississippian sandstone and limestone formations where porosity possibly ranges from
12% to 22% and permeability can be ranged up to 3.9°** m? (= 40 millidarcy) in certain
levels of the reservoir.

e The production temperature was estimated as 68.2°C when producing from 2.1 km depth.
Chemical geothermometers also estimated the reservoir temperature at 4.4 km depth
around 117°C.

e The geochemistry analysis indicated the geothermal fluid consists of Sodium-Potassium-
Chloride-Sulfate with higher Ca and Mg concentrations and lower Na/K ratio implying
minimum potential of calcite scaling within the wellbore and production pipeline.

In addition to the geothermal resource characterization, heating and cooling demand in the
two schools and 250 single-family houses were modeled and incorporated in the TEA. The TEA
was conducted using GEOPHIRES v.3 coupled with TOUGH2 reservoir simulator for generic
direct-use (heat exchanger only) and district heating systems with four production scenarios at 2.1
km depth and one scenario with 3.3 km production depth. To optimize the system LCOH and
utilization factor, two base loads of 0.3 MW and 0.6 MW were incorporated in the demand profiles
assuming potential geothermal direct-use applications in the study area. Key results from the
reservoir simulations indicate:

e Reservoir modeling results indicated quartet configurations produced the geothermal
energy at relatively lower temperatures with significant thermal drawdown.

e The annual average heat production from the reservoir was generally sufficient to cover
the annual heating demand total in the two schools and 250 houses, while the peak loads
were supplied by peaking boilers.

Due to the capital and lifetime operational costs of peaking boiler and district distribution
systems and the lower heat production limited for a given demand (e.g., no operation, or less
operation than nominal capacity during summer), the LCOH of district heating in the cases without
base loads was higher than the LCOH of the direct-use systems, which only considered a single
heat exchanger as surface equipment. In addition, as the district heating system supplied heat
energy for the given demand (i.e., the operation less than nominal system capacity), the utilization
factor of district heating systems was significantly low (33% on average). With the base loads, the
LCOH of district heating systems decreased due to the increased utilization factor (e.g., operation
during the whole year). These results imply that the Tuttle district energy system can be optimized
with additional heating and cooling systems to supply the peak demand. Highlights on the TEA
results are as follows:

e The optimized district heating scenario was a doublet configuration at 2.1 km production
depth with 9.3 kg/s flow rate and the LCOH was $71/MWh, which is comparable to those
of deep direct-use applications and district heating systems in the United States as well as
the regional natural gas rate.

e By repurposing existing O&G wells for geothermal energy production, the system saves
capital and lifetime operational costs from no drillings (about $6.5 million and $13.5
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million drilling cost in doublet and quartet configuration systems, respectively) and
provides environmental and economic benefits to the community.

Disclosure and Acknowledgement

This work was authored by the National Renewable Energy Laboratory, managed and operated by
Alliance for Sustainable Energy, LLC for the U.S. Department of Energy (DOE) under Contract
No. DE-AC36-08G028308. Funding provided by the U.S. Department of Energy Geothermal
Technologies Office under Contract No. DE-EE0009962. The views expressed in the article do
not necessarily represent the views of the DOE or the U.S. Government. The U.S. Government
retains and the publisher, by accepting the article for publication, acknowledges that the U.S.
Government retains a nonexclusive, paid-up, irrevocable, worldwide license to publish or
reproduce the published form of this work, or allow others to do so, for U.S. Government purposes.
The authors appreciate Estefanny Davalos Elizondo at National Renewable Energy Laboratory
(NREL) for her guidance on regional geology and geochemistry data and borehole logs. The
authors also appreciate Jennifer Kurtz, Craig Turchi, Deanna Cook, and Dorothy Breazeale at
NREL for reviewing the manuscript.

References

Armannsson, H., and Fridriksson, T. (2009). “Application of geochemical methods in geothermal
exploration.” Short Course IV on exploration for geothermal resources, organized by UNU-
GTP and LaGeo, El Salvador.

Armannsson, H. (2012). “Application of geochemical methods in geothermal exploration.” Short
Course VII on exploration for geothermal resources, organized by UNU-GTP and GDC and
KenGen, Lake Bogoria and Lake Naivasha, Kenya.

Beckers, K. and McCabe, K. (2019). “GEOPHIRES v2.0: updated geothermal techno-economic
simulation tool.” Geothermal Energy 7(5). https://doi.org/10.1186/s40517-019-0119-6.

Beckers, K.F., Kolker, A., Pauling, H., McTigue, J.D., Kesseli, D. (2021a). “Evaluating the
feasibility of geothermal deep direct use in the United States.” Energy Conversion and
Management 243, 114335, https://doi.org/10.1016/j.enconman.2021.114335.

Beckers, K.F., Pauling, H., Kolker, A., Hawkins, A.J., Beyers, S.M., Gustafson, J.O., Jordan, T.E.,
Fulton, P.M., Tester, J.W. (2021b). “Geothermal Deep Direct-Use for Low-Carbon Heating:
A Case Study at Cornell University.” in: GRC Transactions. Geothermal Rising Conference,
388-396. https://publications.mygeoenergynow.org/grc/1034388.pdf.

Beckers, K., Rangel-Jurado, N., Chandrasekar, H., Hawkins, A. J., Fulton, P. M., Tester, J. W.
(2022). “Techno-Economic Performance of Closed-Loop Geothermal Systems for Heat
Production and Electricity Generation.” Geothermics, 100, 102318.
https://doi.org/10.1016/j.geothermics.2021.102318.

Beckers, K. and Ross, M. 1. (2023). “Utilizing GEOPHIRES-X beyond Electricity.” Proceedings,
47" Geothermal Rising Conference Annual Meeting, Reno, NV.

Bonnema, E., Leach, M., Pless, S., and Torcellini, P. (2013). Development of the Advanced Energy
Design Guide for K-12 Schools — 50% Energy Savings. NREL/TP-5500-51437, National
Renewable Energy Laboratory, Golden, CO. https://doi.org/10.2172/1067924.

Bu, X., Ma, W., and Li, H. “Geothermal energy production utilizing abandoned oil and gas wells.”
Renewable Energy, 41, (2012), 80-85. https://doi.org/10.1016/j.renene.2011.10.009.

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



Caulk, R. A., and Tomac, I. “Reuse of abandoned oil and gas wells for geothermal energy
production.” Renewable Energy, 112, (2017), 388-397.
https://doi.org/10.1016/j.renene.2017.05.042.

Ceccato, A., Viola, G., Tartaglia, G., and Antonellini, M. (2021). “In-situ quantification of
mechanical and permeability properties on outcrop analogues of offshore fractured and
weathered crystalline basement: Examples from the Rolvsnes granodiorite, Bamlo, Norway.”
Marine and Petroleum Geology, 124, 104859.

Census, (2021) “2020 Decennial Census Data” Available from: https://www.census.gov/en.html
(accessed 7.11.23).

Cheng, W., Li, T., Nian, Y., and Xie, K. (2014). “Evaluation of working fluids for geothermal
power generation from abandoned oil wells.” Applied Energy, 118, 238-245.
https://doi.org/10.1016/j.apenergy.2013.12.039.

Clement, W. (1991). “East clinton field—U.S.A. Anadarko Basin Oklahoma.” American
Association of Petroleum Geologists Special Volumes, 207-267.

Deo, M., Roehner, R., Allis, R., and Moore, J. (2013). “Reservoir modeling of geothermal
energy production from stratigraphic reservoirs in the Great Basin.” Proceedings, 38"
Workshop on Geothermal Reservoir Engineering, Stanford University, Stanford, California.

Deru, M., Field, K., Studer, D., Benne, K., Griffith, B., Torcellini, P., Liu, B., Halverson, M.,
Winiarski, D., Rosenberg, M., Yazdanian, M., Huang, J., and Crawley, D. (2011). U.S.
Department of Energy Commercial Reference Building Models of the National Building
Stock. NREL/TP-5500-46861, National Renewable Energy Laboratory, Golden, CO.

DiPippo, R. (2012). Geothermal Power Plants: Principles, Applications, Case Studies and
Environmental Impact. Third Edition, Elsevier, Amsterdam, Netherlands.

DOE — U.S. Department of Energy. (2013). “Building America Best Practices Series — Volume
7.3: Guide to Determining Climate Regions by County.” U.S. Department of Energy,
Building America Program, Available from:
https://www.energy.gov/sites/default/files/2015/10/f27/ba_climate_region_guide_7.3.pdf.

DOE (U.S. Department of Energy). (2018). “Absorption Chillers for CHP Systems.” Combined
Heat and Power Technology Fact Sheet, Energy Efficiency and Renewable Energy,
Department of Energy.

DOE (U.S. Department of Energy). (2019). GeoVision: Harnessing the Heat Beneath Our Feet.
DOE/EE-1306. U.S. Department of Energy, Washington, D.C, Available from:
https://www.energy.gov/eere/geothermal/geovision.

DOE (U.S. Department of Energy). (2020). “Prototype Building Models.” Building Energy Code
Program, The U.S. Department of Energy, Available from:
https://www.energycodes.gov/prototype-building-models.

EIA (Energy Information Administration). (2022). “Oklahoma Quick Facts.” Oklahoma State
Energy Profile in State Profiles and Energy Estimates, Available from:
https://www.eia.gov/state/print.php?sid=0OK.

EIA (Energy Information Administration). (2023). “Historic annual natural gas price data for
Oklahoma”, U.S. Energy  Information  Administration,  Available from:
https://www.eia.gov/dnav/ng/NG_PRI_SUM_DCU_SOK_A.htm (accessed 8.10.23).

El Haj Assad, M., Sadeghzadeh, M., Ahmadi, M. H., Al-Shabi, M., Albawab, M., Anvari-
Moghaddam, A., and Hani, E. B. (2021). “Space cooling using geothermal single-effect
water/lithium bromide absorption chiller.” Energy Science and Engineering, 9(10), 1747—
1760. https://doi.org/10.1002/ese3.946.

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



Ellis, A. J. and Mahon, W. (1977). Chemistry and Geothermal Systems. Academic Press, New
York.

Flovenz, O. G., Hersir, G.P., Semundsson, K., Armannsson, H., and Fridriksson, b. (2012).
“Geothermal Energy Exploration Techniques.” Reference Module in Earth Systems and
Environmental Sciences, Comprehensive Renewable Energy, 7, 51-95.

Fournier, R. O. (1979). “A revised equation for the Na/K geothermometer.” Geothermal Resources
Council Transactions, 3, 221-224.

Fournier, R. O. (1991). “Water geothermometers applied to geothermal energy.” In Applications
to Geochemistry in Geothermal Reservoir Development, F. D ’Amore: Unitar/UNDP, 37-69.

Fournier, R. O. and Truesdell, A. H. (1973). “An Empirical Na-K-Ca Geothermometer for Natural
Waters.” Geochimica et Cosmochimica Acta, 37, 1255-1275.

Gang, W., Wang, S., Xiao, F., and Gao, D. (2016). “District cooling systems: Technology
integration, system optimization, challenges and opportunities for applications.” Renewable
and Sustainable Energy Review, 53, 253-264. https://doi.org/10.1016/j.rser.2015.08.051.

Gharibi, S., Mortezazadeh, E., Bodi, S. J. H. A., and Vatani, A. (2018). “Feasibility study of
geothermal heat extraction from abandoned oil wells using a U-tube heat exchanger.” Energy,
153, 554-567. https://doi.org/10.1016/j.energy.2018.04.003.

Giggenbach, W. F. (1986). “The use of gas chemistry in delineating the origin of fluids discharges
over the Taupo Volcanic Zone: a review.” Proceedings of Symposium, 5, International
Volcanological Congress, Hamilton, New Zealand, 47-50.

Giggenbach, W. F. (1988). “Geothermal Solute Equilibria. Derivation of Na-k-Mg-Ca
Geoindicators.” Geochimica et Cosmochimica Acta, 52(12), 2749-2765.

Hanson, P. J. (1985). Boise geothermal district heating system. DOE/ET/27053-6, ON:
DEB86007622, Boise Geothermal, Boise, ID. https://doi.org/10.2172/6227793.

Harvey, C. (2014). “Best Practices Guide for Geothermal Exploration.” IGA Service GmbH,
Bochum University of Applied Science, Bochum, Germany.

Hughes, H. J. (2022). “Geothermal Heat Pump-Based District Heating and Cooling Throughout
the United States.” Geothermal Resources Council Transactions, VVol. 46, Reno, NV.

ICC, (2012). “2012 International Energy Conservation Code (IECC).” International Code
Council, Available from: https://codes.iccsafe.org/content/IECC2012.

Im, P., Liu, X., and Henderson, H. (2016). Final Report: Case Study for ARRA-Funded Ground-
Source Heat Pump Demonstration at Ball State University. ORNL/TM-2016/644, Oak Ridge
National Laboratory, Oak Ridge, TN. https://doi.org/10.2172/1337858.

Inayat, A. and Raza, M. (2019). “District cooling system via renewable energy sources: A review.”
Renewable and Sustainable Energy Reviews, 107, 360-373.
https://doi.org/10.1016/j.rser.2019.03.023.

Johnson, K. S., and Luza, K. V. (2008). “Earth sciences and mineral resources of Oklahoma.”
Educational Publication, 9, Oklahoma Geological Survey.

Kolker, A., Beckers, K., Pauling, H., and Robins, J. (2021). “Geothermal District Heating in the
United States: 2021 Update.” Geothermal Rising Conference, 442-464.
https://publications.mygeoenergynow.org/grc/1034393.pdf.

Kujawa, T., Nowak, W., and Stachel, A. A. (2005). “Analysis of the exploitation of existing deep
production wells for acquiring geothermal energy.” Journal of Engineering Physics and
Thermophysics, 78(1), 123-130. https://doi.org/10.1007/s10891-005-0038-1.

Kurnia, J. C., Shatri, M. S., Putra, Z. A., Zaini, J., Caesarendra, W., and Sasmito, A. P. (2021).
“Geothermal energy extraction using abandoned oil and gas wells: Techno-economic and

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



policy review.” International Journal of Energy Research, 46, 28-60.
https://doi.org/10.1002/er.6386.

Li, J., Tarpani, R. R. Z., Gallego-Schmid, A., and Stamford, L. (2024). “Life cycle assessment of
repurposing abandoned onshore oil and gas wells for geothermal power generation.” Science
of the Total Environment, 907, 167843. https://doi.org/10.1016/j.scitotenv.2023.167843.

Liu, X., Gluesenkamp, K., and Momen, A. (2015). Overview of Available Low Temperature
Coproduced Geothermal Resources in the United States and the State of the Art in Utilizing
Geothermal Resources for Space Conditioning in Commercial Buildings. Oak Ridge National
Laboratory, Oak Ridge, TN. https://info.ornl.gov/sites/publications/Files/Pub54942.pdf.

Lowry, T. S., Finger, J. T., Carrigan, C. R, Foris, A., Kennedy, M. B., Corbett, T. F., Doughty, C.
A., Pye, S., and Sonnenthal, E. L. (2017), “GeoVision Analysis Supporting Task Force Report:
Reservoir Maintenance and Development.” Sandia Report, SAND2017-9977, Sandia National
Laboratories, Albuquerque, NM.

Luza, K. V., Harrison, W. E., Laguros, G. A., Prater, M. L., and Cheung, P. K. (1984). “Geothermal
Resources and Temperature Gradients of Oklahoma.” Oklahoma Geological Survey,
http://ogs.ou.edu/docs/geologicmaps/GM27.pdf.

Marsh, S., and Holland, A. (2016). “Comprehensive fault database and interpretive fault map of
Oklahoma.” Open-File Report (OF2-2016), Oklahoma Geological Survey.

Mullane, M., Gleason, M., McCabe, K., Mooney, M., Reber, T., and Young, K. R. (2016). “An
Estimate of the Resource Potential within Shallow, Low Temperature Geothermal Resources
of the United States for Direct Use Applications.” Proceedings, 40th Geothermal Rising
Conference Annual Meeting, Sacramento, CA.

Nian, Y., and Cheng, W. (2018). “Insights into geothermal utilization of abandoned oil and gas
wells.” Renewable and Sustainable Energy Reviews, 87, 44-60.
https://doi.org/10.1016/j.rser.2018.02.004.

Nieva, D. and Nieva, R. (1987). “A cationic geothermometer for prospecting of geothermal
resources.” Heat Recovery System and CHP, 7(3), 243-258.

Nikbakhti, R., Wang, X., Hussein, A. K., and Iranmanesh, A. (2020). “Absorption cooling systems
— Review of various techniques for energy performance enhancement.” Alexandria
Engineering Journal, 59(2), 707—738. https://doi.org/10.1016/j.aej.2020.01.036.

NSRDB. “Typical Meteorological Year.” National Solar Radiation Database, National Renewable
Energy Laboratory, Available from: https://nsrdb.nrel.gov/.

Oh, H. and Beckers, K. (2023). Cost and performance analysis of five existing geothermal heat
pump-based district energy systems in the United States. NREL/TP-5700-86678, National
Renewable Energy Laboratory, Golden, CO.

Oh, H., Beckers, K., and Mitchell, M. (2024). “Techno-economic analysis of geothermal deep
direct-use systems for district heating and cooling in West Point, NY, and Detroit, MI.”
Proceedings, 49" Workshop on Geothermal Reservoir Engineering, Stanford, CA.

Prater, M. L., Cheung, P. K., Luza, K. V., and Harrison, W. E. (1981). Geothermal resource
assessment in Oklahoma. DOE/ID/12172-T1, https://doi.org/10.2172/6763329.

Pruess, K., Oldenburg, C., and Moridis, G. (2012). “TOUGH2 User’s Guide, Version 2.” Earth
Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA.

Porro, C., Esposito, A., Augustine, C., and Roberts, B. (2012). “An estimate of the geothermal
energy resource in the major sedimentary basins in the United States.” Proceedings, 36"
Geothermal  Rising  Conference  Annual Meeting, Reno, NV, 1359-1369.
https://publications.mygeoenergynow.org/grc/1030408.pdf.

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



Powell, T. and Cumming, W. (2010). “Spreadsheets for geothermal water and gas geochemistry.”
Proceedings, 35" Workshop on Geothermal Reservoir Engineering, Stanford, CA.

Ramey, H. J. (1962). “Wellbore Heat Transmission.” Journal of Petroleum Technology, 14(04),
427-435. https://doi.org/10.2118/96-PA.

Robins, J., Kolker, A., Flores-Espino, F., Pettitt, W., Schmidt, B., Beckers, K., Pauling, H., and
Anderson, B. (2021). 2021 U.S. Geothermal Power Production and District Heating Market
Report. NREL/TP-5700-78291, National Renewable Energy Laboratory, Golden, CO.
https://www.nrel.gov/docs/fy210sti/78291.pdf.

Santos, L., Dahi Taleghani, A., and Elsworth, D. (2022). “Repurposing abandoned wells for
geothermal energy: Current status and future prospects.” Renewable Energy, 194, 1288-1302.
https://doi.org/10.1016/j.renene.2022.05.138.

Short, W., Packey, D. J., and Holt, T. (1995). A manual for the economic evaluation of energy
efficiency and renewable energy technologies. NREL/TP-462-5173, National Renewable
Energy Laboratory, Golden, CO. https://www.nrel.gov/docs/legosti/old/5173.pdf.

Stober, I. and Bucher, K. (2007). “Hydraulic properties of the crystalline basement.”
Hydrogeology Journal, 15, 213-224.

Tanikawa, W. and Shimamoto, T. (2009). “Comparison of Klinkenberg-corrected gas permeability
and water permeability in sedimentary rocks.” International Journal of Rock Mechanics and
Mining Sciences, 46, 229-238.

Wang, J. A. and Park, H. D. (2002). “Fluid permeability of sedimentary rocks in a complete stress—
strain process.” Engineering Geology, 63, 291-300.

Wei, N. and Guo, B. (2023). “Deliverable Wellhead Temperature—A Feasibility Study of
Converting Abandoned Oil/Gas Wells to Geothermal Energy Wells.” Sustainability, 15(1),
729. https://doi.org/10.3390/su15010729.

Wei, Y. and Xu, J. (2016). “Granite Wash-A Liquid-rich Tight Gas Sand Play.” Unconventional
Oil and Gas Resources Handbook, Evaluation and Development, 449-473.
https://doi.org/10.1016/B978-0-12-802238-2.00016- X.

Wilcox, S. and Marion, W. (2008). “Users Manual for TMY3 Data Sets.” Technical Report,
NREL/TP-581-43156, National Renewable Energy Laboratory, Golden, CO.
https://doi.org/10.2172/928611.

Zhang, N., He, M., Zhang, B., Qiao, F., Sheng, H., and Hu, Q. (2016) “Pore Structure
Characteristics and Permeability of Deep Sedimentary Rocks Determined by Mercury
Intrusion  Porosimetry.”  Journal of  Earth  Science, 27(4), 670-676.
https://doi.org/10.1007/s12583-016-0662-z.

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



	Abstract
	1. Introduction
	2. Geothermal Resource Characterization for the Study Area
	2.1 Subsurface Geology
	2.2 Subsurface Temperature
	2.3. Hydrogeochemical Characteristics of Geothermal Fluid

	3. Techno-Economic Feasibility of Four Existing Wells for Geothermal Energy Production
	3.1 Heating and Cooling Demand Modeling
	3.2 Reservoir Lifetime Performance
	3.3 Levelized Costs of Geothermal Energy Production for Direct-Use Heating and Cooling
	3.4 Levelized Costs of District Heating Systems for Tuttle Primary and Secondary Schools and 250 Houses

	4. Discussions
	5. Summary and Conclusion
	Disclosure and Acknowledgement
	References



