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Abstract: Geothermal energy is a sustainable resource, specifically referenced as a key
energy resource in the Trump adminstration’s Declaring a National Energy Emergency
Executive Order in 2025, that harnesses heat from the Earth’s crust to provide continuous
clean energy. Identifying suitable geothermal sites involves evaluating various geological
and geographical factors to ensure optimal resource extraction and minimal environmen-
tal impact. This study evaluates potential geothermal sites in South and Southwestern
US states with a high concentration of abandoned fossil fuel infrastructure, tribal lands,
HUBZones, or all three in order to evaluate how to balance resource development, tribal
land rights, and environmental justice in future geothermal energy systems. First, we
used publicly available Geographic Information System (GIS) datasets to identify areas
that are tribal lands, HUBZones, and/or have orphaned fossil fuel infrastructure. Then,
we leveraged geothermal potential GIS datasets to classify subsurface temperatures and
calculated how much energy enhanced geothermal system (EGS) technology could pro-
duce in these areas using methods from the geothermal literature. The analysis identified
promising geothermal sites that overlap with tribal lands, HUBZones, and existing fossil
fuel infrastructure in the following states: Arizona, New Mexico, Texas, Louisiana, Missis-
sippi, Nevada, Arkansas, and Oklahoma. These states have at least a technical potential
of over 2300 GW and have over 18,000 abandoned oil wells that could be converted into
geothermal plants. This potential could contribute significantly to the nation’s renewable
energy portfolio while simultaneously providing additional revenue opportunities and
environmental remediation to tribal lands and low-income communities by leveraging poli-
cies and programs like the Indian Energy Purchase Preference (IEPP) and the Historically
Underutilized Business Zone program (HUBZone), respectively.

Keywords: geothermal energy; enhanced geothermal systems; tribal lands; Native American;
energy development; orphaned oil and gas wells; repurposing fossil assets; HUBZone

1. Introduction
Geothermal energy—thermal energy extracted from the Earth’s crust—is a promising

and sustainable resource that offers a reliable and low-emission alternative to fossil fuels [1].
Unlike solar and wind energy, geothermal energy can provide a consistent and stable
power supply due to its ability to produce energy regardless of weather conditions. In the
United States, the South and Southwestern regions hold considerable geothermal potential
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due to their geological characteristics exemplified by the presence of volcanic activity and
hot springs.

Historically, geothermal exploration in the USA has focused on regions with known
high concentrations of geothermal potential, such as the western US states. However, emerg-
ing geothermal extraction technologies, namely enhanced geothermal systems (EGSs), and
improved methodologies for geothermal site assessment have expanded the possibilities
for resource development in less studied areas.

The US states comprising this study include Arizona, New Mexico, Texas, Louisiana,
Nevada, Mississippi, Arkansas, and Oklahoma, and they have significant tribal lands and
abandoned fossil fuel infrastructure, while also containing diverse geological landscapes
that harbor substantial geothermal resources. However, economically harnessing these
resources requires careful site selection to optimize energy production while minimizing
environmental and social impacts.

Enhanced geothermal systems (EGSs) expand geothermal energy beyond naturally
permeable areas by creating artificial fluid pathways in dry or impermeable rock. Unlike
traditional geothermal, which relies on existing hot water reservoirs, EGSs use hydraulic
fracturing to enhance heat extraction. EGSs access higher temperatures by drilling wells,
classified as shallow (<3 km) or deep (3–7 km). Both shallow and deep EGSs make geother-
mal viable in more locations, but come with high costs (USD 4500–6280 per kW) [2] . Risks
include induced seismicity, fluid loss, and concerns about water use, but ongoing advances
are reducing costs and improving feasibility [2,3].

One of the most promising applications of EGSs is repurposing abandoned oil and
gas wells, which lowers costs by using existing infrastructure instead of drilling new wells.
Studies in California [3] show that many abandoned wells already reach temperatures of
40–73 °C at 1000 m depth, making them suitable for direct-use applications like district heat-
ing and greenhouse heating. If deepened beyond 2000 m, EGSs could access temperature
above 100 °C enabling electricity generation, further boosting economic viability. Reusing
abandoned wells can cut drilling costs by around 50%, but challenges like well integrity,
regulatory hurdles, and adapting EGSs to different rock types remain. While traditional
geothermal is limited to specific geological conditions, EGSs make previously unusable
sites viable, expanding geothermal’s potential as a key renewable energy source. Therefore,
while the presence of tribal lands adds a layer of complexity, repurposing existing orphaned
fossil fuel infrastructure also presents an opportunity.

The economic benefits for tribes in geothermal energy projects are multi-dimensional,
encompassing direct ownership, revenue generation, and workforce development. Tribes
can own and operate geothermal assets, securing long-term economic returns from en-
ergy sales, particularly through federal procurement mechanisms like the Indian Energy
Purchase Preference (IEPP), which was finally implemented in 2024.

Additionally, geothermal development provides technological and workforce training
opportunities, addressing historical barriers to tribal participation in the energy sector.
Many indigenous communities have limited access to engineering and technical exper-
tise, and geothermal projects create a pathway for skill development, local employment,
and business growth in energy services and infrastructure maintenance. This dual-benefit
model ensures that tribes are not merely labor providers but key stakeholders and decision-
makers in the energy transition, reinforcing economic sovereignty while closing the energy
access gap.

The National Emergency Energy Act signed in 2025 by President Trump declares a
national energy emergency and authorizes agencies to expedite energy and infrastructure
projects [4]. Geothermal energy is explicitly listed as a potential energy resource that
should be cultivated to alleviate the national energy crisis. Our study also identifies how
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the Historically Underutilized Business Zone (HUBZone) program can be leveraged for
geothermal production. The HUBZone program includes designated zones in underutilized
areas that seek to provide economic revitalization, and these sites could potentially benefit
from geothermal energy [5]. Geothermal energy development, especially development
that leverages abandoned fossil infrastructure, also benefits from recently passed energy
legislation. The Bipartisan Infrastructure Law includes USD 4.7 billion for orphaned well
site plugging, remediation, and restoration [6,7]. The Inflation Reduction Act modified
Clean Electricity Production Credit, which offers rates of 0.3 to 1.5 cents per kWh of
electricity produced, and Clean Electricity Investment Credit, which provides up to 6 to 30%
tax credit for investments in clean energy production facilities, to be tech-neutral, meaning
that any qualified low-carbon technology can use the credit, including geothermal [8,9].
Lastly, there is the Indian Energy Purchase Preference, authorized by the Energy Act of 2005
but dormant for almost 20 years, which gives preference to Native American tribe-produced
energy for federal agencies [10].

This study aims to evaluate potential geothermal production using EGS technology
across the identified region, with an emphasis on tribal lands, HUBZones, areas with
orphaned fossil fuel infrastructure, and areas where these factors intersect. The goal is
to evaluate strategies for balancing resource development, tribal land rights, and energy
justice within geothermal energy systems. This study identfies locations that are tribal
lands and HUBZones and areas that have depleted oil wells. Then, we calculate the
area and energy capacity of the region using Geographic Information System (GIS) tools,
specifically ArcGIS Online 2025.1.

Despite the substantial potential EGS could bring to the identified area, there has been
limited systematic effort to identify and evaluate these sites with respect to their overlap
with tribal lands, HUBZones, and existing fossil fuel infrastructure in maximize the benefits
of existing US policy. The lack of detailed site suitability studies means that opportunities
for sustainable geothermal development may be overlooked. This study aims to bridge this
gap by identifying tribal lands and HUBZones that have significant geothermal resources
that can be extracted using EGS technology. Furthermore, this study places a strong focus
on how EGS, especially developments that leverage existing fossil fuel infrastructure, can
not only maximize economic rewards but also help remediate past environmental damages.

Therefore, this study has the following objectives:

• Identify geographically where tribal lands, HUBZones, and areas with orphaned fossil
fuel infrastructure are in the target area.

• Calculate how much geothermal energy can be produced from these lands using
EGS technology.

• Discuss how these sites can leverage multiple policy tools to improve benefits for
tribal and HUBZone communities.

The rest of this paper is organized as follows: Section 2 explores the literature on
geothermal energy production, energy development site selection, leveraging orphaned
fossil fuel infrastructure, and relevant US policies. Section 3 details our methodology to
identify the potential sites and calculate the geothermal potential. Section 4 explores the
results of this work and includes the developed maps. Section 5 discusses and contextual-
izes the findings, identifies limitations, and offers future directions. Section 6 concludes
the article.
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2. Literature Review
2.1. Geothermal Energy

Geothermal energy is increasingly recognized as a sustainable resource with substan-
tial potential for contributing to renewable energy portfolios [11,12]. Geothermal energy,
particularly enhanced geothermal systems (EGSs), stands out as a stable and dispatch-
able renewable energy source, making it a valuable complement to solar and wind [13].
While solar and wind energy are cheaper per MWh, their intermittency creates challenges,
requiring either battery storage or backup power. Geothermal, with its 80–90% capacity
factor, provides continuous energy, reducing the need for additional storage or grid ad-
justments [2,11]. Solar thermal technology is becoming more cost-effective with advances
in Selective Solar Absorbers (SSAs) [14], achieving 89% thermal efficiency and reducing
fabrication costs to 30% of commercial products. However, solar thermal still faces daily
and seasonal variability, meaning it cannot fully replace continuous sources like geothermal.
Similarly, offshore wind energy offers higher capacity factors (39%) [15] than onshore wind
but remains variable, requiring significant upfront investment and ideal wind conditions
to be viable. Offshore wind’s LCOE is estimated at USD 82/MWh, comparable to current
geothermal costs but with higher integration challenges. By 2030, geothermal LCOE is
projected to drop to USD 60–70 per MWh, making it cost-competitive with solar and wind
while maintaining reliability without storage. Though geothermal requires higher upfront
costs (USD 4500–6280 per kW) due to drilling, it minimizes land use and grid instability.
In contrast, solar and wind require higher installed capacities and backup power to ensure
sufficient energy generation [2,11,13].

There is substantial research evaluating the potential of geothermal energy systems,
including enhanced geothermal systems (EGSs) [2,11,16–18]. These studies emphasize the
importance of assessing various geothermal technologies to improve energy production
efficiency [12,19]. Their findings highlight that comprehensive evaluations are critical for
identifying suitable geothermal sites, particularly in less explored regions. The Western
United States holds significant geothermal potential, with an estimated 34,474 MW of
mean electrical capacity from identified and undiscovered resources, primarily in Nevada,
California, and Oregon [20]. Tribal lands within these states offer unique opportunities
for geothermal development, aligning with renewable energy goals and fostering tribal
equity. Recent advancements in geothermal exploration methodologies have opened new
possibilities for resource identification, and new technologies such as enhanced geothermal
systems (EGSs) can be applied to locations not typically associated with geothermal activ-
ity [16] . Geothermal energy, supported by the Energy Policy Act of 2005, plays a vital role
in diversifying the U.S. energy portfolio [21]. Federal lands managed by the Department of
the Interior, including significant tribal territories, hold substantial geothermal potential,
with ongoing efforts to streamline leasing, improve regulatory frameworks, and enhance
renewable energy development.

Nevertheless, there are environmental and social impacts associated with geothermal
energy systems, including land subsidence, induced seismicity, water demand, and surface
disturbance. However, these assessments primarily evaluate geothermal projects developed
on greenfield sites, where the introduction of new infrastructure poses potential ecological
disruptions. These risks do not translate equally when geothermal energy is deployed on
brownfield sites—areas already classified as environmentally hazardous due to legacy fossil
fuel extraction. When considering geothermal energy as part of brownfield redevelopment,
the risk–benefit analysis shifts in the following critical ways:

• Mitigating Pre-Existing Environmental Damage: Many abandoned oil and gas wells
contribute to land subsidence, methane emissions, and groundwater contamination.
Geothermal projects, when properly designed, can capture harmful emissions, stabilize
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subsiding land, and repurpose existing well bores, thereby acting as an environmental
remediation strategy rather than an ecological disruptor [22].

• Optimized Water and Waste Management: Studies indicate that wastewater and
solid waste contamination are significant concerns in geothermal projects [23–25].
However, injecting extracted geothermal fluids back into the reservoirs, a process
already employed in enhanced geothermal systems, helps maintain reservoir pressure
and reduce contamination risks [26,27].

• Infrastructure Utilization and Economic Continuity: Unlike other renewable energy
sources that require extensive new infrastructure, geothermal energy can repurpose
legacy oil and gas assets, including well bores and pipelines, reducing both cost and
environmental footprint. This approach ensures continuity for skilled energy workers,
many of whom can transition from fossil fuel jobs to geothermal operations without
requiring significant retraining [28].

2.2. Site Selection for Energy Resources

Effective site selection is crucial for optimizing the deployment of renewable en-
ergy sources. One study optimized site selection in order to achieve 100% renewable
energy sources by proposing a multi-faceted framework that incorporated geographical,
environmental, and socio-economic factors [29]. Another study reviewed multi-criteria
decision-making applications in renewable energy site selection, emphasizing the necessity
of integrating technical, social, and environmental criteria [30]. The review underscores the
importance of stakeholder involvement and community acceptance in the decision-making
process, which is particularly relevant when considering tribal lands and indigenous rights.
Other studies have extended this concept to specific energy applications, such as carbon
capture and sequestration (CCS), that highlight the complexities of site selection in energy
systems [31]. Any energy resource is a part of an overall supply chain, and understanding
where resource extraction fits in an overall system is becoming critically important as
well [32]. Therefore, integrating supply chain considerations into site selection processes,
such as whether local communities or far-away consumers will use the electricity produced,
can lead to more robust energy strategies.

2.3. GISs for Energy Resource Assessment

Geographic Information Systems (GISs) are vital tools for the assessment and mapping
of renewable energy resources. GIS technology leverages spatial analysis and data inte-
gration to evaluate renewable energy resource and make informed decisions [33]. Unlike
traditional maps created by cartographers, which provide static visual representations, GISs
allow for multilayered spatial analysis, integrating various data sources such as geothermal
potential, orphaned oil wells, and HUBZone boundaries. This enables comprehensive
assessments rather than just visualization. Therefore, GISs can enhance the accuracy and
efficiency of site assessments by allowing for the visualization of complex datasets.

Moreover, the application of GISs in the energy sector is continually evolving. GISs
have numerous educational benefits for renewable energy specialists, such as the ability
to significantly improve researchers’ capacity for spatial analysis in energy resource man-
agement [34]. GPS, and other spatial tools, which can be excellent for pinpointing precise
locations, do not facilitate large-scale geospatial analysis. GISs, on the other hand, allow for
quantitative spatial measurements, such as calculating the total area of geothermal potential
zones overlapping underserved regions or counting orphaned oil wells within these zones,
which is essential for making data-driven policy recommendations. GISs also streamline
the processing of large and complex datasets, automating spatial queries and computations.
Manually processing such vast geospatial datasets using cartographic techniques or GPS-
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based field surveys would be highly time-consuming and inefficient. In short, GISs enable
researchers to investigate questions that would be extremely expensive or impossible using
other methods [35]. By leveraging GISs, this study was able to perform spatial analysis,
integrate diverse datasets, quantify geothermal potential, and produce actionable insights
that would not be feasible through traditional cartography or GPS-based methodologies.

2.4. Tribal Lands, HUBZones, and Energy Development

The intersection of tribal land rights and energy resource development is an area of
increasing importance. Tribal communities face unique challenges in energy planning and
infrastructure development, including the ability to guarantee reliable access to electric-
ity [36]. The US Department of Energy continuously emphasizes the necessity for inclusive
approaches that respect tribal sovereignty and integrate community needs into energy
resource assessments. Additionally, research by the Bureau of Indian Affairs (BIA) high-
lights the geothermal potential of tribal lands, but it is important to note that significant
regulatory and financial barriers hinder development [37]. These barriers include limited
access to capital, which restricts the ability for tribes to engage in large-scale renewable
projects [38].

Recent research highlights the transformative potential of renewable energy to ad-
vance tribal sovereignty by utilizing Native lands’ wind and solar resources, which have
been estimated at 119 TWh annually and USD 75 billion in investment potential [39]. These
resources could alleviate energy poverty and create economic opportunities, but barriers
such as legal constraints, limited financial access, and systemic exclusion hinder progress.
Recommendations include building technical capacity, fostering trust-based partnerships,
and revising legal frameworks to support sovereignty while integrating geothermal tech-
nologies to reduce emissions and promote self-determination. Progress in geothermal
energy access on federal and tribal lands presents opportunities for renewable energy
expansion. The National Renewable Energy Laboratory highlights efforts like streamlining
lease processing and establishing a National Geothermal Coordinating Committee to en-
hance stakeholder collaboration [40]. Integrating cultural considerations into geothermal
siting ensures respect for tribal sovereignty while addressing energy poverty and fostering
sustainable development. These advancements are critical to creating equitable, resilient
energy systems tailored to tribal needs. Tribal lands hold immense potential for renewable
energy, offering sustainable resources like wind, solar, and geothermal that align with tribal
values of environmental harmony [41]. Renewable energy development can drive economic
growth, create high-quality jobs, and improve living standards for tribal communities while
preserving natural resources. Projects like the Campo Band of Kumeyaay Indians’ wind
farm demonstrate how reinvesting energy revenues can diversify tribal economies and
reduce unemployment. Ensuring equitable access to renewable energy opportunities is
crucial for fostering tribal sovereignty and long-term economic stability. Geothermal energy
presents a significant opportunity for tribal equity in energy development by offering eco-
nomic empowerment and energy self-sufficiency [42]. Despite challenges like limited access
to electricity—where 14.2% of Native American households on reservations remain un-
electrified—initiatives such as feasibility studies and partnerships with private companies
are enabling tribes like the Jemez Pueblo and Pyramid Lake Paiutes to explore geothermal
potential. Federal funding and technical assistance further support these efforts, aligning
renewable energy projects with tribal sovereignty and cultural priorities while fostering
economic growth and environmental sustainability.

The HUBZone Program is governed by the Historically Underutilized Business Zone
(HUBZone) Act of 1997 (15 U.S.C. 631 note), and 13 CFR Part 126 provides various privileges
and preferences to certified companies in a historically underutilized area [5]. HUBZones
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encompass communities that face similar challenges to tribal groups, specifically energy
and environmental challenges. These communities are disproportionately more likely to
experiencing high energy burdens which reduce their abilities to access reliable, affordable,
and sustainable energy, and they disproportionately bear the burden of previous environ-
mental damages [43]. Furthermore, energy poverty is too often exacerbated by a lack of
infrastructure and investment, hence the dire need for tailored energy policies, taking into
account unique community-specific situations. Nonetheless, new and existing policies and
legislation that prioritize bringing development to these areas like the HUBZone program,
the Inflation Reduction Act, and Bipartisan Infrastructure Law provide opportunities for
these communities to overcome these historic challenges [6–9].

2.5. Repurposing Abandonded Fossil Fuel Infrastructure

The integration of abandoned oil and gas wells with geothermal plant sites presents a
promising opportunity to enhance geothermal energy production while reducing costs and
minimizing environmental impact. Repurposing existing well infrastructure for geother-
mal applications aligns with advancements in enhanced geothermal systems (EGSs) and
Advanced Geothermal Systems (AGSs), which enable heat extraction from deep, low-
permeability rock formations [2]. Many oil and gas basins, including those in Texas,
Oklahoma, Louisiana, and New Mexico, exhibit favorable subsurface temperature gradi-
ents that make them suitable for geothermal development. Utilizing these existing wells
eliminates the need for costly new drilling, potentially reducing upfront capital expendi-
tures as well. Additionally, the residual heat within some depleted reservoirs can further
enhance geothermal energy recovery. This study recognizes the potential for repurposing
abandoned oil and gas wells as geothermal energy sources and underscores the importance
of identifying optimal sites where these wells can be integrated into future energy systems.

Repurposing fossil plants offers a strategic opportunity to address economic chal-
lenges such as job loss and reduced output while advancing clean energy goals. Further
contextualizing these issues, Cabra et. al. discuss transitioning these assets into renewable
energy facilities, industrial hubs, or commercial spaces to support a clean and just energy
transition [44]. Factors influencing repurposing decisions include decommissioning costs,
land availability, and financial or regulatory incentives. The review provides examples of
ongoing and completed repurposing projects, illustrating how such initiatives can align
with decarbonization goals. While focused on coal assets, the insights are equally relevant to
repurposing other fossil fuel infrastructure, such as abandoned oil and gas wells. Addition-
ally, a study on abandoned oil wells highlights the feasibility of converting these structures
into geothermal energy sources, addressing environmental hazards like methane leaks and
groundwater contamination [45]. By leveraging high-temperature wells, this approach not
only mitigates risks but also creates a sustainable energy solution, as demonstrated in the
Williston Basin case study in North Dakota. This highlights the broader applicability of
repurposing fossil fuel infrastructure to advance renewable energy transitions.

2.6. Geothermal Capacity Estimation

Assessing geothermal capacity potential requires accurate estimations of subsurface
temperatures, recoverable heat, and economic feasibility. Several studies have devel-
oped models to estimate geothermal capacity, each incorporating different methodologies,
datasets, and assumptions. In a study completed by [19], the National Renewable Energy
Laboratory (NREL) estimated geothermal capacity using temperature-at-depth models
from the Southern Methodist University (SMU) dataset [46], focusing on depths between
4–7 km. These estimates applied assumptions about rock density, heat capacity, recovery
factors, and power conversion efficiency to determine the electricity generation potential
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from deep EGSs. Later, the NREL study [47] expanded its analysis to shallow (⩽3 km)
low-temperature geothermal resources by approximating heat-in-place values from the
same SMU data. These studies formed the foundation for national-scale assessments of
geothermal potential and provided supply curves for modeling energy deployment.

The Enhanced Geothermal Shot Analysis [48] refined prior estimates by incorporat-
ing updated well productivity rates, reduced drilling costs (by 20%), and larger power
plant sizes (100 MWe). The study revised EGS potential based on higher-quality shallow
reservoirs and improved recovery factors, leading to an increased projected deployment of
90.52 GWe of geothermal capacity by 2050. These updates aligned with the DOE’s goal of
reducing EGS costs by 90% to USD 45/MWh by 2035 and incorporated regional geological
studies to improve spatial accuracy.

Pinchuk et al. introduced a different methodology to incorporate EGSs in NREL’s
reV model, using an empirical power density function rather than solely relying on
temperature-at-depth models [49]. This approach enabled geospatial assessments that
integrated geothermal potential with grid infrastructure, land use constraints, and eco-
nomic feasibility. The model evaluated hydrothermal and EGS potential at different depths
and produced supply curves for capacity expansion modeling. It allowed for compar-
isons of geothermal energy with wind and solar by factoring in interconnection costs and
siting restrictions. Finally, scholars in [50] developed a physics-informed graph neural
network model for estimating the temperature at depths of 1–7 km. This model used
over 400,000 bottomhole temperature measurements and additional geological factors (e.g.,
sediment thickness, seismicity, gamma-ray flux) to improve spatial resolution. The study
found that previous models ([46,48]) underestimated temperature in certain regions and
introduced inconsistencies in extrapolation methods. By applying Fourier’s Law of heat
conduction, the new model produced more physically accurate predictions, which led to
higher estimates of geothermal potential, particularly in the Western U.S.

2.7. Literature Gap

Our study seeks to understand how geothermal energy can be leveraged to provide
energy resources and revenue to tribal lands and HUBZone communities and help remidiate
environmental damages from legacy fossil fuel infrastructure. While there are extensive
studies that use GISs to identify energy resources and the literature on energy justice for
tribal groups and HUBZone communities, there is limited research on the overlap between
geothermal energy resources and these groups. Furthermore, the studies that do exist
are geographically limited or focused on one group or technology and do not holistically
look at the potential across multiple domains and geographical areas. Some studies have
found that these communities have geothermal resources and recognize that barriers to
accessing these resources exist, but few studies have investigated if these areas overlap with
existing fossil fuel infrastructure that can be leveraged to access these resources. Therefore,
our work aims to add to the literature by investigating not just the economic and energy
impacts geothermal can have for these groups and areas, but also how these developments
can concurrently provide environmental remediation benefits.

3. Methodology
3.1. Overview

The study used a systematic GIS workflow, integrating multiple spatial datasets to
identify and rank suitable geothermal sites. The primary steps in the methodology include
the following:
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1. Data Collection and Preparation—Gathering spatial data in the form of shapefiles from
various sources, including layers from ArcGIS Live Atlas, the Energy Information
Administration (EIA), and United States Geology Survey [51–54].

2. Data Preprocessing—Cleaning and handling null values, removing redundant infor-
mation, and extracting key variables from the shapefiles.

3. Data Integration and Merging—Consolidating layers into a single dataset for a com-
prehensive analysis.

4. Ranking and Suitability Assessment—Applying a scoring system based on geothermal
potential and environmental considerations, such as the presence of tribal lands.

3.2. Data Collection and Preparation

In the data collection phase, we acquired shapefiles for geothermal energy potential,
tribal lands, and historical land use:

• Geothermal Potential: Energy Information Agency (EIA) and the United States Ge-
ological Survey (USGS) shapefile layers were gathered from the Live Atlas tool in
ArcGIS Online [51,54]. These layers provide spatial data on geothermal potential
across the US.

• Historically Underutilized Business Zone (HUBZone): United States Small Business
Adminsistration shapefiles were acquired from the Live Atlas tool in ArcGIS On-
line [55]. The HUBZone layers and the tribal lands were a subset of the Justice40
census tracts. The Justice40 census tracts included communities where more than
65 percent of households are at or below twice the federal poverty level and that also
experienced at least one other environmental, economic, or health burden, covering
29% of the U.S. population [56,57]. Therefore, our study used Justice40 shapefiles,
which fully incorprated all HUBZones and tribal lands, but also included a few other
relevant communties.

• Tribal Land Data: United States Census Bureau shapefiles that included the boundaries
for all tribal lands were gathered from Live Atlas in ArcGIS Online [58,59].

These datasets were downloaded in the form of shapefiles and imported into ArcGIS
Pro for further processing and analysis.

Geothermal data are limited, and the only open source data files were from the EIA
and USGS, which we used in this study. However, it is worth noting that [60] is another
reliable source of geothermal data that has been used by multiple studies, but it is not open
access and was not directly included in our study.

3.3. Data Preprocessing and Analysis

Once the necessary shapefiles were collected, the data went through the following
preprocessing procedure:

• Data Extraction: Specific attributes and features of interest, such as geothermal po-
tential class level and tribal land boundaries, were extracted from the larger datasets.
Layers irrelevant to the scope of the study were excluded at this stage.

• Handling Null and Redundant Values: Missing values within the datasets, such
as gaps, null values, or incomplete records, were addressed through interpolation
techniques and the removal of records that did not meet the threshold for analy-
sis. Redundant attributes from the merged shapefiles were removed to streamline
the dataset.

• Data Quality Control: The dataset was reviewed for consistency and accuracy, ensur-
ing that all spatial layers aligned correctly in the GIS environment. Any misalignment
between layers was corrected.
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• Data Integration and Merging: Using ArcGIS Pro’s data management tools, we merged
the geothermal potential layers and segregated tribal land layers into a single layer.

3.4. Ranking and Suitability Analysis

Once the spatial data were integrated, a scoring gradient was applied to rank the
identified geothermal sites based on their suitability for energy development. The ranking
system was based on the following factors:

• Geothermal Potential Classification: Sites were classified into five classes (Class
1 to Class 5) based on the Levelized Cost of Electricity (LCOE) associated with
each location:

– Class 1: Most favorable geothermal sites, offering the lowest LCOE. These areas
were identified as the most favorable for geothermal development due to their
low LCOE and proximity to high geothermal temperatures.

– Class 2–4: The intermediate classes with low to moderate LCOE. These ar-
eas were progressively less favorable, either due to higher LCOE or lower
geothermal temperatures.

– Class 5: Least favorable geothermal sites, with higher LCOE. Class 5 regions,
while still containing geothermal resources, may require advanced extraction
technologies to be economically viable.

– Class 999: Sites where temperatures at a 10 km depth were below 150 °C and thus
were not considered suitable for deep geothermal energy extraction.

Table 1 details the properties of each class derived from [61].

Table 1. Temperature range by geothermal class.

Class Temperature Range (°C)

Class 1 >150 °C

Class 2 130–150 °C

Class 3 110–130 °C

Class 4 90–110 °C

Class 5 <90 °C

Class 999 No temperature data

3.5. Geothermal Capacity Estimation
3.5.1. Capacity Estimation for Repurposed Oil/Gas Wells into Geothermal Plants

The power output for each geothermal well class is calculated using the lower bound
of the temperature range for that class. For Class 5, the lower bound is set to 73 °C
(164 °F). The bottom-hole temperature is converted to Kelvin, and the specific enthalpy of
the saturated liquid at the corresponding temperature is determined. Using these values,
the power output for each well is estimated using Equation (1) [62,63]:

Poutput = ṁ × (hinlet − houtlet)× η (1)

Here, ṁ is the mass flow rate, hinlet and houtlet are the specific enthalpy values at the
inlet and outlet, and η is the plant efficiency. The enthalpy values are obtained based
on the given temperature and pressure conditions. For geothermal resources with low
temperature, the most suitable technology for electricity generation is a binary plant
utilizing the Organic Rankine Cycle (ORC) [64]. Additionally, based on the findings
of [65], which models heat transfer, organic fluids like R134a are found to perform best for
electricity generation.
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Although the optimal approach depends on factors such as reservoir temperature, well
depth, and local conditions, making each project unique, we calibrated our calculations by
comparing our results with data from the Chena Alaska ORC unit [66] and a simulation
analysis from [67]. The comparison table provides key performance indicators, including
heat source temperature, turbine inlet and outlet pressures, refrigerant flow rate, gross
power production, and cycle efficiency.

Table 2 highlights that our calculated results align well with both [66,67], reinforcing
the validity of our methodology. The small discrepancies observed in gross power pro-
duction and efficiency values are within an acceptable range, likely due to differences in
specific system configurations and modeling assumptions.

Table 2. Comparison of key performance indicators.

Parameter (Unit) Chena Alaska ORC Unit [66] Simulation Analysis [67] This Study

Refrigerant R134a R134a R134a
Heat source temperature inlet (◦F) 164 164 164
Turbine inlet pressure (bar) 16 16 16
Turbine outlet pressure (bar) 4.39 4.39 4.39
Refrigerant flow rate (kg/s) 12.2 11.65 12
Gross power production (kW) 250 263.85 249
Cycle efficiency (%) 8.2 8.51 9

3.5.2. Capacity Estimation for Enhanced Geothermal Plants

To estimate geothermal capacity potential that can be extracted using EGS technol-
ogy, we developed an approach that integrates publicly available geological data with
established estimation techniques. Since SMU temperature-at-depth data are not freely
available, we relied instead on USGS qualitative temperature range estimates for various
geothermal classes and mapped them to our defined resource categories, according to the
classification in [61]. This mapping provided the necessary temperature inputs for assessing
geothermal potential across different classes. For the calculation of enhanced geothermal
power plant capacity, we follow the approach outlined in [49] to determine the power
density of the geothermal reservoir. Geothermal resources are categorized into defined
classes—temperature ranges outlined in Table 1—and the midpoint temperature of each
class is used as a representative value for the calculations. These midpoint temperatures
reflect the average conditions within the specified temperature ranges, providing a basis
for accurate estimations.

The power density, which represents the energy output per unit area of the reservoir,
is calculated using Equation (2) [49,60]:

Power Density (MW/km²) = 0.408 × e0.014×T (2)

where T is the midpoint temperature in degrees Celsius. This formula was derived from a
dataset of 103 pre-existing geothermal plants and has been directly incorporated into our
methodology without modification.

Once the power density is determined, the plant capacity for each temperature class
can be calculated by multiplying the power density by the reservoir area. For this analysis,
the reservoir area is assumed to be 10 km² with a buffer of 500 m [60]. Using this method-
ology, the potential energy output for enhanced geothermal systems can be estimated
across different temperature classes [61]. It is worth mentioning that we assumed that the
only reservoirs that could produce useful geothermal energy had to have temperatures
of 120 degrees Celsius or more, which excludes Classes 4, 5, and 999 . Additionally, For
high-temperature resources exceeding 150 °C (Class 1), we assigned a representative value
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of 170 °C. This selection is based on empirical studies showing that approximately 78% of
EGS resources are located at depths of 6–7 km, with a dominant fraction of recoverable
heat occurring between 150 and 300 °C [19,50]. Furthermore, updated deep EGS resource
assessments [19] indicate that within the 3–7 km depth range, a substantial portion of the
geothermal electricity generation potential is concentrated in the 150–200 °C range. Given
this distribution, selecting 170 °C as the representative temperature ensures alignment with
the predominant geothermal resource potential while maintaining a conservative approach.
By choosing a lower representative value, we account for uncertainties in temperature
distribution and avoid overestimation. Thus, our selection of 170 °C provides a cautious
lower bound, ensuring consistency with observed EGS resource distributions.

3.5.3. Geothermal Capacity Estimation for Each Land Category

To assess the geothermal potential of tribal lands, HUBZones, and abandoned oil
and gas wells, we calculated the maximum number of facilities that could be deployed to
each land category based on the available land area and the spatial requirements of each
geothermal plant. These data were then integrated with the geothermal plant capacity, as
explained in Section 3.5.2, to estimate the total potential capacity for each temperature class
and land type. The total capacities for tribal lands, HUBZones, and the overall land area
were computed by multiplying the plant capacity per facility by the maximum number
of facilities.

Additionally, the power output per well explained in Section 3.5.1 is utilized to
evaluate the overall potential of repurposed oil and gas wells in each class. This calculation
was performed by multiplying the number of wells in each geothermal class by the power
output per well, providing a comprehensive view of the contribution of repurposed wells
to geothermal energy production.

This integrated approach enabled a detailed estimation of geothermal energy poten-
tial, highlighting opportunities for sustainable energy development across different land
categories while leveraging existing infrastructure. However, we did not account for other
land uses, such as urban areas, natural parks, and private land, that would reduce the
available land area. Nonetheless, we calibrated our buffer values so that our final results
are well within the ranges of other geothermal potential studies, including [40,68,69].

4. Results
4.1. Geothermal Potential

Figure 1 shows the initial GIS shapefile that illustrates the geothermal potential of
the entire United States via a heatmap where darker red represents more potential and
lighter red represents less potential. This initial shape is later filtered to only show the
targeted states: Arizona, New Mexico, Texas, Louisiana, Nevada, Mississippi, Arkansas,
and Oklahoma. Figure 1 also details the five-category geothermal classification system that
reflects the economic feasibility of geothermal development.

In addition to identifying potential geothermal resources, Figure 1 also shows the
locations of currently operational geothermal plants using green pins. These sites collec-
tively contribute approximately 2.5 GW of installed geothermal capacity. However, these
resources utilize geothermal resources that are close to the surface, are naturally available
from existing hot water reservoirs, and are not defined as enhanced geothermal systems
(EGSs). However, these resources are limited.



Sustainability 2025, 17, 2558 13 of 22

Figure 1. Geothermal potential and existing geothermal plants.

4.2. Calculated Geothermal Land Area

Table 3 lists the different total land area for each land category for each geothermal
class. The table also lists the number of oil wells in the selected area and the investigated
categories. These data are visualized in the subsections below and were then used to
calculate energy potential.

Table 3. Calculated land area by geothermal class and land type.

Class
Total Land Area

(Sq. Mi.)
HUBZones

Land Area (Sq. Mi.)
Tribal Lands

(Sq. Mi.)
Oil Wells

(#)
# of Oil Wells in

HUBZones (#)
# of Oil Wells

in Tribal Communities

1 32,050 10,090 1838 20 1 0

2 144,141 38,776 10,832 2200 201 22

3 196,118 74,051 48,026 12,000 5964 5752

4 221,513 22,641 18,729 2000 334 290

5 236,160 31,320 18,845 2300 663 370

Total 829,982 176,878 98,270 18,520 7163 6434

4.3. Tribal Lands and Geothermal Potential

Figure 2 displays all the tribal lands in the United States, and Figure 3 overlays the
tribal lands in the study area with geothermal potential. Our analysis revealed that a
significant portion of the identified high-potential geothermal area overlaps with tribal
lands, particularly in Arizona, New Mexico, and Oklahoma.

Figure 2. Tribal lands in the United States.

These findings are summarized below:
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• Arizona, New Mexico, and Oklahoma: These states feature a majority of tribal states
with geothermal sites (Class 1, Class 2, and Class 3). These areas should be pri-
oritized for further feasibility studies, with active collaboration with local indige-
nous communities.

• Arkansas, Texas, and Louisiana: These states have large amounts of high-potential
geothermal sites. However, they have few or no tribal lands.

• Nevada: As a known geothermal hotspot, Nevada’s Class 1 areas provide significant
potential for geothermal energy, but not on tribal lands.

Figure 3. Geothermal potential and tribal lands.

4.4. HUBZones and Geothermal Potential

Figure 4 offers a complete view of the suitable geothermal sites in the study area
categorized into several classes overlaid with the HUBZone and tribal land census tracts
(using Justice40 GIS data as a proxy). Geothermal suitability is divided into five main
classes, each represented by a variant of red color. The outline of the census tracts are shown
with thick black lines. Then, the census tracts that have significant geothermal potential
(defined as having at least Class 1, 2, or 3) are shown in blue. The overlap represents an
opportunity to advance priorities in those development zones where geothermal resources
fall under both community importance and environmental justice. These opportunities
are spread out through all the states in the target area, and developing these geothermal
resources could have significant and profound socioeconomic impacts.

Figure 4. Geothermal potential, tribal lands, and HUBZones.
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4.5. Orphaned Oil and Gas Wells

Figure 5 overlays geothermal potential with the orphaned oil wells in the study area.
Areas with high geothermal potential are represented in red, and the orphaned oil wells
are indicated using orange dots. From this, we can observe that many orphaned wells
are located in areas with medium to high geothermal potential (dark red to pink regions),
especially in Texas, Nevada, Oklahoma, and Louisiana. This figure reveals a significant
overlap between high-potential geothermal zones and orphaned well locations, suggesting
opportunities to repurpose these wells for renewable energy projects.

Figure 5. Geothermal potential and orphaned oil and gas wells.

4.6. Tribal Lands, Orphaned Oil and Gas Wells, and Geothermal Potential

Figure 6 shows the intersection of geothermal potential in shades of red, with darker
red indicating higher potential, existing orphaned oil well infrastructure shown in orange
dots, and tribal lands (shown in green) indicating priority regions for equity in development.
This map demonstrates that orphaned wells and tribal lands mainly overlap in Oklahoma
and Louisiana, both areas that have moderate to high geothermal potential.

Figure 6. Geothermal potential, tribal lands, and orphaned oil and gas wells.

4.7. HUBZones, Tribal Lands, Orphaned Oil and Gas Wells, and Geothermal Potential

Figure 7 integrates the GIS layers’ geothermal potential (graded by favorability in
shades from dark red to pink), U.S. documented unplugged orphaned oil and gas wells
(orange dots), HUBZones, and tribal lands (shown in blue). The visualization emphasizes
regions where geothermal potential intersects with existing infrastructure, HUBZones, and
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tribal lands, particularly in Texas, Nevada, and parts of the Southwest. The map highlights
areas where there is significant potential to repurpose abandoned fossil fuel infrastructure
and convert it into a renewable resource, aligning with energy and environmental goals.

Figure 7. Geothermal potential, tribal lands, HUBZones, and orphaned oil and gas wells.

4.8. Potential Geothermal Capacity

Based on existing work and data from geothermal energy studies, as well as insights
from the Fervo pilot program [70–72], we were able to create estimates for energy capacity
by geothermal class. We calibrated this information using multiple sources to create bounds
for our estimates [40,46,68,69].

We assume that these sites would use enhanced geothermal system (EGS) technology
that can extract usable heat from lands with underground temperatures of 120 ◦C or
more between 3 and 6 km underground. We calculated power density (MW/km2) using
Equation (2) to determine the potential capacity for a conventional EGS with a 10 km2

reservoir, and then, with 500 m buffers, the maximum number of facilities and total
geothermal capacity for each land category is calculated and shown in Table 4.

Table 4 shows that there is significant geothermal potential in the selected area, totaling
2372.8 GW, with 765.8 GW available in HUBZones and 347.2 GW in tribal lands. Further-
more, converting abandoned oil wells which have already been drilled to geothermal plants
could yield over 4 GW of capacity with 1.8 GW in HUBZones and 1.7 GW in tribal lands.

Table 4. Technical geothermal potential capacity of selected area and investigated categories.

Class
Total

Potential (GW)
HUBZones (GW)

Tribal
Lands (GW)

Oil
Wells (GW)

Oil Wells (GW) in
HUBZones

Oil Wells (GW)
on Tribal Lands

Class 1 339.3 106.8 19.4 0.0 0.0 0.0
Class 2 1002.6 269.7 75.3 0.7 0.1 0.0
Class 3 1031.0 389.3 252.5 3.5 1.8 1.7
Total 2372.8 765.8 347.2 4.3 1.8 1.7

Table 5 shows the maximum number of geothermal facilities that could be ideally
placed in the target area. Even when only considering Class 1 geothermal potential, there
is the potential for 7696 geothermal facilities that produce nearly 44.08 MW per plant, with
2423 of these potential facilities being in HUBZones and 441 in tribal lands. These numbers
increase significantly when taking into consideration Class 2 and 3 locations, even though
the average geothermal plant capacity will decrease for these classes because of lower
underground temperatures.
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Table 5. Maximum Number of Potential Geothermal Facilities in the Selected Area and by Investi-
gated Categories.

Class
Max Potential

Facilities
Hub Zones

Max Facilities
Tribal Lands

Max Facilities
Average Plant

Capacity (MW)

Class 1 7696 2423 441 44.08
Class 2 34,613 9311 2601 28.97
Class 3 47,095 17,782 11,532 21.89
Total 89,404 29,516 14,574 94.94

5. Discussion
We found that tribal lands and HUBZones have significant geothermal resources

and extraction potential. The analysis revealed high geothermal potential, especially in
Nevada, Texas, and New Mexico, with a significant overlap between significant geothermal
areas and tribal lands. Furthermore, tribal lands and HUBZones have significant overlap,
allowing them to take advantage of multiple policy efforts, like the IEPP. The legacy of
fossil fuels in these communities, which has historically undermined environmental justice
efforts, now presents an opportunity for revitalization, as abandoned oil and gas wells in
these communities could be leveraged for new benefits. The resources identified in this
study could produce billions in revenues, eliminate energy poverty, and provide energy
justice to these communities. However, the history of these communities capitalizing on
these benefits is stark.

This approach reframes energy transition as both an economic revitalization strategy
and a tool for environmental remediation. Given the historical exploitation of indige-
nous lands by the fossil fuel industry, geothermal projects can serve as both a corrective
measure and a future-oriented solution, offering direct economic benefits, infrastructure
investment, and long-term tribal sovereignty. Federal mechanisms, including the IEPP and
incentives for brownfield redevelopment, provide a pathway for tribes to lead in clean
energy production, while addressing systemic issues of energy poverty, economic exclusion,
and infrastructure gaps.

5.1. The Indian Energy Purchase Preference: A Long-Delayed Mechanism for Advancing
Geothermal Development

The implementation of the Indian Energy Purchase Preference (IEPP) in 2024, nearly
20 years after its authorization under the Energy Policy Act of 2005, highlights both the
potential and the persistent shortcomings in federal efforts to integrate tribal nations into
the clean energy economy. While the IEPP is a significant step toward empowering tribal
energy businesses, its delayed implementation underscores a broader pattern of neglect
that has hindered economic development in Indian Country. For nearly two decades,
the missed opportunity for action has left the immense geothermal potential of tribal lands
untapped, an oversight that has slowed progress both in U.S. energy independence and
tribal economic sovereignty.

Geothermal energy, with its ability to generate consistent and reliable power, presents
an ideal application of the IEPP. Our results show that tribal nations in the Southwest, where
geothermal resources coincide with HUBZones and orphaned fossil fuel infrastructure,
are well positioned to lead projects that meet both local economic development goals and
broader national energy demands. The IEPP’s recent pilot program, which prioritizes
energy purchases from tribal majority-owned enterprises, is a necessary corrective, but its
late implementation raises questions about missed opportunities for collaboration over the
past two decades.
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If implemented effectively, geothermal projects under the IEPP could repurpose or-
phaned oil and gas wells into sustainable energy sources, creating jobs, addressing environ-
mental hazards, and establishing steady revenue streams for tribal communities. However,
the slow adoption of this policy has limited its potential impact, leaving Tribal nations to
shoulder the economic and environmental burdens of delayed federal action. The success of
geothermal development under the IEPP will depend on robust and timely follow-through,
with greater federal support to ensure that tribal sovereignty is not just acknowledged
but actively upheld. This includes streamlining regulatory processes, expanding financial
incentives, and ensuring equitable resource sharing as geothermal energy becomes a critical
component of the clean energy transition.

5.2. Limitations of the Study

The accuracy of the geothermal site suitability mapping is dependent on the availabil-
ity and quality of spatial data, including information on tribal lands and historical land use.
This study is limited to the criteria included in the analysis and does not account for all pos-
sible factors, such as economic feasibility and detailed environmental impact assessments.
Future research may need to incorporate additional factors and conduct on-the-ground
validation to refine and enhance the suitability assessments. Our calculations for energy
production are based on rough estimates of underground temperature and estimates for
energy production use values in the literature that may not reflect the real world. However,
we aimed to be conservative in our estimates to reflect this fact.

6. Conclusions
This study utilized Geographic Information System (GIS) tools to identify and assess

geothermal potential across the South and Southwestern states of the USA, with a specific
focus on tribal lands and HUBZones. The methodology employed GIS spatial data analysis,
incorporating layers representing geothermal potential, tribal lands, and other relevant
geographical and environmental data. The primary states of interest were Arizona, New
Mexico, Texas, Louisiana, Nevada, Mississippi, Arkansas, and Oklahoma. The classification
system for geothermal sites ranged from Class 1 (most favorable) to Class 999 (unsuitable
for traditional geothermal energy extraction).

We calculated that there are 372,309 square miles with significant geothermal potential
(120 ◦C and above) with the technical potential to produce 2328 GW in the target area.
Furthermore, 122,917 square miles of land with significant geothermal potential are in
HUBZones, and these lands have a technical potential of 765.8 GW. Another 60,696 square
miles of land with significant geothermal potential are on tribal lands, with a technical
potential of 347.2 GW. Furthermore, there are 18,520 abandoned oil wells in the selected
area, with 7163 in HUBZones and 6166 in HUBZones on lands with significant geothermal
potential. If these wells were converted to geothermal plants, they would have a capacity
of 3 GW with over 1.7 GW in HUBZones and tribal lands.

Future Work and Study Significance

Future research can explore the on-the-ground validation of the identified sites, eco-
nomic feasibility studies, and detailed environmental impact assessments. These analy-
ses will be necessary to ensure that geothermal projects are both viable and sustainable.
Furthermore, continued engagement with tribal communities will be crucial in ensur-
ing that geothermal development aligns with indigenous values and contributes to local
economic growth.

This study evaluated not only the energy potential of geothermal with respect to
tribal lands and HUBZones but also investigated how to use repurposed abandoned fossil
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infrastructure to pursue clean energy goals. Therefore, the main contribution of this study
was illustrating how energy development, specifically enhanced geothermal clean energy
development, can be used as a tool for economic revitalization (e.g., job creation and energy
revenues), energy development, and environmental remediation by transforming existing
fossil assets into clean energy producers.
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