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ARTICLE INFO ABSTRACT

Keywords: Geothermal energy can be used for power generation and for the direct use of heat in buildings and industrial

Geothermal and agricultural applications. Recent advancements, including improvements in drilling technologies, have

EQS ) reduced the anticipated costs of enhanced geothermal systems (EGS), which are engineered reservoirs that

glreczuse. hi.a“ng extract heat from hot, dry rock by creating permeability through hydraulic stimulation. Advances in EGS for
ecarbonization

electricity production could also be expected to expand opportunities for deep direct-use (DDU) geothermal
systems, which provide low- and medium-temperature heat for industrial process heating (IPH).

This study analyzes geothermal deployment potential in the United States, focusing on EGS for power
generation and DDU for IPH. We employ a sector-coupled energy system model to evaluate the technical and
economic feasibility of geothermal integration accounting for industry-specific temperature needs, resource
availability, and policy constraints, considering uncertainties from fuel prices and alternative cost assumptions.
The model computes the mix of resources that minimizes overall system costs. The cost-minimizing system
features nearly 40 GW, of EGS electrical capacity, mostly in Western states, and 30 GW,, of thermal DDU
deployment, mainly to replace industrial heat at temperatures ranging from 100 to 200 °C. Finally, we compute

Sector-coupled model
Energy system modeling

the CO, emission reductions that can be achieved by the IPH applications.

1. Introduction

Geothermal energy can provide a low-carbon resource for power
generation, heating and cooling applications, and energy storage, and
other purposes due to its scalability, round-the-clock availability, and
minimal land footprint. Learning-by-doing could enhance the cost-
effectiveness of geothermal energy as drilling technologies continue to
improve. Historically, geothermal power plants and direct-use systems
in the United States have utilized hydrothermal reservoirs at depths of
less than 2 km [1,2]. These high-quality resources are mainly concen-
trated in western states such as California and Nevada, where nearly all
of today’s 4 GW of geothermal electricity capacity (GW,) and around
100 direct-use systems, with 400 MW of thermal capacity (MW,,), are
located [3-5].

Deployment beyond hydrothermal regions will require unconven-
tional technologies such as enhanced geothermal systems (EGS) for
power generation or direct use heating. EGS improves the permeabil-
ity of geothermal systems through hydraulic, chemical, and thermal
stimulation in regions where fluid volumes and rock permeability are
not sufficient to permit economic extraction using traditional tech-
niques [6]. The stimulated system then injects water or supercritical
CO, into hot dry rock, with the heated liquid or steam brought to
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E-mail addresses: ccl43@rice.edu (C. Chen), cohan@rice.edu (D.S. Cohan).

the surface via an open-loop for direct use or to turn a turbine to
generate electricity [7]. Direct use heating can provide heat to dry
crops, pasteurize dairy products, or serve other industrial purposes.

Previous studies have examined opportunities for geothermal power
generation [8-12]. Typical geothermal heating systems use a two-well
layout — one for production and one for reinjection — and are designed
for efficient, long-term operation (30+ years) [13,14], though varia-
tions exist depending on site conditions and project design [15,16].
Long-lasting examples include a low-enthalpy system in Iceland that
has operated since the 1930s [17]. Studies have demonstrated the
value of geothermal for low-temperature heating applications below
150 °C [2,4,18,19].

Many studies have focused options for reducing CO, emissions
in the electricity sector both globally [20-23] and in the United
States [24-28]. Geothermal energy provides a low-carbon dispatchable
option to complement variable renewable energy (VRE) resources such
as wind and solar.

In the U.S., industrial energy use accounts for nearly one-third of
all primary energy consumption [29]. The 2018 Manufacturing Energy
Consumption Survey (MECS) reports 20.7 exajoules (EJ) (5750 TWh) of
thermal and electrical energy consumption [30]. Industrial process heat
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(IPH) involves the use of thermal energy for manufacturing purposes,
accounting for about 9% of all U.S. CO, emissions [31]. In 2018,
energy use for IPH was nearly 3250 TWh, accounting for approximately
56.5% of total manufacturing energy consumption [30]. In 2022, the
U.S. Department of Energy (DOE) launched the Industrial Heat Shot
aiming to develop cost-competitive decarbonization technologies that
can reduce industrial heat greenhouse gas emissions by at least 85%
by 2035 [32].

Low and medium-temperature [IPH (below 200 °C) represents ap-
proximately 35% of total thermal energy use of IPH and contributes
around 3.5% of the U.S.’s energy-related greenhouse gas emissions
[33]. Due to its significance as an emissions source, low-temperature
IPH is now a target for alternative, lower-carbon technologies such
as geothermal, solar thermal, biomass, heat pumps, and waste heat
(e.g., [34-39]). Currently only 20% of this heat is supplied by biofuel or
waste fuels, which are used mainly in the pulp and paper industry [40].
Among the alternatives, geothermal energy for IPH in the U.S. has
high potential yet has been relatively underexplored. While only 1.1
TWh of geothermal energy was used for IPH in 2023 [41], the U.S.
DOE GeoVision study indicates a potential geothermal resource of over
7,800,000 TWh of thermal energy within U.S. sedimentary basins [11].

Geothermal energy has seen rapid advancements recently, driven by
increasing demand for reliable, dispatchable renewable power. Fervo
Energy’s Project Cape in Milford Valley, Utah, successfully drilled
four horizontal wells, achieving depths of 8150 to 8550 ft (or 2500
to 2600 m) with lateral sections extending 5000 ft (or 1500 m).
The project demonstrated a 70% reduction in drilling times, with
costs dropping from $9.4 million to $4.8 million per well within
just six months [42]. Additionally, Sage Geosystems secured a 150
MW power purchase agreement to supply Meta data centers with
geothermal energy [43]. The company is also developing a 3 MW
geo-pressured system in Texas, capable of providing up to 18 h of
long-term energy storage [44]. Since 2017, the U.S. Department of
Energy (DOE) Geothermal Technologies Office funded six deep direct-
use (DDU) projects by aims to catalyze broader adoption of DDU
systems by enhancing the understanding of their technical perfor-
mance and economic viability, thereby paving the way for broader
implementation [19,45-49].

Decarbonizing IPH can be achieved via low-carbon fuels or elec-
trification [50,51]. Previous studies have shown that power-to-heat
technologies could be a cost-effective strategy for decarbonizing a
large portion of the heat sector [33,52-54]. To accurately assess the
economic competitiveness of geothermal DDU systems against electri-
fication, a sector-coupled energy model is necessary. Such a model
evaluates both decarbonization pathways simultaneously, offering a
more holistic view than separate models for power and heating [54-
56].

Sector-coupled energy models have been used to identify decar-
bonization strategies across sectors including electricity, industrial,
residential, commercial, and transportation. Most existing models focus
only on electricity, overlooking network dynamics, resource limits,
and cross-sector interdependencies. Integrated models have proven
effective in identifying multi-sector strategies [57-61], though most
focus on Europe with limited U.S. applications [62,63]. While pre-
vious studies have explored alternative renewable and electrified so-
lutions for decarbonizing industrial heat, none have yet examined a
cost-optimized, future-oriented system using a sector-coupled capacity
expansion model that integrates the power and heating sectors in
the United States. Multi-sector integrated modeling can help inform
comprehensive decarbonization strategies.

This study aims to assess the potential of geothermal energy for
both power generation and IPH, using a sector-coupled energy model
that integrates the power and industrial sectors—the two most energy-
intensive domains in the United States. The analysis incorporates the
latest cost estimates and resource assessments for EGS and DDU sys-
tems, reflecting significant cost reductions compared to previous stud-
ies.
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The model analyzes trade-offs between generating electricity and
meeting IPH demands, with detailed breakdowns by North American
Industrial Classification System (NAICS) codes and specific temperature
requirements. With high temporal and spatial resolution, the model
addresses transmission network bottlenecks within interconnections,
pinpoints locations for geothermal IPH demand and resource avail-
ability, and effectively captures the variability of renewable energy
resources.

To our knowledge, this paper is the first to jointly assess opportuni-
ties for geothermal energy to provide electricity and industrial heat at
the individual facility level in the United States. In addition, our use of a
sector-coupled framework rather than a single-sector model highlights
the interdependencies between the power and industrial sectors. The
overall modeling workflow and key steps are summarized in Table 1.

2. Methods

We employed a sector-coupled energy system model to determine
the cost-optimized configuration for meeting both power and heating
demands in the continental United States (Fig. 1). Fossil fuel resources
such as coal, natural gas, and oil were modeled as dual-purpose,
capable of generating electricity or supplying direct heat for industrial
processes. Similarly, geothermal resources were represented with dual
functionality: Enhanced Geothermal Systems (EGS) for electricity gen-
eration or Deep Direct-Use (DDU) geothermal systems for industrial
process heating (IPH). Nuclear, solar, and wind resources were re-
stricted to electricity generation within the modeling framework, while
battery systems were included to store excess power. Resources for ther-
mal energy storage were not considered. Power-to-heat technologies,
including resistance heaters and industrial heat pumps, were included
as options for IPH.

Although other geothermal technologies are also under develop-
ment, such as Advanced Geothermal Systems (AGS; [15]) and single-
well designs [16], this study focuses only on EGS, defined by the
creation of man-made reservoirs in hot dry rocks through drilling
and water injection to induce permeability [64]. EGS is an open-loop
system where heat is exchanged in fracture networks, in contrast to the
closed-loop designs of AGS and single-well systems [65].

We assumed that DDU heat employs the same drilling practices
as EGS electricity generation but differs in surface plant configura-
tion [66,67]. Both technologies can drill to depths of up to 7 km
with reservoir temperatures of 150-300 °C, leveraging updated drilling
curves reflecting recent advancements that significantly reduce costs
and time [68]. We assumed that EGS power generation uses binary
cycle power plants with organic Rankine cycles (ORC), with capital
costs of $3000 per kW [69,70]. DDU, on the other hand, adopts district
heating configurations where geothermal heat is transferred directly to
end-users through heat exchangers, with heat exchangers to transfer
geothermal heat, costing $100 per kW [2,67,71].

2.1. Sector-coupled power and heating model

2.1.1. Base model

Python for Power System Analysis for the United States of Amer-
ica (PyPSA-USA; [72]) is an open-source model building upon the
electricity system modeling framework PyPSA [73]. It solves a multi-
period optimal power flow problem by optimizing linearized load flow
equations and the capacity expansion of generators, energy storage
units, and the transmission network infrastructure.

The objective function of the cost minimization problem contains all
the costs associated with the modeled technologies and infrastructure
used to satisfy both electricity and heat demands and additional con-
straints. The decision variables of the linear problem are the installed
capacities and their hourly dispatch. Incurred costs include fixed costs
for the capacity expansion (new capacity) and variable costs for hourly
operation (all capacity). Fixed costs comprise discounted annualized
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Table 1
Overview of the modeling workflow in this study.
Step Component Description
1 Electricity System Gather and update U.S. data on generation capacity, demand,
Inputs weather patterns, fuel and capital costs, O&M costs, and
relevant policies.
2 Industrial Heating Compile facility locations, heat demand profiles, and fuel cost
Inputs data for industrial process heating across the conterminous U.S.
3 Geothermal Techno- Estimate county-level techno-economic performance of EGS
Economic and DDU systems using temperature-at-depth profiles and
Assessment cost parameters.
4 Sector-Coupled Optimize generation, transmission, and industrial process
Energy Modeling heating supply to minimize total system costs across sectors.
5 Sensitivity Analysis Evaluate the impacts of fuel price changes and policy shifts,
including Inflation Reduction Act repeal, on geothermal
and other energy deployments.
Power Grid Storage
con =N
- +
Qil Geothermal
‘ EGS
Electric Heat
furnace pump
Nuclear DDU
‘ -
j—
Solar
Power Flow
Wind I z I I z Heat Flow

Industrial Heating

Fig. 1. Schematic chart of power/heating sector-coupled modeling.

investments (new capacity) as well as fixed operation and maintenance
(FOM) costs (all capacity). Retirement of existing plants occurs when
demands could be met by more cost-effective technology options on
a systemwide basis. Variable costs include both fuel expenses and
variable O&M (VOM) costs. Eq. (1) presents the simplified objective
function of the model, while the complete formulation is provided in
Appendix A.

min System Cost = Capital Costs + Fixed O&M
—_— —

new capacity

+ Variable O&M + Fuel (€D)

existing + new

operations over time

s.t. (1) Generation and heating outputs are within capacity limits,
(2) Storage charging/discharging and state-of-charge
balance are maintained,
(3) Transmission flows remain within branch limits,
(4) Power balance: generation + storage supply
= electricity demand,
(5) Heat balance: heating supply = industrial heat demand,

(6) Planning reserve margin (PRM) requirements are met,

PyPSA-USA leverages Atlite to provide hourly weather data for the
year 2019, spatially resolved on a 30 km x 30 km grid [74]. The data
was used to estimate the wind and solar generation availability per
snapshot and region (described in Section 2.1.2). We also used the
temperature data to estimate the geothermal heat exchange efficiency
Appendix D and the efficiency of industrial heat pumps [75].

We selected 2030 as the base model year, using projected electricity
demand and power generation technology costs for that year. For
IPH, due to limited projections for 2030 and the focus on assessing
the potential for geothermal DDU or electrification to replace existing
fossil fuel-based heating, the study relies on historical demand. Capital
costs are taken from projections for 2030, if such projections are
available, and from recent literature for other heating technologies (see
Section 2.1.3).

2.1.2. Electricity

The base network is built from a synthetic nodal network developed
by Breakthrough Energy and Texas A&M University with over 82,000
buses and 41,000 substations in the continental U.S. [76]. All buses
and substations were clustered into 134 Regional Energy Deployment
System (ReEDS) Balancing Authorities [77]. The Interface Transmission
Limits (ITLs) between zones are built from the North American Renew-
able Integration Study (NARIS) non-synthetic nodal network for the
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U.S. electricity system [78,79]. The temporal resolution is three hours,
representing a compromise between computational tractability on the
one hand and considering a large range of operating conditions that are
vital to investment planning on the other.

The electricity balance is the main equation to be satisfied in the
power sector, where the total electricity generation, demand, trans-
mission flow, and transmission losses need to be in balance at every
time step. Forecasted demand for 2030 is exogenously sourced from
the medium electrification scenario of the National Renewable Energy
Laboratory (NREL) Electrification Futures Study (EFS; [80]).

On the supply side, characteristics of existing facilities are taken
from the 2023 Form EIA-860 open database of conventional power
plants, recategorized into the following categories: coal, open-cycle
gas turbines (OCGT), combined-cycle gas turbines (CCGT), oil, solar,
onshore wind, nuclear, hydrothermal, biomass, and hydropower [29].
We assume that existing battery storage projects have 2-h duration
with round-trip efficiency of 90%. The database provides heat rate,
efficiency, and unit commitment parameters including ramp-up rate,
start-up cost, minimum up and down time, summer or winter derate,
etc. We neglected unplanned outages. To account for planned instal-
lation prior to 2030, we also included EIA 860M Preliminary Monthly
Electric Generator Inventory for projects with regulatory approval or
already under construction [81]. Although by 2030 some existing
facilities, particularly coal and natural gas plants, may exceed their
design lifetimes, we retained them in the model without mandatory
retirement unless they become economically unviable. This approach
optimizes capacities for generation, storage, and transmission infras-
tructure by building or retiring resources and progressing toward an
optimal system layout.

Capacity installations and retirements are determined based on
economic favorability, considering upfront capital costs (new capacity
only), O&M costs, and fuel costs. New components are parameterized
by expected future costs, operational characteristics, technical capacity
potential, and resource availability constraints. PyPSA-USA utilizes
forecasted costs and lifetime for technologies available in the NREL
Annual Technology Baseline (ATB) for 2030 [82]. Besides all plant
types that exist today, the model also considered the addition of EGS,
small modular reactors (SMR), and a long-duration battery storage
system (8-h) as available solutions to generate and store dispatchable
power.

The model incorporates a capacity reserve margin for each Inde-
pendent System Operator (ISO) based on the reserve margin required
by individual ISOs [83]. These margins ensure sufficient generation
capacity to address unexpected events, such as power plant outages,
which are not explicitly accounted for in the model. The planned
reserve margins are 13.75% for the Electric Reliability Council of
Texas (ERCOT), 17.6% for the Western Electricity Coordinating Coun-
cil (WECC), 19% for the Southwest Power Pool (SPP), 15% for the
SERC Reliability Corporation (SERC), 15% for the Northeast Power
Coordinating Council (NPCC), 20.1% for the Midcontinent Independent
System Operator (MISO), and 14.7% for PJM Interconnection (PJM).
Capacity reserves are essential to maintaining grid reliability under
unforeseen circumstances.

2.1.3. Industrial process heat (IPH)

The model balances IPH demands and heat generation in each time
step at all sites. We adopted IPH demand data from McMillan and Ruth
[40], which was built upon the facility-level combustion greenhouse
gas (GHG) emissions reported under the U.S. Environmental Protec-
tion Agency (EPA) Greenhouse Gas Reporting Program (GHGRP) and
default emissions factors to estimate the energy value of combustion
fuels [84]. The dataset contains the heating demand and fuel use per
facility from 2010 to 2015, separated by six-digit NAICS codes and the
temperature range of the heat provided.

We aggregated the six-year averaged raw data to the county level,
focusing only on heating demand from coal, gas, and oil, while exclud-
ing biomass-based heating as it is considered carbon-neutral. National
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IPH demand is 1530 TWh annually. We assumed that IPH demand stays
at the averaged levels from 2010-2015 and assessed the potential of
electrification (i.e., resistance heating and heat pump) and geothermal
DDU to replace heating that had been provided by fossil fuels. Fig. 2
and Table B.1 in Appendix B summarize the annual demand and CO,
emissions for all NAICS industries included from McMillan and Ruth
[84].

Petroleum refineries have the highest heat demand, at more than
600 TWh annually, including 63% at temperatures of 200-300 °C,
a range that could be satisfied by geothermal heat. Other industries,
such as alkali and chlorine manufacturing, potash, soda, and borate
mining, wet corn milling, organic chemical manufacturing, and plastics
manufacturing, also have over 75% of their heat demand below 300 °C,
indicating strong potential for geothermal DDU integration. For high-
temperature industries like iron and steel mills or lime manufacturing,
geothermal heat is insufficient, making electrification with industrial
electric boilers a more plausible decarbonization solution.

In the model, the annual county-level IPH demand by NAICS codes
and temperature was distributed across buses and hours throughout the
year. For each bus in a county, we allocated the demand to the bus
based on the bus population density data from the network developed
by Breakthrough Energy [76]. Temporally, the distribution followed
load profiles from the Electric Power Research Institute (EPRI) Load
Shape Library Version 8.0 [85], which categorizes IPH demand by
region, hour, and peak/off-peak season, allowing hourly demand to
be allocated from annual demand. The hourly bus-level IPH demand
by NAICS and temperature was then aggregated based on user-defined
inputs, such as the ReEDS balancing areas and 3-h intervals used in this
study.

For initial heating supply, we assumed the capacity of existing gas,
coal, and oil boilers based on annualized demand and fixed capacity
factors (Table 2). Additions in heating capacity were selected from
the following heating options: steam boilers burning coal, gas, and
oil; electrical resistance heaters; industrial heat pumps; and geother-
mal DDU. The new generators of thermal energy are matched to
industry heat demand based solely on temperature and assumed av-
erage heat output in megawatts thermal (MW,,). Techno-economic
assumptions for fossil-fuel boilers, electrical resistance heaters, and
industrial heat pumps were sourced from existing studies [33,86-88]
and summarized in Table 2. For geothermal DDU systems, we used a
separate techno-economic model to estimate performance, detailed in
Section 2.2.2.

The overnight capital costs and O&M costs for those technologies
except geothermal DDU systems were mainly sourced from IRENA
[87] and Rissman [33]. Fuel costs for coal, gas, and oil are adjusted
based on temporal and regional variations across states and balancing
authorities (Section 2.1.4). For electric heating options, no additional
fuel costs are included as the electricity costs were optimized within
the power sector. Fossil fuels and electric boilers can deliver a wide
range of supply temperatures, while industrial heat pumps are limited
to a maximum of 180 °C [33]. Geothermal DDU systems offer a
flexible temperature range of 50 to 300 °C, dependent on local resource
conditions (Section 2.2.1).

Efficiency assumptions are generally high across technologies com-
pared to power generating, particularly for industrial heat pumps,
which achieve 130%-520% efficiency depending on ambient temper-
ature and the temperature needed for the industrial process [33,88].
For geothermal DDU, we adopted a 90% efficiency from production
fluid to end-use [67]. Capacity factors (CF) differ among technologies;
fossil fuel heating systems and electric boilers were assumed to have
a CF of 85% [33], and industrial heat pumps were assumed to have
a CF of 50% under mild climate ([92,95]. The CF for geothermal
DDU was based on global data collected by International Geothermal
Association (IGA; [94]), ranging from 5.8 to 80.8% depending on the
country; in this study, we capped CF at 70% for geothermal DDU.
Additional sensitivity analysis on the DDU capacity factors was also
conducted. The assumed lifetimes for all technologies range between
18 and 30 years [33,67,87].
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Fig. 2. Annual IPH demand (TWh) (left) and percent share (right) in each NAICS industry by temperature range (° C).

Table 2

Heating technologies to supply IPH demand in this study (costs under 2024 dollar year).

Fuel Technology Overnight cost O&M cost Fuel cost Temp. range (°C) Efficiency  Cap. Lifetime CO, emission
($/kW,;) ($/kW,,/yr) ($/MWh) factor factor (t/MWh)

Coal Boiler 4712 10° 3.1-76.4" Unlimited 81%°¢ 85%* 25% 0.33¢

Gas Boiler 132% 37 3.1-76.6" Unlimited 75%°¢ 85%* 25% 0.184

0il Boiler 263* 7 3-295.9" Unlimited 83%°¢ 85%* 25% 0.25¢
Electricity ~ Resistance heater 189¢ 8 Reported from Model Unlimited 99%° 85%¢ 18¢ 0

Electricity =~ Heat pump 938° 11¢ Reported from Model <180° 130-520%¢ 50%" 208 0

Geothermal Direct use 709-3,227" 35-138" 0 50-300" 90%" 70%* 30" 0

a TRENA REmap 2030 Technology Cost [87].
b EIA 923 fuel prices of 2019 [89].

¢ Schoeneberger et al. [90].

4 Carbon Dioxide Emissions Coefficients [91].
¢ Rissman [33].

f Leak [92].

& Jibran S. Zuberi et al. [93].
h

Beckers & Ross (2023) [67]. The cost variations reflect differences in the depth and temperature gradient of geothermal resources across various locations. This variability affects

the feasibility and economic viability of geothermal energy projects, making site-specific analysis crucial.

i Geothermal Energy Database [94].

2.1.4. Fuel costs

Fuel costs in the model were extracted from the EIA Application
Programming Interface (API) portal, which provides costs for various
fuels for both power generation and industrial heating from Form EIA-
923 [96]. The dataset is resolved annually or monthly for U.S. states
or regions, with prices provided in dollars per thousand cubic feet for
natural gas, dollars per short ton for coal, and dollars per gallon for
heating oil. All fuel costs were also converted to a 2024 dollar year.

In this study, we extracted the fuel costs of coal, gas, and heating
oil in the year 2023 from EIA, and single-point unit-level generator fuel
efficiencies from a continuous emissions monitoring systems (CEMS)
based dataset [97], to convert all raw fuel prices to dollars per MWh
for consistency within the model. For power generators not included
in CEMS and all industrial heating applications, a constant efficiency
per fuel type is used to convert from $/mmbtu to $/MWh. To address
future price uncertainties, the study also includes sensitivity scenarios
with varying gas prices.

For coal, EIA provides retail prices for electric utilities but does
not include prices specific to industrial heating. According to the EIA
annual coal report [98], the average delivered price for industrial coal
has historically ranged between 2- and 2.3-times electric power coal
prices from 2013 to 2022. In this study, we applied a factor of 2.1 to
EIA’s raw coal prices to approximate industrial heating fuel costs.

This study does not model evolving fossil fuel reserves explicitly.
Future work could incorporate reserve dynamics to capture the effects
of technological progress on long-term fuel availability and costs.

2.1.5. Policy constraints

The model estimates the CO, emissions from both power and heat-
ing sectors based on the emission factors of fossil fuel plants and
heat-generating equipment. In this study, we focused on two scenarios
of CO, emission limits.

The BAU scenario considers existing state, regional, and federal
policies as of October 2024. California’s Global Warming Solution
Act of 2006 (Assembly Bill 398) established a program to reduce
economy-wide greenhouse gas emissions to 1990 levels by 40% in Cali-
fornia [99]. In Oregon, House Bill (HB) 2021 requires a 20% emissions
cuts for electricity providers by 2030 [100] For the Eastern Intercon-
nection, the Regional Greenhouse Gas Initiative (RGGI) cap-and-trade
program limits the CO, emissions for fossil fuel-fired power plants in
eleven states: Connecticut, Delaware, Maine, Maryland, Massachusetts,
New Hampshire, New Jersey, New York, Rhode Island, Vermont, and
Virginia, set at 75 million short tons in 2021 and decreases by 2.275
million tons per year until 2030 [101].

In addition, the Inflation Reduction Act of 2022 (IRA) is included
in PyPSA-USA, including the Production Tax Credit (PTC) and the
Investment Tax Credit (ITC) for clean electricity [102]. Under IRA,
eligible clean electricity projects can select whether to take the PTC or
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Fig. 3. Subsurface temperature from [104] from 2 to 7 km underground.

the ITC. For PTC, we assigned a $27.50/MWh for onshore wind, solar,
and biomass; and for ITC, a 30% tax credit would be applied to offshore
wind, geothermal, SMR, and all storage systems. However, to account
for the potential repeal of Inflation Reduction Act (IRA) incentives for
clean energy projects, we include sensitivity scenarios excluding these
incentives Appendix F.

2.2. Geothermal resources

2.2.1. Underground resources

The temperature-at-depth profiles for the conterminous United
States (CONUS) were extracted from Aljubran and Horne [103,104],
who utilized a physics-informed graph neural network to generate de-
tailed national temperature-at-depth maps. The data were then georef-
erenced and aggregated to the county-level. These profiles show higher
temperatures in the Eastern and Western United States compared to
earlier maps from Southern Methodist University (SMU; [105]), par-
ticularly at depths exceeding four kilometers (Fig. 3). It indicates that
in most regions, for a given target temperature, geothermal resources
can be accessed at shallower depths and thus lower drilling costs than
previously thought. A detailed comparison of surface temperatures
between the SMU products and Aljubran and Horne [104] is provided
in Appendix C.

While previous studies indicate that depths of 3-5 km are the
most viable for deep geothermal resource exploitation due to favor-
able technical and economic feasibility, deeper resources within the
5-7 km range are considered technically achievable despite of less
economically attractive [2,106]. The geothermal potential per volume
underground follows the method of [9].

2.2.2. Supply curves

In this study, we use an open-source model, GEOthermal energy
for Production of Heat and electricity (“IR”) Economically Simulated
(GEOPHIRES-X; [67,107]), to estimate supply curves for both power
generation via EGS and DDU for heating. GEOPHIRES combines reser-
voir, wellbore, and surface plant technical models with cost correlations
and levelized cost models to estimate the capital and operation and
maintenance costs, instantaneous and lifetime energy production, and
overall levelized cost of energy of a geothermal plant. In addition to
electricity generation, direct-use heat applications and combined heat
and power or cogeneration can be modeled.

Our previous study used the Geothermal Electricity Technology
Evaluation Model (GETEM) and QUE$TOR to estimate the EGS sup-
ply curve [9]. We choose GEOPHIRES-X here because it was devel-
oped based on GETEM and recent publications. GEOPHIRES-X is up-
dated regularly to reflect recent technological advances, including well

drilling and completion cost reduction, well flow rate increase, and sur-
face plant cost adjustment. GEOPHIRES-X assumed a multiple fracture
reservoir model [107,108], with Ramey’s wellbore heat transmission
model [109] applied to simulate heat losses in the production wellbore.
Additionally, GEOPHIRES-X is developed in Python, a widely-used
programming language, enabling greater flexibility and customization
for users.

We use drilling cost data reported by Fervo Energy from its Project
Cape in southwest Utah [68] to help us determine which cost curve
to use from the literature. As experience accumulated, drilling times
fell 70% compared to their first horizontal well at Project Red in
2022 [110]. Assuming the same lateral length of 1500 m as used by
Fervo, this increased efficiency led to substantial cost reductions, with
drilling costs for the first four horizontal wells decreasing from $9.4
million (Before) to $4.8 million (After) per well. In Fig. 4, we compare
the updated drilling costs with four well-cost curve scenarios for Large
Diameter and Horizontal Liner wells - 1) Business-as-Usual (BAU), 2)
Intermediate 1 (Int 1), 3) Intermediate 2 (Int 2), and 4) Ideal - from four
scenarios in Lowry et al. [111]. The previous 500 m lateral length was
extrapolated to 1500 m for consistent comparison. Fig. 4 also shows
our prior estimates based on the QUE$TOR model [9]. This comparison
shows that the latest drilling cost estimation (After) falls substantially
below our prior estimates from QUE$TOR and slightly below the lowest
(Ideal) cost curve from Lowry when the latter were adjusted for lateral
drilling length (Fig. 4). Thus, we choose the Ideal curve from Lowry
with the adjusted lateral drilling costs as the drilling cost baseline for
this study. In addition, we increased the flow rate from 80 kg/s used in
the previous study to 107 kg/s, aligning with the maximum flow rate
reported from Fervo’s Project Red [112]. The model assumes a 100%
drilling success rate and thus neglects the costs of unsuccessful wells.

GEOPHIRES-X was also used to compute the supply curves for DDU
systems, following the examples in Beckers et al. [67] and Tester et al.
[113]. These studies modeled direct-use heating using the Multiple
Parallel Fractures Model, similar to the approach for EGS, simulating
a reservoir at a 2.8-km depth based on conditions at the Cornell
University Borehole Observatory (CUBO), which is designed to provide
consistent district heating for the campus. The system included one
production well and one injection well, each with a 7-inch diameter
and a flow rate of 40 kg/s, while maintaining a reinjection temperature
of 30 °C. Next, we replaced the drilling and completion costs with the
Ideal curve from Fig. 4.

The model iterated through all combinations of depth and resource
temperature, gathering techno-economic data outputs for both EGS and
DDU, including average production (MW), average production temper-
ature (° C), overnight capital costs ($) (including the costs for explo-
ration, stimulation, field gathering system, surface equipment, drilling
and completion, and surface plant), and annual O&M costs ($/year),
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Fig. 4. Drilling costs of geothermal wells comparing four drilling scenarios (BAU, Intl, Int2, Ideal) under [111], QUE$TOR curves from Chen et al. [9], and
Fervo’s estimation in 2022 (Before) and 2024 (After) [68]. All cost estimates assume a lateral length of 1500 m.

which were used to calculate capital expenditures (CapEx; $/MW) and
FOM ($/MW/year). The annualized CapEx was estimated internally
using PyPSA-USA, assuming a 30-year lifetime and a weighted average
cost of capital of 5% per year [82].

For integration into PyPSA-USA, county-level geothermal resource
assessments from GEOPHIRES-X were processed differently for electric-
ity (EGS) and industrial heating (DDU). For EGS, county-level supply
curves were developed and aggregated to balancing areas, with re-
sources classified by temperature and depth; higher-quality resources
with hotter subsurface temperatures at shallower depths were associ-
ated with lower CapEx and FOM costs, which were then provided as in-
puts to PyPSA-USA to build future new EGS capacity. For DDU, county-
level IPH demand data were matched with averaged temperature-at-
depth profiles, allowing direct comparison of required process heat
temperatures (demand) with the maximum geothermal temperatures
available at the shallowest feasible depths (supply), where drilling costs
are minimized. In cases where the geothermal resource temperature
exceeded the IPH requirement, the lowest CapEx and FOM costs from
GEOPHIRES-X were used as model inputs to build new heating facilities
using DDU.

The capacity of EGS is subjected to ambient temperature as noted
in prior studies [10,114]. Thus, we applied a varying capacity factor
multiplier to the nameplate capacity based on ambient temperature
collected from Atlite Appendix D.

3. Results
3.1. EGS and DDU supply curves

Fig. 5 compares the CapEx of the cheapest 1000 GW, of geothermal
resources for EGS between this study and our previous analysis [9],
which included one 2023 Business-as-Usual (BAU) and two future
CapEx scenarios for 2035. The BAU scenario from Chen et al. [9], based
on late 2022 estimates, indicated significantly higher CapEx, ranging
from $7000 to $16,000 per kW. In this study, due to the substantial
reductions in drilling costs and increased flow rates during the 2024
operation reported by Fervo, CapEx estimates are notably lower, rang-
ing from $3500 to $6000 per kW, based on GEOPHIRES-X calculations.

This estimation falls below the Moderate cost reduction scenario and is
only marginally higher than the Advanced scenario in 2035, suggesting
a faster-than-expected learning curve for EGS deployment in the last
few years.

GEOPHIRES estimates the CapEx for geothermal DDU systems, as
shown in Fig. 5, illustrating a strong correlation between CapEx, depth,
and reservoir temperature. The CapEx varies from $588 to $3000 per
kWth and the corresponding Levelized Cost of Heat (LCOH) is estimated
between $11.6 and $48 per MWh. Annual operation and maintenance
(O&M) costs are projected to range from $0.37 million to $1.65 million.

Based on our estimates of CapEx (Fig. 6) and subsurface resources
(Fig. 3), geothermal DDU technology can effectively supply heating
for temperatures up to 275 °C. Based on that temperature threshold,
geothermal DDU has the maximum potential to replace over 205 TWh
of annual IPH demand currently met by fossil fuels, accounting for
about 26.5% of today’s total IPH. This substitution could save an
estimated 7 million metric tons of coal, 14.3 billion cubic meters of
natural gas, and 125 million liters of heating oil annually, translating
to a CO, emissions reduction of nearly 46 million metric tons per year.

Industries with the highest geothermal DDU potential include alkali
and chlorine manufacturing, wet corn milling, petroleum refineries,
and paper/paperboard mills, each with fossil fuel demand over 28 TWh
annually. The greatest DDU potential (160 TWh per year) falls within
the 150-200 °C range, as most industrial sites have sufficient under-
ground resources at these temperatures. For demands above 220 °C,
geothermal can only meet about 1 TWh annually based on our analysis.

Regionally, Texas and Louisiana hold the highest technical potential
for transitioning from fossil fuels to geothermal DDU, especially in
alkali and chlorine manufacturing and petroleum refineries, with over
28 TWh in annual demand, according to McMillan and Ruth [40]. Iowa
and Illinois follow, where low-temperature geothermal can serve wet
corn milling for nearly 20 TWh heating demand.

Building all the potential DDU sites would require an estimated
capital cost of $181 billion. Over a 30-year lifetime, the average LCOH
would be under $16/MWh, decreasing as temperature of geothermal
resource increases. For temperatures above 250 °C, the average LCOH
is $13.4/MWh.
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Fig. 7. Cost-minimizing EGS and DDU capacity (GW, and GW,,) by balancing areas in the CONUS.

3.2. PyPSA results

3.2.1. Overall geothermal economic potential

Cost-minimizing EGS and DDU deployments are displayed in Fig. 7.
The model finds that systemwide costs could be minimized by de-
veloping EGS in Western states including California, Oregon, Idaho,
Nevada, Colorado, and Wyoming with a combined capacity of 40.0
GW,. California alone is expected to contribute more than half of this
total, driven by its substantial electricity demand, high reserve margin
requirement for the WECC, and high-quality geothermal resources.
More broadly, Western states dominate EGS deployment because of
their favorable geologic conditions, including higher geothermal gra-
dients and accessible deep reservoirs, which reduce drilling costs and
improve economic competitiveness relative to other generation tech-
nologies. The results indicate that even at current CapEx estimates, EGS
can effectively compete with other power generation technologies in
specific states. Our analysis does not consider complications related to
permitting, regulation, and construction duration.

In parallel, cost-minimizing deployments of geothermal DDU are
more geographically diverse, featuring industrialized regions of Cali-
fornia, Texas, Louisiana, Illinois, and Indiana among a national total of
30.1 GW,;,, where applicable industrial heat demand is especially high
in sectors such as petroleum refining, petrochemical manufacturing,
and pulp and paper. The details of power and heating sectors are
analyzed in the following subsections.

3.2.2. Power system

Fig. 8 compares the optimized power generation capacity in 2030
to actual 2023 levels. The model identifies a significant amount of
retirements of fossil fuel plants that would reduce systemwide costs
due to their high fuel costs. Coal-fired power plants would see notable
phase-outs, with 39.4 and 19.5 GW, retired in the Eastern and Western
regions, respectively, while ERCOT would retain its existing coal plants
to ensure the reserve margin requirement. Additional CCGT and OCGT
would be built to ensure the reserve margin requirements, totaling 15.7
and 140 GW, across CONUS.

On the other hand, renewable energy sources would experience
substantial growth. Systemwide costs could be minimized by increasing
solar capacity from 91.4 GW, in 2023 to 159.3 GW, in 2030, with
significant additions in Texas, Florida, and California. Wind capac-
ity would grow by 87.8 GW,, with New Mexico, Indiana, Ohio, and
Wisconsin leading in new wind farm deployments.

Under existing carbon policies and without further technology cost
reductions, systemwide costs could be minimized by deploying 40 GW,
of EGS, predominantly in five Western states: California (22.7 GW,),
Wyoming (4.3 GW,), Nevada (3.3 GW,), Idaho (3.1 GW,), and Col-
orado (1.1 GW,). This capacity estimate significantly exceeds previous
studies [9], which projected limited EGS development unless aggressive
cost reductions or stringent carbon policies were implemented.

Fig. 9 illustrates the average generation profiles across ERCOT,
Western, and Eastern Interconnects for all plant types. In WECC, over
50% of electricity would come from low or zero carbon emitting
sources, with periods — such as afternoons and midnights in spring,
fall, and winter — reaching over 90%. Geothermal energy would
account for 15%-40% of the total electricity supply in this region.
Particularly, new EGS are expected to generate 115 TWh of clean
electricity annually in WECC. Based on the 2023 eGRID CO, emission
rate of 385 kg/MWh [115], this would result in approximately 120.7
Mt of avoided CO, emissions.

3.2.3. Industrial heating

Our cost-minimization modeling reveals significant potential for
both electrification and geothermal DDU to supply industrial heat,
emphasizing the trade-offs among geothermal resource availability,
renewable energy integration, fuel prices, and the need to meet specific
temperature requirements for industrial processes. Fig. 10 shows that
geothermal DDU becomes an attractive option for industrial heating
needs within the 100-200 °C range, potentially enabling the deploy-
ment of 29.1 GW,,, of capacity. Although the opportunities for geother-
mal DDU above 200 °C are more limited, they still exist in areas with
high-quality geothermal resources located in Western U.S. states.

By industrial NAICS subsector, petroleum refineries and iron/steel
mills exhibit the greatest potential for geothermal DDU, with an es-
timated 18.9 GW,, and 4.8 GW,,, respectively, to supply the low-
temperature IPH. Petroleum refineries demand substantial amounts of
heat below 200 °C, and many are located in California, Louisiana,
and Texas—regions with high geothermal resource quality (Fig. 11).
Additional sectors such as petrochemical manufacturing, alkali and
chlorine manufacturing, and paper mills could each utilize over 1 GW,,,
of geothermal DDU.

The current fossil fuel-based heating, coal and gas-fired IPH supply
can be largely substituted with geothermal DDU, heat pumps, and
resistance heaters (Fig. 12). In total, 66% of coal, 46% of gas, and
nearly 100% of oil-based heating generation would be substituted by
electrification or geothermal options, delivering 670 TWh of annual
IPH supply—equivalent to 47% of total heating demand. Especially
at lower temperature ranges, clean heating solutions would provide
58% of annual heating, primarily from geothermal DDU. For higher
temperature needs above 200 °C — where geothermal DDU would
require deeper drilling and heat pumps are ineffective — resistance
heaters become a competitive option for industries such as petroleum
refineries, ethyl alcohol production, lime manufacturing, nitrogenous
fertilizer production, and pulp mills. The shift to electric heating in
these sectors would be most favorable in regions where natural gas
prices are high or where electricity costs are reduced by the growth
of renewable energy generation Appendix E.

Comparing two electric heating options, industrial heat pumps and
resistance heaters, industrial heat pumps are only capable of supplying
heat below 180 °C. As a result, heat pumps dominate IPH supply when
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the required temperature is below the threshold where geothermal
resources are less favorable. However, in northern states like Iowa,
Illinois, Michigan, and Nebraska, where heat pump efficiency fluctuates
significantly during cold weather, resistance heaters are also deployed
to supplement low-temperature demand and compensate for variations
in heat pump performance.

The model estimates significant reductions in CO, emissions across
various NAICS industrial subsectors when switching from conventional
fossil fuels supply. Notable reductions include 95% for wet corn milling,
94% for potash/soda ash/borates manufacturing, 78% for iron and steel
mills, and 70% for paper mills. Other industries such as petrochemicals,
alkali and chlorine manufacturing, lime manufacturing, pulp mills,
ethyl alcohol, petroleum refineries, paperboard mills, and potash/soda
ash/borates could also achieve reductions of over 50%, while other
sectors show only modest reductions due to limited opportunities for
electrification or geothermal DDU adoption. Categorized by tempera-
ture ranges, the most significant CO, reductions occur below 100 °C
and in the 100-200 °C range, with decreases of 95% and 74%, respec-
tively, compared to the current baseline. Moderate reductions are seen
for processes above 300 °C.

3.2.4. Sensitivity analysis

We analyzed the sensitivity of results to assumed natural gas prices,
which are highly volatile and influenced by weather and geopolitical
factors. Our sensitivity analysis focused on natural gas prices that
could influence geothermal deployment in ERCOT and WECC—regions
with both high natural gas price volatility and high-quality geothermal
resources. To assess the model sensitivity, we applied three price ad-
justment factors to 2023 natural gas prices: a 50% reduction, a 50%
increase, and a doubling of the price. Additionally, we examined a
nationwide natural gas price scenario based on the EIA Annual Energy
Outlook (AEO) 2023 [98], which projects an industrial natural gas price
of $4.19 per MMBTU in 2030, applied uniformly across all states and
all hours.

In WECC, halving the natural gas price would double the industrial
heating capacity of gas boilers and lead to the construction of an
additional 1.5 GW, of OCGT (Fig. E.2). For geothermal, this lower gas
price scenario would result in 0.6 GW,,, less geothermal DDU capacity
and nearly 30 GW,, less EGS plant capacity, indicating that EGS is much
more sensitive to natural gas price changes than DDU. The impact on
wind and solar would be comparatively smaller, with 8.9 GW, less wind
capacity and a negligible reduction in solar capacity.

Historically, natural gas prices in ERCOT are much lower than in
WECC due to Texas’s abundant local production, proximity to supply
sources, and well-developed infrastructure, which minimize transporta-
tion and delivery costs. However, the model shows high sensitivity to
gas price variations in ERCOT (Fig. E.3). For example, a 50% increase
in gas prices would favor geothermal DDU systems over industrial gas
boilers. Higher gas prices also favor the adoption of resistance heaters.
If gas prices were to double, substantial EGS deployment would become
cost-minimizing, with capacity reaching up to 5.5 GW,. Additionally,
wind capacity would expand in response to rising fossil fuel costs,
increasing by 19% under a 50% gas price increase and by 26% if gas
prices doubled.

Finally, if a uniform natural gas price were applied in the model,
states such as Louisiana and Texas — where historical gas prices have
been low — would show a high potential for transitioning from gas
boilers to geothermal DDU or electrification options if prices were to
rise (Figs. E.4 and E.5).

To assess the impact of a potential repeal of the IRA, we also
conducted a sensitivity analysis comparing scenarios with and without
IRA incentives. Without the IRA, wind deployment declines across all
regions, and nearly half of projected geothermal EGS capacity in WECC
would not be built due to increased capital costs. This gap is filled
by additional fossil generation, including 17.4 GW, and 14.2 GW, of
new CCGT in the East and West Interconnections, respectively. Also
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in the No IRA scenarios, reported higher electricity prices due to a
repeal of incentives also reduce electrification of industrial heating,
resulting in 13.8 GW,,, less resistance heating and 0.3 GW,, less heat
pump capacity. However, geothermal DDU becomes slightly more com-
petitive, increasing by 3.2 GW,,, and coal boiler use rises by 17.4%.
Overall, the loss of IRA incentives would hinder clean technology de-
ployment, increase fossil fuel reliance, and raise emissions. Nationwide
CO, emissions would rise by 166.2 Mt, delaying national decarboniza-
tion progress. Detailed modeling results comparing two scenarios are
provided in Appendix F.

4. Discussion

This study highlights the significant opportunities for geothermal
energy in the United States that could emerge in the 2030s, driven
by steep declines in drilling costs. The model estimates that a total of
40 GW, of EGS deployment, mainly in Western states like California,
would minimize system costs. Geothermal DDU is found to be cost-
minimizing in certain industries requiring 100-300 °C heat where
subsurface conditions are favorable. Key industrial NAICS subsectors
that require low-temperature heat such as petroleum refineries, iron
and steel mills, petrochemicals, alkali and chlorine, and paper mills
are the leading candidates for adopting DDU. In these subsectors, DDU
also competes with resistance heaters and heat pumps, particularly for
regions where renewable-sourced energy is abundant. As a result, the
wide adoption of geothermal energy and other power-to-heat technolo-
gies could lead to substantial CO, reductions, up to 85% in certain
NAICS subsectors.

Compared to our previous estimation [9], where we projected EGS
would only be built under aggressive cost reductions or high CO,
reduction requirements, this study finds that EGS could already be
cost-competitive with existing plant types and policies, particularly
in regions with high-quality subsurface resources and high natural
gas prices. Other studies have estimated that geothermal capacity in
the United States could range from 11 to 150 GW, by 2050 [10,11,
116,117]. Our study indicates a strong potential to reach the higher
end of these projections if costs continue to decrease. While these
studies primarily focus on geothermal for power generation, research
on geothermal DDU remains highly limited, which suggests the need
for future studies on industrial and other direct-use applications.

As for heating, IPH is for now supplied predominantly by fossil fuels,
contributing significantly to carbon emissions. This study found that
over 60% of IPH demand, approximately 844 TWh annually, requires
temperatures below 300 °C, and up to 209 TWh of geothermal DDU
systems could technically replace 24.5% of this demand. The model
estimates that costs could be minimized by deploying 31 GW,, of
geothermal DDU in areas where low-temperature demand aligns with
high-quality geothermal resources. Targeted policies focused on reduc-
ing carbon emissions in industrial heating could drive the adoption of
geothermal DDU and other low-carbon technologies.

Fuel costs, particularly for natural gas, significantly affect the com-
petitiveness of geothermal technologies. High gas prices favor EGS and
DDU by making them cost-competitive for baseload power and indus-
trial heating, especially in volatile markets. Policy changes, geopolitics,
and market factors all significantly impact natural gas prices, adding
uncertainty to future costs of natural gas electricity and heat.

An important caveat to our results is that the model assumes
geothermal resources can be utilized where temperatures are favorable.
Real-world site selection is more complex, requiring seismic risk as-
sessments, environmental impact statements, permitting and regulatory
challenges, and addressing public concerns. These factors make the
actual development and implementation of EGS and DDU systems
significantly more challenging than suggested by the model.

This study has several limitations. For the power sector, it focuses
primarily on EGS deployment while excluding potential contributions
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from traditional hydrothermal systems, AGS, and single-well geother-
mal systems. AGS and single-well technologies could offer additional
pathways to harness deep geothermal resources [15,16,118,119]. How-
ever, performance and cost data for these emerging technologies re-
main limited relative to EGS, and thus they were not included in
this analysis. Future studies should consider their inclusion as data
availability improves, since their different design characteristics may
broaden geographic applicability.

For industrial heat, renewable options are limited to geothermal
DDU and two electrification technologies, neglecting other clean en-
ergy solutions such as combined heat and power (CHP), biomass, and
concentrating solar-thermal power (CSP). Also, the analysis may over-
simplify the diversity and complexity of industrial heating technolo-
gies, spatial distribution, and operational practices, which influence
fuel choice under specific circumstances. Furthermore, since the DDU
supply curves are aggregated by balancing authorities, the geother-
mal deployment cost estimates may not accurately reflect site-specific
geological variability or unforeseen drilling challenges.

Additional modeling limitations include reliance on a single rep-
resentative historical year and assumptions of perfect foresight opti-
mization and market conditions, rather than a myopic decision-making
process like ReEDS. The model selects the most cost-effective solutions
over the planning horizon without accounting for real-world constraints
such as phased investment decisions, technology learning curves, or
market uncertainties. As a result, PyPSA-USA assumes immediate ac-
cess to identified resources and infrastructure while ignoring project
development timelines, permitting delays, or geothermal exploration
risks, potentially overestimating near-term EGS and DDU deployment.
In practice, EGS projects are expected to face lengthy permitting and
development cycles (typically 5-7 years; [120]), which could delay
realization of capacity relative to modeled outputs. Also, with few
established players in the industry, capital and human resource lim-
itations may constrain the pace of deployment. Other factors like
policy shift, supply chain constraints, workforce availability, and public
acceptance could also impact geothermal adoption.

In the sector-coupled model, electricity and industrial heating sys-
tems are jointly optimized, enabling cross-sector considerations to
shape deployment patterns. Deployment in one sector influences ca-
pacity requirements and utilization in the other. The framework could
be further expanded to include additional sectors, including residential
and commercial buildings and green hydrogen production. Incorporat-
ing these sectors in future studies would provide further insights for
energy systems planning.

Overall, PyPSA-USA serves as a valuable tool for forecasting en-
ergy system expansion under varying market dynamics. However, cau-
tion should be taken when interpreting results, as capacity expansion
models inherently simplify assumptions about energy system behav-
ior and the technical characteristics of power and heating generation
technologies.

5. Conclusion

This study demonstrates the growing potential for geothermal en-
ergy to contribute significantly to the decarbonization of the U.S.
energy system. Through integrated modeling that combines capacity
expansion, sector coupling, we find that recent reductions in drilling
costs and favorable subsurface conditions could enable geothermal
technologies to become cost-competitive in the near future. Our models
project up to 40 GW, of EGS and 31 GW,;, of DDU could be deployed
cost-effectively, primarily in Western states and in industrial sectors
with low- to medium-temperature heat demands.

Despite these promising outcomes, the results remain subject to
significant uncertainties, particularly in cost projections, subsurface
resource characterization, and real-world deployment feasibility. The
model employed simplified assumptions and focused solely on cost-
optimized solutions, without accounting for practical constraints such
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as site-specific geological variability, seismic risk assessments, envi-
ronmental and social impacts, permitting and regulatory hurdles, and
public acceptance. These factors can substantially influence the vi-
ability and pace of geothermal development. Therefore, high-level
techno-economic modeling should be complemented by detailed plan-
ning studies and site-specific assessments to better guide strategic
geothermal deployment and policy design.

Our sensitivity analysis highlights the critical role for policy to
support geothermal development. Adverse changes in policy could slow
deployment, increase reliance on fossil fuels, and delay decarboniza-
tion. Targeted policy measures that address long permitting, regulatory,
and exploration timelines would further enable more strategic and
timely deployment of geothermal resources.
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Appendix A. Optimization formulations
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Table B.1
Annual demand (TJ) and CO, emissions (MT) for all industries by NAICS code.
NAICS Description Demand (TJ) CO, (MT) Gas (TJ) Coal (TJ) 0il (TJ) Top States
212391 Potash/Soda Ash/Borates 81,805 6.1 34,110 24 47,671 CA, NM, WY
311221 Wet Corn Milling 186,189 14.5 60,912 0 125,277 IA, IL, NE
322110 Pulp Mills 137,069 10.9 37,928 3,566 0 FL, GA, NC
322121 Paper Mills 452,727 34.7 181,889 5,952 92,136 AL, ME, WI
322130 Paperboard Mills 284,224 21.9 94,109 939 40,419 GA, LA, VA
324110 Petroleum Refineries 2,213,752 121.8 2,205,758 7,345 627 CA, LA, TX
325110 Petrochemical 275,063 15.0 274,964 0 0 IL, LA, TX
325181 Alkalies and Chlorine 231,651 12.0 223,670 0 7,981 LA, TX, WV
325193 Ethyl Alcohol 312,150 16.4 294,516 0 14,925 IA, IL, NE
325199 Basic Organic Chemical 424,960 22.5 413,525 0 9,665 AL, LA, TX
325211 Plastics Material/Resin 207,707 13.0 145,359 0 61,325 LA, TN, TX
325311 Nitrogenous Fertilizer 171,939 8.9 171,939 0 0 LA, ND, OK
327410 Lime Manufacturing 94,127 8.3 7,173 53 86,901 KY, MO, OH
331111 Iron and Steel Mills 437,552 49.6 437,506 34 7 IN, OH, PA
* M,: Fixed operational & maintenance cost for generation unit g.
Z hout 4 z K = DH, . VneN,eT (A.8) * M,: Fixed operational & maintenance cost for industrial heating
g.tn g.t.n N .
" " unit A.
el fuel . * M,: Fixed operational & maintenance cost for storage unit s.
ue uel __ oul 1 . .
2 Pgin Morn = z het, VneN,teT,ge H |[fossil/geo only] * K, ,: Incidence matrix entry for branch b and node n.
q s .
* DP,,: Power demand for load at node » and time .
(A.9) + DH, ,: Heating demand for load at node » and time ¢.
o f [:“ti": Minimum fraction of nominal flow capacity for branch b5 at
> Yby 2 m;dx(z DP,J,>(1 + PRM) (A.10) time 1.
d n ¢ f: Maximum fraction of nominal flow capacity for branch b at
2 Z eqpy; S E (A.11) time 7.
L d * fp.: Power flow of branch b at time 1.
Sets: + e,: Emission rate coefficient of component d.
) ) ) . » E: Maximum allowable emissions for the entire planning period.
* T: Set of time periods ((?nly 2930 in this study). + y4: Capacity credit for component d used in planning reserve
* G: Set of Power g.eneratllon uru.ts. margin (PRM) calculations.
* H: Set of industrial .heatmg units. * PRM: Planning reserve margin requirement.
* St Set of storage. units. * SOC,,: State of charge of storage unit s at time .
+ N: Set of nodes in the network. in . . .
. + §.°: Charging power from storage unit s at time 7.
+ B: Set of transmission branches. 5 . . .
. S;",“: Discharge power from storage unit s at time 7.
. ,in. . . .
Variables: n'™: Charging efficiency of storage.

w,: Weighting factor for operational and fuel cost in time period
t.

0, .+ Variable operational & maintenance cost coefficient for gen-
eration unit g at time 7.

0,,,: Variable operational & maintenance cost coefficient for in-
dustrial heating unit # at time z.

o,,: Variable operational & maintenance cost coefficient for stor-
age unit s at time ¢.

F,,: Fuel cost coefficient for generation unit g at time 7.

Fy,,: Fuel cost coefficient for industrial heating unit 4 at time 7.

P, Power output of generation unit g at time 7.

hg,: Power output of industrial heating unit g at time 7.
. Cg
» C,: Capital cost for industrial heating unit A.
.+ Capital cost for storage unit s.

.- Nominal capacity of power generation unit g.
»: Nominal capacity of industrial heating unit A.
;- Nominal capacity of storage unit s.

: New capacity of power generation unit g.

: Capital cost for generation unit g.

a1l '(4, > @)

new,g

.
=

new,g: New capacity of industrial heating unit g.

° Snew,s:
pg™*: Maximum allowable capacity of power generation unit g.

New capacity of storage unit s.

hg‘“: Maximum allowable capacity of industrial heating unit g.
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n°ut: Discharging efficiency of storage.

Appendix B. Industrial process heating demand

See Table B.1.

Appendix C. Updates on subsurface temperature

We compared the subsurface temperature data used in this study
[103,104] to earlier maps from Southern Methodist University (SMU;
[105]), particularly at depths exceeding 4 kilometers (Fig. C.1).

At 4 km depth, western states like Idaho, California, and Oregon
exhibit temperature increases of over 60 °C compared to previous
studies, while eastern states also show approximately 20 °C higher
values. On the other hand, Texas and other Gulf Coast states show
cooler underground temperatures. It suggests that in most regions,
geothermal resources can be accessed at shallower depths, reducing
drilling costs compared to earlier estimates.

At depths of up to 7 km, states like Idaho could observe temperature
increases exceeding 150 °C over previous estimates. The abundance
of high-quality geothermal resources at greater depths emphasizes the
potential for EGS plant development if drilling costs are reduced.
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Fig. C.1. Temperature differences between [104] and SMU maps [105] from 2 to 7 km underground; regions shaded in red indicate areas where the temperature
estimates from Aljubran and Horne [104] are higher than those from the SMU maps, and blue shows the opposite.
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Fig. D.1. Nameplate capacity adjustment of EGS built in 2030 varied by months.

Appendix D. Influence of ambient temperature on capacity factor

Ambient temperature significantly affects the heat exchange effi-
ciency of EGS, as noted in prior studies [10,114]. While air-cooled ORC
power plants offer various benefits, their output varies with ambient
temperature, wind speed, and humidity. In GEOPHIRES, we assumed
an EGS binary plant ambient temperature of 10 °C, adjusting the
nameplate capacity based on deviations from this design temperature
using a relationship established in [10] with data from Turkey’s Dora
1 ORC geothermal plant. Low ambient temperatures (< 0 °C) can
increase the nameplate capacity up to 120%, while temperatures above

15

30 °C in summer can reduce output to 60% of nameplate capacity
(Fig. D.1). The meteorology data above-mentioned provided average
hourly temperatures for all regions, and this adjustment was applied to
all potential EGS plants in the study.

Fig. D.2 presents the model estimation of power generation in
the WECC region over an entire year. EGS contributes significantly
during most seasons due to its high capacity factor and consistent
output. However, during the summer months, EGS generation decreases
substantially as gas plants ramp up to meet the additional power
requirements. Outside of summer, the gas plants utilization would be
low but play the role to meet the reserve margin. Fig. D.3 shows the
capacity factors for all plant types in the WECC.
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Fig. D.3. Boxplot shows capacity factors in the WECC of all plant types in 2030.

Appendix E. Sensitivity analysis: Fuel cost

Natural gas prices for industrial consumers in the United States have
historically varied significantly across months and states due to regional
supply-demand dynamics, infrastructure availability, and local market
conditions (Fig. E.1). This study incorporates a sensitivity analysis to
address the volatility of natural gas prices, which are influenced by
weather fluctuations, technical disruptions, and geopolitical events.
Figs. E.2 and E.3 illustrate how power generators and heating fleets
in WECC and ERCOT respond to scenarios of high and low natural gas
prices. Additionally, Figs. E.4 and E.5 compare heating fleet capacities
under current 2023 EIA fuel costs and projected costs from the AEO for
2030.

Appendix F. Sensitivity analysis: IRA

To account for the potential repeal of the Inflation Reduction Act
(IRA), we conducted an additional sensitivity analysis comparing sce-
narios with and without IRA incentives (Table F.1). In the IRA scenario
(main case), eligible clean electricity projects can choose between the
Production Tax Credit (PTC) and the Investment Tax Credit (ITC). We
model the PTC as a $27.50/MWh credit for onshore wind, solar, and
biomass, and the ITC as a 30% tax credit for offshore wind, geothermal,
small modular reactors (SMRs), and all energy storage systems. In the
No IRA scenario, these incentives are removed, resulting in higher
capital costs for the affected technologies.

Without the IRA, wind deployment declines across all three in-
terconnections, while solar remains relatively unaffected. The most
significant impact is observed in geothermal EGS: nearly half of the
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Fig. E.1. Annual natural gas price for industrial use ($/MCF) from 2019 to 2023 for all states. The orange band indicates the U.S. average in each year.
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Fig. E.2. Sensitivity analysis of natural gas price volatility (~50%, 0%, 50%, 100%) in WECC and impacts on plant type; the dashed line indicates the 2023
baseline capacity.
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Fig. E.3. Sensitivity analysis of natural gas price volatility (—50%, 0%, 50%, 100%) in ERCOT and impacts on plant type; the dashed line indicates the 2023
baseline capacity.
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Fig. E.4. Heating appliances capacity by states (GW,,) comparing the 2023 EIA natural gas prices to the AEO predicted natural gas price in 2030.
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Fig. E.5. Heating appliances capacity by NAICS (GW,,) comparing the 2023 EIA natural gas prices to the AEO predicted natural gas price in 2030.

Table F.1

Capacity of heating (GW,;,) and power generation (GW,) plants under IRA and No IRA scenarios. The
combined CO, emissions annually are summarized in the last row.

Eastern ERCOT Western
IRA No IRA IRA No IRA IRA No IRA
Coal boiler 8.4 8.9 0.1 0.1 0.2 1.3
. Gas boiler 96.8 95.8 42.0 42.0 4.9 5.2
Heating
GW,) Geothermal DDU 23.1 25.3 0.0 0.0 7.0 8.0
th Heat pump 3.2 2.9 0.0 0.0 0.1 0.0
Resistance heater 43.2 30.7 0.3 0.3 16.1 14.9
CCGT 275.8 293.3 421 42.1 45.2 59.6
Coal 114.8 112.7 14.3 14.3 4.3 8.2
Power EGS 0.1 0.1 0.0 0.0 40.0 22.7
GwW,) OCGT 280.2 265.0 63.1 63.1 34.0 34.0
Solar 78.0 77.9 325 325 49.4 49.3
Wind 175.4 83.0 52.4 39.8 46.1 34.7
Combined CO, (Mt) 501.3 561.5 31.7 103.2 27.9 62.4

previously projected capacity, or nearly 18 GW,, would not be devel-
oped due to the lack of ITC which significantly raises capital costs. This
shortfall is largely offset by increased reliance on fossil generation, with
an additional 17.4 GW, and 14.2 GW, of CCGT capacity added in the
Eastern and Western interconnections, respectively.

Higher electricity prices in the No IRA scenario also hinder in-
dustrial heating electrification. Nationally, 13.8 GW,, of resistance
heating and 0.3 GW,, of heat pump capacity would no longer be
deployed. However, this shift slightly benefits geothermal DDU, which
increases by 3.2 GW,, as it becomes more competitive relative to
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electric heating. Coal boiler use also rises, increasing by 17.4% without
the IRA.

Overall, the repeal of the IRA would substantially hinder the deploy-
ment of wind and EGS, increase reliance on fossil fuel-based generation,
elevate electricity prices, and reduce adoption of electric heating tech-
nologies such as resistance heaters and heat pumps. In term of CO,
emissions, PyPSA simulates that repealing the IRA would lead to a sig-
nificant increase in CO, emissions from both the power and IPH sectors.
Annual emissions would rise by 60.2 Mt in the Eastern interconnection,
71.5 Mt in ERCOT, and 34.5 Mt in the Western interconnection, totaling
an additional 166.2 Mt of CO, nationwide. This represents a 30%
increase in total emissions compared to the IRA scenario, potentially
delaying progress toward national decarbonization targets. Our model-
ing should not be taken as a simulation of the full effects of IRA repeal,
since we do not consider aspects such as incentives for electric cars,
hydrogen, carbon capture, or domestic manufacturing.

Data availability

Data will be made available on request.
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