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Abstract: Geothermal energy has emerged as a cornerstone in renewable energy, delivering
reliable, low-emission baseload electricity and heating solutions. This review bridges the
current knowledge gap by addressing challenges and opportunities for engineers and sci-
entists, especially those transitioning from other professions. It examines deep and shallow
geothermal systems and explores the advanced technologies and skills required across
various climates and environments. Transferable expertise in drilling, completion, subsur-
face evaluation, and hydrological assessment is required for geothermal development but
must be adapted to meet the demands of high-temperature, high-pressure environments;
abrasive rocks; and complex downhole conditions. Emerging technologies like Enhanced
Geothermal Systems (EGSs) and closed-loop systems enable sustainable energy extrac-
tion from impermeable and dry formations. Shallow systems utilize near-surface thermal
gradients, hydrology, and soil conditions for efficient heat pump operations. Sustainable
practices, including reinjection, machine learning-driven fracture modeling, and the use of
corrosion-resistant alloys, enhance well integrity and long-term performance. Case studies
like Utah FORGE and the Geysers in California, US, demonstrate hydraulic stimulation,
machine learning, and reservoir management, while Cornell University has advanced
integrated hybrid geothermal systems. Government incentives, such as tax credits under
the Inflation Reduction Act, and academic initiatives, such as adopting geothermal energy
at Cornell and Colorado Mesa Universities, are accelerating geothermal integration. These
advancements, combined with transferable expertise, position geothermal energy as a
major contributor to the global transition to renewable energy.

Keywords: geothermal drilling; enhanced geothermal systems (EGSs); shallow geothermal
systems; sustainable well design; closed-loop systems; heat pumps; soil hydrology

1. Introduction
Geothermal energy, derived from the earth’s internal heat, offers immense potential for

electricity generation and direct heating or cooling in residential and industrial applications.
This energy originates from the earth’s natural thermal gradient, radioactive mineral decay,
and the absorption of solar energy at the surface. Unlike other intermittent renewable
energy sources such as solar and wind energy, geothermal energy represents a stable source
with minimal greenhouse gas emissions. It also offers weather-independent baseload
power with a high capacity factor, smaller land footprint, and higher efficiency [1]. These
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advantages position geothermal energy use as a major cornerstone of the global energy
transition when compared to other methods. Estimates suggest that geothermal resources
could supply 127 to 1420 exajoules [1018 joules] annually, exceeding the global energy
demand by up to 280% [2]. Despite this promise, geothermal energy accounts for only
0.2% of the global primary energy supply due to high development costs and limited
access to shallow, high-temperature resources, and the studies in this field remain widely
underrepresented and marginal in number compared to other areas of research [3]. Recent
advances in drilling technologies and transferable practices from oil and gas operations
position geothermal energy as an emerging frontier for transiting professionals. However,
realizing its potential requires addressing key challenges and developing strategies and
technologies for an effective transition from existing scientific industries to geothermal
energy, particularly due to the lack of geothermal energy education degrees [4,5].

Drilling and completion operations account for more than 70% of the cost of geother-
mal projects, which underscores the importance of optimizing operations to reduce costs
and enhance efficiency [6]. Geothermal wells introduce unique challenges, which include
extreme temperatures, material durability, complex geomechanics, and fluid thermodynam-
ics [7]. Shallow geothermal systems, unlike deep wells, are influenced by key hydrological
factors such as soil properties, groundwater flow, and thermal conductivity. Engineers
and scientists must adapt to these conditions by integrating best practices from existing
industries, including drilling and completing wells for water, oil, or natural gas. Key factors
such as designing drill bits [8] and optimizing drilling fluids [5] significantly influence the
success of geothermal wells. A robust drilling plan that anticipates and mitigates worst-case
scenarios is critical to achieving operational safety and cost-effectiveness. As the demand
for renewable energy grows, the advancement of geothermal drilling techniques will play
a key role in meeting global energy needs while minimizing environmental impacts.

In addition to the technical challenges, geothermal energy faces significant challenges
in the financial, environmental, and social domains. Technically, geothermal drilling must
overcome extreme conditions, such as high temperature and high pressure (HTHP), hard
rock formations, and corrosive fluids, which complicate operations and increase costs.
Drilling fluids require advanced formulations to ensure thermal stability, maintain well
integrity, and prevent formation damage, while materials must withstand casing expansion,
corrosion, and cement degradation [9–12]. Financially, exploration and drilling can account
for up to 70% of project costs, with geological uncertainties amplifying risks and inefficien-
cies [13,14]. Regulatory complexities vary across regions and include determining surface
and subsurface ownership of land and heat in some countries, tolerating longer timelines
with higher uncertainties, and securing funds for higher capital costs [15]. Environmental
risks, such as induced seismicity, land subsidence, and freshwater contamination, require
robust monitoring and mitigation plans, and gaining public trust remains critical to the
success of these projects. Proactive community involvement and addressing environmental
concerns are essential to secure a “Social License to Operate” [11]. Tackling these multi-
faceted barriers requires innovative technologies, streamlined regulatory frameworks, and
coordinated efforts among stakeholders to unlock the full potential of such a sustainable
and reliable energy source.

The transition to geothermal energy seems essential, yet significant gaps remain in
educational degrees and the research literature regarding transferable skills from other
industries and their application to geothermal development. The current literature also
largely overlooks the integration of deep and shallow geothermal systems, including
hybrid applications for heating and cooling, leaving professionals with limited guidance
on navigating the unique demands of this field. This review addresses these gaps by
offering a comprehensive analysis of geothermal systems, emphasizing their applications,
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challenges, and opportunities for industry professionals. It provides insights to help
engineers and scientists tackle distinct technical and operational challenges, such as extreme
temperatures, hard rock formations, and corrosive environments, using sustainable and
innovative solutions. Unlike conventional oil and gas operations, geothermal projects
demand a paradigm shift that emphasizes prioritized environmental stewardship and
optimized resource utilization. By focusing on key geothermal challenges, sustainable well
design, and cutting-edge technologies, this review provides engineers and scientists with
a balanced depth and breadth of practical and theoretical insights and strategies to drive
advancements in geothermal energy and support global renewable energy goals.

2. Review Method
This review systematically examines the key technical and operational distinctions

between geothermal and oil and gas drilling and completions. It also explores the potential
of shallow geothermal systems, highlights the role of integrated hybrid systems for heating
and cooling, and identifies essential knowledge for professionals entering the field. The
potential of artificial intelligence and machine learning in advancing geothermal energy
is emphasized. This review addresses challenges such as well design, rig operations,
and sustainable practices, focusing on high-temperature conditions, material selection,
geomechanics, and emerging technologies. This review explores strategies for addressing
extreme downhole conditions in deep wells and surface challenges in shallow systems,
such as the use of heat pumps. It highlights the need for energy-efficient technologies
and sustainable solutions. Case studies, including those conducted at Utah FORGE and
the Geysers in the US, provide practical examples of engineering advances aligned with
renewable energy goals.

The methodology used in this study follows the Preferred Reporting Items for Sys-
tematic Reviews (PRISMA) guidelines. An exhaustive search was conducted in databases
including Google Scholar, ScienceDirect, and OnePetro, in addition to the Stanford IGA
Geothermal Conference Database, using search terms such as “geothermal drilling”,
“geothermal well design,” “high-temperature geothermal”, “heat pumps”, and “sustainable
drilling technologies”. The eligibility criteria targeted studies published in the last 20 years
focusing on geothermal energy, transferable knowledge from oil and gas, sustainability,
and emerging technologies. Mainly peer-reviewed articles and conference papers were
included. We excluded studies lacking technical depth or addressing non-drilling and
completion topics, such as power generation. Non-drilling and completion topics, such as
power generation and financial modeling, were excluded to maintain focus on technical
challenges and solutions. The scope also excludes post-stimulation activities, such as
production engineering, pumps, and heat exchanger design. Case studies from the US
were included, and other global case studies were beyond the scope of this review, which
emphasizes US-based developments to maintain a concise and focused analysis. Each
source underwent a quality assessment that included evaluations of methodology, data
reliability, and relevance. Data extraction involved a protocol calibrated for consistency,
with duplicate reviews to minimize bias. Findings were synthesized to highlight practical
insights and solutions for advancing geothermal technologies, address operational chal-
lenges, and identify future opportunities for engineers and scientists transitioning to the
geothermal sector.

Through the screening process, we identified 124 sources. Figure 1 illustrates the dis-
tribution of references used in this review, categorized by topic and publication type. Most
references are categorized under “Drilling Challenges and Practices” and “Completion
Challenges and EGS”, highlighting the focus on core technical aspects of geothermal en-
ergy. The “Shallow System and Heat Pump” category underscores the potential of shallow
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systems as both stand-alone and integrated solutions. References are divided between
journal articles and other publications, with journals dominating in terms of advanced
techniques and case studies, reflecting the academic rigor of this review. Including diverse
sources ensured a comprehensive analysis of both practical and theoretical advancements
in geothermal energy. Figure 1 also highlights the significant increase in geothermal energy
publications since 2019, coinciding with the implementation of Utah FORGE in 2019 and the
allocation of several US Department of Energy (DOE) funding opportunities during that pe-
riod. This exponential growth reflects the recognition of geothermal energy’s potential as a
cornerstone in renewable energy. The rise in journal articles and other publications demon-
strates the expansion of research focused on addressing the current technical challenges
pertaining to emerging technologies like Enhanced Geothermal Systems and closed-loop
shallow systems. This surge underscores the industry’s potential to advance sustainable
energy solutions, driven by innovations and benefiting from existing skills and knowledge
concerning subsurface resources.
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Figure 1. Trends in geothermal publications (2004–2024), illustrating growing research focus on
emerging technologies and opportunities (left). The right panel shows the distribution of references
by category and publication type, including drilling, design, materials, geomechanics, shallow
systems, case studies, and emerging techniques in geothermal research (right).

This manuscript is structured in a way that provides a comprehensive review of
geothermal energy challenges, solutions, and opportunities. The Introduction outlines the
significance of geothermal energy and existing knowledge gaps; it is followed by the Review
Method Section (Section 2), detailing the systematic approach to the literature analysis.
Section 3 examines challenges and sustainable well design, including high-temperature
environments and abrasive rock formations. Section 4 covers best practices in drilling
and completion operations, addressing drilling materials, rigs, and sustainable solutions.
Section 5 focuses on shallow systems and heat pumps, highlighting installation methods
and hydrological impacts. Section 6 explores emerging technologies and case studies,
such as Utah FORGE and integrated systems at Cornell University. Section 7 discusses
opportunities for engineers and scientists transitioning into geothermal energy. Table 1
summarizes the key challenges, operational restrictions, and corresponding solutions in
geothermal energy development. These include high-temperature environments, abrasive
formations, sustainable well design, and unique issues related to shallow systems. Solutions
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such as thermally stable polymers, corrosion-resistant alloys, and advanced technologies
like managed pressure drilling and Enhanced Geothermal Systems (EGSs) are highlighted.

Table 1. Summary of key challenges, restrictions, and proposed solutions for geothermal energy
systems, categorized by drilling operations, well design, completion techniques, and shallow system
applications.

Main Challenges Restrictions Solutions Reference

Challenges and Sustainable
Well Design

High-Temperature Challenges and
Material Degradation

Hard and Abrasive Rocks and
Excessive Tool Wear

Sustainable Well Design and
Environmental Impact

Thermally stable polymers and
additives

Polycrystalline Diamond
Compact Bits

Closed-loop Systems and
Repurposing Abandoned Wells

[16–40]

Best Practices in Drilling
Operations

Surface Equipment, Energy
Consumption, and Carbon Footprint

Downhole Material Selection and
Corrosive Environment

Drilling Problems: Lost Circulation,
Stuck Pipes, and Well Control

Automated and Energy-Efficient
Equipment

Corrosion-Resistant Equipment
and Fluids

Managed Pressure Drilling

[41–66]

Well Completion and
Enhanced Geothermal

Systems

Enhanced Geothermal Systems
Hydraulic Fracturing and Economic

Feasibility
Induced Seismic Events

Stimulated Dry and Impermeable
Rocks

Optimized Spacing and
Biodegradable Fluids

Geomechanics Modeling and
Microseismicity Analysis

[67–78]

Shallow Systems and Heat
Pumps

System Installation Methods and
Trench Collapse

Hydrology and Soil Properties
Hot/Cold Climates and Surface

Environments

Optimal Machinery for
Excavation and Backfill

Correlating Moisture Content and
Thermal Conductivity

Optimal Thermal Performance
and Sustainability

[79–94]

3. Challenges and Sustainable Well Design
3.1. High-Temperature Challenges

Geothermal wells are subject to extreme conditions, including temperatures exceed-
ing 400 ◦C and pressures above 150 bar, which require advanced materials that maintain
structural integrity. Specialized high-temperature composite cement, such as the types
introduced by [16,17], have been specifically designed to meet the mechanical demands
of geothermal applications to ensure durability and performance under harsh thermal
and chemical conditions. Accurate bottom-hole temperature (BHT) prediction and mea-
surement are critical in selecting the appropriate materials and designing wells that can
withstand these challenges [7]. In addition to technical performance, sustainability is a key
consideration in material development. Chemical additives and alternative cementitious
materials, mainly industrial natural by-products, have been shown to reduce the environ-
mental footprint of geothermal well cements while improving their long-term stability [18].
Projects like GeoWell have validated cement slurries under simulated and in-situ condi-
tions to prove their efficacy at temperatures exceeding 400 ◦C [19–21]. Moreover, thermally
stable polymers and additives in drilling fluids have enhanced operational efficiency by
maintaining rheological properties at temperatures up to 800 ◦F [427 ◦C], further support-
ing supercritical geothermal operations [10,22]. Skills in developing advanced materials
are crucial for ensuring both operational reliability and environmental sustainability in
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geothermal well design. By integrating these materials with precise thermal modeling and
sustainable practices, the geothermal industry can effectively address extreme conditions
while minimizing environmental risks.

3.2. Hard-and-Abrasive-Rock Challenges

One of the biggest challenges of geothermal energy is drilling through hard and
abrasive rocks, such as granite and gneiss, which require advanced technologies and
optimized processes to enhance operational efficiency and sustainability. Geothermal
drilling typically allows slower rates of 50 to 100 ft/hr [15–30 m/hr] compared to those of
up to 1000 ft/hr [305 m/hr] in oil and gas wells, mainly due to the extreme abrasiveness
and high compressive strength of geothermal formations. Additionally, geothermal wells
require a larger well diameter than a typical oil and gas well due to the higher injection and
production flow rates, contributing to drilling complexity and cost. This prolongs drilling
time, accelerates tool wear, and increases non-productive time (NPT) [19,21]. Optimizing
the key drilling parameters, such as drill bit selection, rotational speed, the weight on the
bit, and the circulation rate of the drilling fluids, is critical to achieving a high drilling
rate of penetration (ROP). However, maximizing these drilling parameters risks downhole
equipment failure [23]. Addressing these challenges requires skills and innovative solutions
that balance performance, cost, and environmental impact.

Polycrystalline Diamond Compact (PDC) bits and Roller Cone (RC) bits are the pri-
mary types of drill bits employed in geothermal operations. PDC bits have a remarkably
higher ROP, achieving up to 700% higher rates in hard granitic formations, such as at the
Geysers project in California [8]. However, PDC bits face durability challenges in fractured
and abrasive zones, necessitating shorter run lengths compared to RC bits, which are
better suited for highly variable formations [8]. Multi-stage bit changes, adapted to specific
depth conditions, are commonly employed to leverage the strengths of each bit type. Addi-
tionally, skills are needed to advance emerging technologies such as percussive hammers
and conical diamond element bits to improve penetration rates and reduce operational
costs for abrasive rock formations [24]. Rotary Percussive Drilling (RPD) integrates impact
energy with conventional rotary techniques to improve penetration rates and reduce tool
wear [25]. Thermal spallation drilling offers a non-contact alternative that uses high heat
flux to fracture rocks, significantly reducing mechanical wear and energy consumption [26].
Automation technologies, such as robotic systems, enhance sustainability by monitoring
downhole conditions to improve safety and reduce energy usage [7,27]. Geothermal oper-
ations can achieve greater efficiency, lower costs, and alignment with renewable energy
objectives by integrating these innovations with adaptive drilling strategies.

3.3. Sustainable Well Design

Sustainable practices in geothermal well design prioritize minimizing environmental
impacts while ensuring the long-term viability of energy extraction. Geothermal wells are
subject to extreme conditions, often exceeding 300 ◦C, as well as corrosive fluids that require
innovative approaches to ensuring well integrity and resource management [7]. Unlike
oil and gas, the designers of geothermal wells prioritize durability and sustainability by
utilizing advanced materials like corrosion-resistant alloys and high-temperature cement to
allow the wells to endure thermal cycling and chemical exposure [28,29]. Flexible couplings
and specialized completion techniques further mitigate thermal stress, preserving well
integrity and reducing long-term operational costs [16].

Innovative practices such as repurposing abandoned oil and gas wells exemplify the
circular economy in geothermal energy development. Repurposing existing wells reduces
environmental disruption, leverages established infrastructure, and reduces drilling costs,
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which can account for up to 70% of total project expenses [30,31]. Sustainable reservoir
management strategies also include the systematic reinjection of geothermal fluids that
maintain reservoir pressure and thermal stability, prolong resource life, and mitigate eco-
logical impacts. The Paris Basin geothermal district heating scheme illustrates the success
of reinjection and monitoring practices in ensuring sustainable operations [32,33]. These
measures sharply contrast with oil and gas practices, which often prioritize short-term
production at the expense of long-term reservoir deliverability and environmental consid-
erations [13,34]. Closed-loop systems, such as downhole heat exchangers (DHEXs), further
distinguish geothermal well design by minimizing resource depletion and environmen-
tal damage. These systems conserve water and reduce thermal pollution by circulating
working fluids without discharging geothermal fluids to the surface [32], unlike traditional
open-loop systems where reinjection of the geothermal fluids is required, including steam,
to minimize the sanitary risks associated with the non-condensable gases in the vapor.
Furthermore, community acceptance of surface well designs also plays a pivotal role in
geothermal projects, addressing public concerns about environmental impacts and foster-
ing social acceptance through the “Social License to Operate” [35]. Community support
directly influences the feasibility and success of these initiatives. Acceptance varies globally
and is governed by regional environmental concerns and economic expectations. Devel-
opers must engage with local communities, addressing environmental and social issues
while offering financial and intellectual participation. Integrating geothermal energy with
tourism can also boost public interest and support. Skills are needed to integrate innovative
materials, adaptive operational strategies, and community-focused practices as well as
ensure that geothermal well design aligns with sustainability goals.

Figure 2 illustrates the operational principles of a coaxial and U-shaped geothermal
well, which emphasizes the flow dynamics and heat exchange processes between the inner
and outer pipes to optimize energy extraction. In coaxial systems, fluid circulates in the an-
nulus, leveraging the larger surface area for enhanced thermal exchange. The heated fluid,
after absorbing heat from the outer pipe, experiences minimal thermal loss as it ascends
through the inner pipe. This design underscores the focus on sustainability in geothermal
systems by optimizing heat transfer while minimizing thermal inefficiencies [36,37]. Com-
pared to conventional oil and gas wells—for which hydrocarbon extraction without rein-
jection systems is prioritized, leading to potential reservoir depletion and environmental
consequences [32]—coaxial geothermal systems circulate fluids in a closed-loop, ensur-
ing minimal environmental impact and long-term thermal stability. Similarly, U-shaped
geothermal wells are drilled using advanced directional and horizontal drilling techniques
to create a closed-loop system that connects two wellbores downhole. This configuration
enhances heat exchange by maximizing the contact area with the geothermal reservoir
while maintaining efficient fluid containment. Since this is a relatively new technique, other
U-shaped configurations are currently in early development and implementation stages.
High-temperature environments and chemically reactive fluids necessitate advanced ma-
terials, such as corrosion-resistant alloys and high-temperature cement, to maintain well
integrity under extreme conditions [34,38]. These materials and thermal management
strategies ensure the long-term sustainability of geothermal wells, in contrast to oil and
gas wells, which rely on conventional materials optimized for short-term production [39].
Furthermore, geothermal well designs often incorporate advanced architectures, such as
multilateral systems, to optimize heat extraction and improve energy efficiency, introducing
complexities rarely encountered in oil and gas wells. Addressing these challenges requires
skills in integrating reinjection strategies, innovative materials, advanced well designs, and
customized engineering practices tailored to geothermal energy systems.
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geothermal energy extraction [40].

4. Best Practices in Drilling and Completion Operations
Geothermal drilling requires specialized strategies for navigating the technical, en-

vironmental, and economic complexities of energy extraction [41,42]. Advancements
in Enhanced Geothermal Systems, closed-loop designs, and repurposing abandoned oil
and gas wells expand the potential of geothermal energy [43,44]. Innovative drilling
technologies, including rotary steerable systems, managed pressure drilling, and high-
temperature-resistant alloys, enhance operational efficiency and equipment durability in
extreme geothermal environments [44]. Moreover, life cycle assessments (LCAs) and stake-
holder engagement ensure alignment with sustainability goals and foster public acceptance
of geothermal projects [11,45].

4.1. Selection of Drilling Rigs and Surface Equipment

Adopting energy-efficient drilling rigs and surface equipment is critical to reduc-
ing carbon footprints and ensuring the sustainability of geothermal projects, particularly
in extremely hot and hard-rock environments. Geothermal drilling requires specialized
equipment to handle demanding operational conditions, such as Polycrystalline Diamond
Compact (PDC) bits, high-strength insulated drill pipes, and advanced cooling systems.
Innovations like air drilling and aerated mud systems help reduce cooling requirements
and enhance energy efficiency in high-temperature zones. Optimized rig designs tailored
for geothermal applications—featuring compact configurations and automated control
systems—improve performance, minimize resource use, and reduce environmental im-
pacts [46]. Real-time downhole monitoring technologies enhance well placement. Energy-
efficient mud systems contribute to operational sustainability. However, skills are required
for designing and handling innovative surface equipment. Geothermal absorption chillers
powered by renewable energy and Combined Cooling, Heating, and Power (CCHP) sys-
tems utilize geothermal heat to optimize energy use, simultaneously producing power, heat,
and cooling while reducing electricity demand and emissions [47,48]. Closed-loop systems,
such as downhole heat exchangers (DHEXs), conserve water, prevent groundwater con-
tamination, and maintain reservoir pressure, enhancing environmental stewardship [32].
Heat recovery systems capture and reuse excess thermal energy from drilling operations,
lowering operational costs and reducing overall energy demand [49]. Additionally, inte-
grating Permanent Magnet Synchronous Motors (PMSMs) into rigs eliminates intermediate
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gearboxes, reducing energy consumption and emissions while improving operational
efficiency [50].

Automation, robotics, and the reuse of infrastructure further enhance the efficiency
and sustainability of geothermal projects. Robotics applications in auto-driller and pipe-
handling systems improve safety and operational precision by optimizing parameters
in real-time [27]. Repurposing or deepening existing oil and gas wells for geothermal
energy extraction provides a cost-effective alternative to drilling new wells, significantly
reducing land disturbance, resource consumption, and overall project costs [42,43]. These
integrated strategies demonstrate the transformative potential of advanced technologies
and sustainable practices in geothermal drilling, positioning the industry to lead the global
shift toward cleaner and more sustainable energy systems.

4.2. Downhole Material and Technology Selection

Material and technology selection plays a key role in minimizing the environmen-
tal impact of geothermal wells. Corrosion-resistant options like glass-reinforced epoxy
(GRE) casing are increasingly favored for their durability, resistance to acidic geothermal
fluids, and thermal conductivity, which help prevent corrosion and extend the lifespans
of downhole components [51,52]. Customized cementing systems tailored for GRE cas-
ings further enhance well integrity under high-temperature-and-high-pressure (HTHP)
conditions [51]. Sustainable drilling fluids, like produced-water-based muds (PWBMs),
serve as an eco-friendly alternative; consisting of by-products such as red mud, these
fluids are used to reduce reliance on toxic polymers to improve rheological properties
and minimize fluid loss. Large-scale geothermal production through multi-well layouts
has also gained momentum as a clean energy solution. However, optimizing deployment
schemes is hindered by a limited understanding of how this approach impacts temperature
depletion in geothermal reservoirs. A recent study addressed this gap by developing a 3D
multi-well simulation method incorporating 1D line element geothermal well theory to
improve calculation efficiency without sacrificing accuracy [10,38].

Innovative directional drilling and measurement while drilling (MWD) technologies
complement material advances by reducing the environmental footprint of geothermal
wells. Advanced tools, such as rotary steerable systems and steerable downhole motors,
optimize complex well trajectories, minimize surface disruption, and improve drilling
accuracy [53]. Real-time monitoring solutions like Cerebro Force in-bit sensing enhance
operational precision by tracking critical metrics such as vibration and bit acceleration [54].
Drilling heat maps guide the selection of insulated drill pipes and active temperature man-
agement strategies, reduce thermal damage, and improve efficiency in HTHP zones [55].
Simulation-based optimization of multi-well layouts also improves heat extraction effi-
ciency while reducing land use and resource consumption [38]. Advanced geophysical
site characterization and exploration methods have been proposed for EGS systems, like
using seismic imaging to locate optimal geothermal wells and electromagnetic surveys
to limit traditional exploratory drilling and natural habitat disruption, further reducing
environmental and financial impacts and constraints [56,57]. These combined strategies
and skills ensure that geothermal projects leverage innovative downhole materials and
technologies, thereby maximizing sustainability while addressing the unique demands of
geothermal environments.

4.3. Drilling Problems and Sustainable Solutions

Geothermal drilling operations face significant challenges, with lost circulation being
one of the most costly problems. In mature and naturally fractured fields, lost circulation
can account for approximately 10% of total well costs, and this figure increases to over
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20% for exploratory wells [7,58]. This problem is exacerbated in geothermal wells due to
fractured igneous formations, making fluid loss more frequent and severe. Geothermal-
specific loss circulation materials (LCMs), such as polymers and fibrous blends, effectively
seal fractures while ensuring environmental safety by reducing contamination risks [59].
Advanced techniques like managed pressure drilling (MPD) could stabilize downhole
pressures and mitigate the risk of fluid loss by balancing wellbore and formation pressures,
particularly in high-temperature zones [28]. Integrating temperature-activated shape-
memory polymers and mixed-material plugs further enhances fluid retention and wellbore
stability, aligning with operational efficiency and sustainability goals [60].

Stuck pipes constitute another prevalent issue in geothermal drilling, often resulting
from differential pressure sticking across permeable zones, inadequate hole cleaning, or
unstable fractured formations. This problem can immobilize the drill string, which leads
to the loss of downhole equipment, increased non-productive time (NPT), and higher
operational costs. Techniques such as using continuous circulation systems maintain pres-
sure and prevent cuttings from accumulating around the pipe, reducing the likelihood of
stuck-pipe incidents [61]. Additionally, proactive measures like conditioning the drilling
fluid to ensure proper viscosity and employing optimized casing and drilling programs can
help further reduce the likelihood of stuck pipes [62]. Real-time monitoring technologies,
including AI-based early warning systems, allow for proactive adjustments in drilling
operations to avoid high-risk zones [63]. Real-time optimization of drilling fluid prop-
erties and using hydraulically actuated reamers improve borehole quality and stability,
minimizing stuck-pipe risks [64]. Enhanced cuttings removal technologies also improve
hole-cleaning efficiency by up to 30%, which contributes to safer and more sustainable
drilling operations [10].

Drilling into a high-pressure zone presents unique challenges in geothermal drilling
due to extreme high-temperature, high-pressure (HTHP) environments, which increase
the risk of kicks and blowouts. Managed-Pressure Drilling systems, equipped with
temperature-resistant blowout preventers (BOPs) and real-time pressure-monitoring de-
vices, are critical for maintaining wellbore pressures and preventing sudden influxes of
subsurface fluids [65]. Narrow-margin drilling fluids tailored to geothermal conditions
ensure wellbore pressures remain within safe operational limits, further enhancing safety
and reducing the environmental impact of well-control measures [66]. Systematic monitor-
ing, inspection, and optimized casing designs enhance pressure management and reservoir
sustainability by reducing the risks of thermal kicks and sudden pressure surges [33].
Developing the skills required to integrate advanced technologies, optimized drilling strate-
gies, and sustainable materials is crucial for managing challenges like lost circulation, stuck
pipes, and well control in geothermal drilling.

4.4. Geothermal Well Completion and Enhanced Geothermal Systems (EGSs)

Conventional hydrothermal systems depend on naturally occurring reservoirs involv-
ing heat, water, and permeability, which enable energy extraction from fluid circulation.
In contrast, EGSs create new or enhance the permeability of pre-existing natural fractures
in impermeable, dry rock formations, such as high-heat-producing granite, through hy-
draulic fracturing stimulation. A carrying fluid, typically cold water, is injected into the
stimulated rock, where it exchanges heat and is produced as hot water or steam through
this downhole heat exchanger system [67]. The injection of the cold fluid into the hot
reservoir can cause cooling-induced stress. It has been found that pore pressure elevation
and cooling-induced stress interact significantly and thus affect fracture reactivation, which
can be a key initiation factor for induced seismicity [68].
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EGSs come with inherent risks of induced seismicity, primarily due to hydraulic
fracturing, which alters subsurface stress conditions and can reactivate pre-existing faults.
High-pressure fluid injections can destabilize fault planes, triggering seismic activity. This
risk highlights the need for careful site selection and rigorous control of injection rates
and pressures. Some view induced seismicity as an unavoidable aspect of EGS develop-
ment, while others argue that it can be minimized with advanced monitoring and risk
management. Monitoring microseismicity is critical, as seen in projects like Utah FORGE
(discussed in the case studies). These measures are essential to balance the potential of
EGSs with public and environmental safety concerns. Another approach to stimulating a
geothermal reservoir is to focus on reactivating natural fractures through hydroshearing
rather than creating new ones. This technique is geology-dependent and leverages the
naturally occurring saline fluids trapped in the fractured basement, eliminating the need to
inject cold fluid.

Figure 3 illustrates the operational differences between these systems; it shows fluid
production in hydrothermal reservoirs and heat recovery in an EGS through artificially
induced fractures in impermeable rock. By enabling energy extraction from dry, imperme-
able formations, EGSs significantly broaden geothermal resource potential, making them a
key innovation for accessing untapped geothermal energy.
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Hydraulic fracturing in geothermal wells faces unique challenges due to extreme
temperatures, variable fracture networks, and high-pressure conditions. These challenges
necessitate the use of biodegradable fluids to minimize water usage and chemical contami-
nation risks along with specialized materials capable of enduring intense thermal stress and
cycling over extended periods [67]. Advanced completion designs, such as progressively
burning propellants and acidizing techniques, are particularly effective in boosting produc-
tivity in the low-permeability, high-temperature environments characteristic of geothermal
reservoirs [70]. Another critical factor in completion is the spacing between geothermal
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wells, which significantly impacts thermal performance and economic feasibility. While
case-dependent and influenced by reservoir heterogeneity, a spacing range of 300–600 m
has been suggested based on economic analysis using the modified Levelized Cost of
Heat (LCOH-HT). Wider spacing enhances thermal efficiency by allowing recharged water
to absorb more heat but increases hydraulic losses, pressure drops, and pumping costs,
ultimately raising drilling and project expenses [71].

Innovative monitoring and modeling methods for fracture networks are critical to
managing the complexities of geothermal completions and ensuring sustainable opera-
tions. Seismic imaging, for instance, is instrumental in managing induced seismicity and
ensuring stable fracture growth under high-pressure and high-temperature conditions [72].
Drilling Dynamic Geomechanics (DDG) technology, which combines machine learning
and advanced signal processing, offers continuous high-resolution geomechanical pro-
files that can optimize fracture propagation and maintain wellbore stability [73]. This is
particularly valuable in EGS reservoirs, where traditional well-logging methods fall short
due to limited spatial resolution and extreme temperatures. Unlike oil and gas operations,
geothermal reservoirs are subject to intensified thermal stresses, with thermo-poroelastic
effects causing pore pressures to rise by approximately 1.5 MPa/◦C [74]. Cooling generally
enhances wellbore stability by reducing compressive failures, whereas heating increases
the likelihood of tensile and compressive fractures, which necessitate advanced stability
models tailored to geothermal conditions [73]. Cyclic Hydraulic Fracturing (CHF) reduces
breakdown pressure and induced seismicity while creating a more complex fracture net-
work than traditional methods [75]. Reinjection strategies, such as geothermal wastewater
reinjection, sustain reservoir pressure, enhance heat production capacity, and mitigate re-
source depletion [76]. Skills are needed to optimize fracture networks, well placement, and
thermal–hydraulic–mechanical (THM) interactions using advanced simulation models and
comprehensive sustainability frameworks [77,78]. By incorporating these strategies and
advanced technologies, geothermal completions and hydraulic fracturing can efficiently
extract energy while reducing environmental impacts.

5. Shallow Systems and Heat Pumps
5.1. Types of Heat Pumps and Installation Methods

Shallow geothermal systems utilize the natural near-surface thermal gradient as
a renewable energy source. Engineers and scientists play a critical role in designing,
optimizing, and conducting hydrological assessments of these systems. The types of
heat pumps include Ground-Coupled Heat Pumps (GCHPs), Groundwater Heat Pumps
(GWHPs), and Surface-Water Heat Pumps (SWHPs) [79–81]. Like other thermal exchange
technologies such as EGSs and hydrothermal systems, these shallow systems rely on
transferring heat through natural thermal gradients. The heat transfer would be used
either for heating or cooling or in a hybrid system that provides both heating and cooling
elements. SWHPs utilize cold bodies of water, such as lakes or ponds, as a heat exchange
medium by employing submerged heat exchangers, as shown in Figure 4. Similarly,
GWHPs extract heat directly from groundwater, while GCHPs operate through closed-loop
systems installed in vertical or horizontal boreholes to harness the earth’s thermal energy.
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Small rotary drilling rigs are commonly used for drilling vertical heat pump boreholes
at shallow depths [46]. This method, shown in Figure 4, involves pumping a drilling fluid
(mud) slurry, usually containing bentonite clay and other additives, down the rotating drill
string to lubricate and cool the cutting head while transporting drilled cuttings back to the
surface. The drilling rates for ground loop installations are considered fast compared to
other deep drilling operations. Various types of machinery are available for excavating
and backfilling horizontal ground loops, depending on the site’s specific requirements. For
example, bulldozers are suitable when the entire loop field needs to be excavated in a single
operation, enabling large amounts of soil to be removed effectively, reducing the installation
cost. However, the looser the soil, the higher the risk of trench collapse after digging. Looser
soils lack cohesion and are more prone to collapsing under their own weight, especially
when affected by moisture, which would increase installation costs [82]. Skills are needed
to select the optimum type and installation method for these shallow systems.

5.2. Impact of Subsurface Hydrology and Soil Properties

The skills needed to understand the hydrological and soil context are critical for
designing and optimizing geothermal heat pump systems, as depth and soil properties
significantly influence thermal stability. In the United States, temperature variations
diminish beyond a depth of 5 to 20 m [84], known as the neutral zone, where seasonal
temperature fluctuations become negligible. The exact depth of this zone depends on factors
such as soil properties, hydrology, and saturation levels, with higher geothermal gradients
resulting in shallower neutral zones and deeper depths with lower gradients [84]. To
determine the depth of the neutral zone in moderate climates, the equation z(N.Z.) = 10λ1/2

is approximately used [85], where z(N.Z.) is the depth of the natural zone and λ is the
thermal conductivity of the ground. This equation shows the dependency of the depth
of the neutral zone on the conductivity of the soil and the properties that control its
connectivity, like moisture content, texture, and mineral composition.
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Soil moisture content plays a critical role in the efficiency of shallow systems, as
wet soils have higher thermal conductivity than dry soils due to water’s superior heat
transfer properties compared to air [86]. This enhanced conductivity facilitates effective
heat transfer and expands the neutral zone, as shown in Figure 5. This effect can en-
hance the performance of ground-source heat pumps and reduce installation lengths by
25–26% [87,88]. Experimental data indicate that soils with a volumetric water content
(VWC) of approximately 20% achieve an optimal balance between thermal conductivity
and the coefficient of performance (COP) for heat pump systems [89]. In contrast, dry soils
lack sufficient moisture and exhibit low thermal conductivity, leading to inefficient heat
exchange. Seasonal variations in precipitation, evaporation, and water table levels can
significantly affect soil moisture content, directly impacting geothermal systems’ thermal
regime and long-term operational efficiency [90]. Other hydrological factors must also be
evaluated for GWHP systems; these include aquifer properties, such as groundwater flow,
as this can either dissipate heat or introduce thermal energy based on its direction and
rate [85,91].
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5.3. Impact of Different Climates and Surface Environments

Optimizing heat pump performance across diverse climates requires careful consider-
ation of factors such as temperature fluctuations. In cold, snowy regions, snow serves as
an insulating layer, reducing heat loss from the ground to the atmosphere during winter.
Snow’s low thermal conductivity stabilizes near-surface soil temperatures, ensuring consis-
tent ground conditions for the efficient operation of shallow geothermal systems [93]. This
insulating effect is particularly valuable in mitigating soil cooling under extreme winter
conditions, preserving system efficiency, and preventing performance degradation. In
sub-arctic environments like Fairbanks, Alaska, heat pump systems placed between the
active layer—seasonally freezing and thawing ground—and permafrost, frozen for at least
two years, have demonstrated the ability to extract thermal energy from a depth of 2.7 m.
While not yet economically viable with current technologies, these systems effectively
retain thermal energy, including latent heat released during seasonal phase changes, de-
spite the challenges posed by cold soil and atmospheric conditions [94]. In hot, semi-arid
environments, heat pumps have been shown to provide energy-efficient cooling while
reducing annual carbon dioxide emissions by up to 40% compared to conventional air-
source heat pump systems (ASHPs) [88]. Evaluating hydrological and soil factors during
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the design and implementation phases is essential for optimizing geothermal systems for
thermal performance and long-term sustainability. This creates a compelling opportunity
for engineers and scientists transitioning to the renewable energy sector, leveraging their
expertise in heat and mass transfer, fluid dynamics, and system design. Foundational skills
from the energy sector integrate seamlessly with these technologies, driving innovation
and advancing the shift toward sustainable energy solutions.

6. Emerging Technologies and Case Studies
6.1. Emerging Technologies and Sustainable Practices

Geothermal drilling and completion, which can account for up to 70% of total project
costs, face significant financial and technical challenges, particularly in hard rock for-
mations associated with slow drilling rates. Emerging technologies like Hydrothermal
Spallation Drilling (HSD) and Millimeter-Wave (MMW) drilling offer promising solutions
to improve efficiency and reduce costs. In HSD, superheated water and flame jets are used
to fragment rock through spallation, allowing penetration rates 5 to 10 times faster than
traditional drilling methods along with reduced bit wear and operational downtime. Lab
tests have demonstrated drilling rates between 15 and 30 ft/hr [4.6–9 m/hr], facilitating
a 15–20% reduction in total drilling costs [6]. However, challenges like heat loss in high-
pressure environments, hydrostatic pressure management, and difficulty handling basaltic
rocks remain.

MMW drilling was developed in collaboration with the MIT Plasma Science and
Fusion Center. In this technique, high-frequency electromagnetic radiation generated by
gyrotrons is used to melt or vaporize rock, avoiding the mechanical wear and inefficiencies
encountered in conventional drilling. It can facilitate penetration rates over 10 times faster
than rotary methods, significantly cutting down the time and costs of geothermal well
construction. A key innovation is its ability to produce vitrified borehole linings during
drilling, which eliminates the need for traditional casing and enhances borehole stabil-
ity. This technique also integrates real-time diagnostics and automated control systems
to precisely monitor and adjust energy delivery in high-temperature, high-pressure en-
vironments. MMW systems transfer energy efficiently, allowing access to supercritical
geothermal resources at depths of 10–20 km, where temperatures exceed 374 ◦C. This
capability opens vast untapped reservoirs for renewable energy. However, challenges are
faced when using this technique, including the substantial power demand of gyrotrons,
which require several megawatts per system, and the need for advanced cooling systems to
maintain equipment performance. Addressing these limitations through further optimiza-
tion of energy efficiency and system integration will be critical to scaling MMW drilling for
practical and widespread geothermal applications [95].

Advancing drilling efficiency also involves optimizing drilling fluid formulations and
adopting innovative practices. Sustainable and thermally stable drilling fluids, including
those based on nanomaterials, mitigate challenges such as lost circulation, stuck pipes, and
wellbore instability in high-temperature environments [96]. In thermo-mechanical drilling,
flame thermal treatment and rotary drilling are combined to improve rates of penetration
in hard rock formations and reduce energy use and environmental impacts [97]. Similarly,
drilling auxiliary robots enhance safety and efficiency by minimizing human error and
downtime in geothermal operations [27]. Moreover, EGSs, which involve creating artificial
reservoirs in hot, dry rock, are gaining traction due to cost reductions and improved perfor-
mance demonstrated in Nevada and Utah [98]. These advancements are complemented
by the reuse of abandoned oil and gas wells for geothermal energy, which minimizes land
disturbance and reduces costs, as well as offshore projects that repurpose existing assets for
geothermal use [99].
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Data-driven optimization and best practices further support sustainable geothermal
development. Artificial Intelligence (AI) and Internet of Things (IoT) technologies facilitate
real-time monitoring and modeling, enabling smart, real-time decision-making; predictive
maintenance; and high operational efficiency [100]. Skills are needed for holistic devel-
opment approaches, including multidisciplinary research and comprehensive reservoir
management strategies, to improve drilling outcomes while balancing environmental and
economic sustainability [14,101]. Simulation-based optimization helps determine opti-
mal well locations and operations by accounting for geological uncertainties and energy
recovery potential [77]. Furthermore, in reinjection practices, geothermal wastewater is
processed to restore heat production capacity and maintain reservoir pressure, enabling
resource sustainability and environmental benefits [76]. These technologies and practices
underscore the potential of geothermal energy to lead the transition to sustainable and
efficient energy systems.

6.2. Exploration Heat Maps and CO2 Footprint

The heat map in Figure 6 illustrates the geothermal resources of the United States,
highlighting regions with varying subsurface temperatures at a depth of 7.5 km. The areas
in red and purple indicate the highest geothermal potential, with temperatures exceeding
200 ◦C, primarily concentrated in the Western United States. Heat maps are the initial
exploration tool used to assess an area for geothermal potential, as they are compiled from
historical geothermal datasets. In our case studies, two major geothermal sites are marked:
The Geysers in California, a renowned conventional hydrothermal field, and Utah FORGE
(Frontier Observatory for Research in Geothermal Energy), a leading Enhanced Geothermal
System (EGS) research site. These sites showcase the evolution of geothermal technologies
in deep wells, from leveraging naturally permeable hydrothermal systems to pioneering
EGS in dry, impermeable rocks. Each site highlights unique methodologies, technological
advancements, and sustainability challenges associated with harnessing geothermal energy.
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During the exploration and development phases of geothermal projects, CO2 emissions
are a major factor to be studied and optimized. It is estimated that the exploration phase
of geothermal energy leads to the emission of approximately 53.2 kg CO2-eq/m2/year,
mostly as a result of the use of chemicals and diesel fuel for drilling, as demonstrated
in Indonesia [103]. Geothermal power plants, like the Ohaaki project in New Zealand,
also release additional CO2 into the atmosphere while they are in operation; however,
long-term modeling indicates that emissions are neutralized over 300 years because of
reduced post-shutdown natural degassing [104].

6.3. Case Study 1: The Geysers in California

The Geysers, located in Northern California, is one of the oldest and largest geothermal
fields in the United States. Its history dates back to its use by Native Americans well
before European settlement [105]. Modern geothermal development began in 1921 and
reached a major milestone in 1960 with the establishment of the first US geothermal power
plant [105]. The Geysers case benefits from naturally permeable fractured water-bearing
rock formations, such as greywacke and felsite. Wells are typically drilled to depths of
approximately 8500 feet [2591 m] and operate at temperatures exceeding 188 ◦C [370 ◦F].
The natural permeability of these formations enables efficient steam production, making
the Geysers a benchmark for hydrothermal resource utilization. To address the challenges
of reservoir pressure depletion, advanced reinjection strategies have been implemented;
these include horizontal drilling techniques that have extended well productivity and
sustainability [8]. More recently, EGS technologies have been applied at the Geysers by
reopening and deepening previously abandoned wells, such as Prati State 31 (PS-31) and
Prati 32 (P-32), to depths of approximately 11,000 feet [3353 m]. These efforts successfully
stimulated a high-temperature reservoir (up to 400 ◦C/750 ◦F), with isotopic analyses
revealing that 50–75% of the produced steam was injection-derived, demonstrating the
feasibility of EGSs even in mature hydrothermal systems [106,107].

Figure 7 presents the wellbore schematics for Prati State 31 and Prati 32 at the Gey-
sers geothermal field in California. The Prati State 31 schematic (left) shows detailed
casing and liner specifications that include perforations and the high-temperature zones
(260 ◦C/500 ◦F) encountered between 7677′ and 7966′ [2340–2428 m]. The well includes
a 30-inch conductor, a 20-inch surface casing, a 13-3/8-inch intermediate casing, a 7-inch
liner with perforations from 6776 to 7696 feet [2065–2346 m], and a 10-3/4-inch tieback to
the surface. The bottom section has slotted and open-hole completions reaching 10,034 feet
[3058 m]. The Prati 32 schematic (right) provides a similar overview, indicating casing
collapse issues, cementing details, and the slotted liner configuration extending to a depth
of 11,115′ [3388 m]. The high-temperature zone is marked at around 8400′ [2560 m], which
emphasizes the extreme thermal conditions typical of geothermal reservoirs. The design
includes a 26-inch cemented conductor, 20-1/2-inch surface casing, 13-3/8-inch tieback, and
a 7-inch slotted liner from 6801 to 11,115 feet [2073–3388 m], with open-hole completions
to 11,143 feet [3396 m]. These designs ensure structural stability while allowing efficient
reservoir access and higher steam production rates. Notably, the majority of oil and gas
wells in the US are completed with production casings of 4.5 to 5.5 inches in diameter. These
diagrams illustrate the skills needed for and the complexities of well design, completion,
and thermal management in deep geothermal systems.
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6.4. Case Study 2: Utah FORGE

Utah FORGE (Frontier Observatory for Research in Geothermal Energy) represents
the cutting edge of geothermal innovation in Enhanced/Engineered Geothermal Systems
(EGSs). Unlike at The Geysers, Utah FORGE targets hard and dry crystalline rocks, such as
granite, at depths reaching 10,987 feet [3349 m], with temperatures reaching approximately
228 ◦C/442 ◦F [108]. The project aims to develop and test technologies for creating perme-
able reservoirs in impermeable rocks through advanced directional drilling and hydraulic
fracturing techniques [72]. Real-time monitoring and simulation tools are used to refine
these techniques to optimize stimulated reservoir volume (SRV) and heat extraction effi-
ciency [109]. Additional advancements include fracture network modeling, machine learn-
ing applications used to generate high-resolution temperature maps, and discrete fracture
network (DFN) modeling conducted to control fracture properties [110,111]. Utah FORGE
proves EGSs to be a scalable and eco-friendly solution for geothermal energy [112,113].
To better understand the FORGE area, the project was thoroughly studied and explored
using traditional geological mapping and geochemical assessments, in addition to geophys-
ical methods like seismic reflection and gravity surveys, to assess the subsurface and to
implement advanced microseismic monitoring for the stimulation process [112,113].

These case studies underscore the diversity and potential of geothermal energy. The
Geysers showcases the historical success of hydrothermal systems, utilizing naturally per-
meable formations and incorporating EGS techniques to enhance productivity. Meanwhile,
Utah FORGE demonstrates the future of geothermal energy through its advancements
in EGS technologies to provide solutions to unlock geothermal potential in previously
inaccessible formations. Building upon existing skills, these developments in geothermal
drilling reflect a transformative shift in geothermal energy to address current energy needs
and future sustainability goals.
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6.5. Case Study 3: Integrated Geothermal System—Cornell University

Cornell University is pioneering the integration of shallow heat pump systems and
deep geothermal technologies to create a comprehensive renewable energy model on a sin-
gle campus. A key component of this approach is the Lake Source Cooling project, in which
the naturally cold temperatures of Cayuga Lake are being used to replace conventional
air conditioning with an environmentally friendly alternative. The system operates as a
closed-loop, extracting water at 39–41 ◦F [3.8–5 ◦C] from the lake’s depths and transporting
it to a central heat exchange facility (Figure 8). There, it cools a secondary water loop for
campus buildings before returning the water to the lake at a slightly elevated tempera-
ture of 48–56 ◦F [8.9–13.3 ◦C], preserving the lake’s thermal balance and minimizing the
environmental impact [114].
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In addition to the Lake Source Cooling project, Cornell University has also launched
the Earth Source Heat project, which aims to tap into geothermal energy from deep under-
ground formations to provide heating for the campus. A crucial component of this project
is the Cornell University Borehole Observatory, drilled in 2022 to a depth of nearly two
miles [3.2 km]. This observatory well assesses the potential for extracting heat from deep
geothermal reservoirs (Figure 8). Looking ahead, the project will involve further drilling
into the basement rock to conduct fracture injection tests (DFITs) and to determine the
ideal depths for optimal reservoir access. These efforts will inform the design of future
geothermal injection and production wells and thus ensure the long-term sustainability of
the energy source. The envisioned system will use one well to inject water into hot rock
formations and another to extract heated water for transfer to the campus heating network
via a heat exchanger [115]. The integration of these two projects at Cornell demonstrates
one of the ways shallow and deep geothermal systems can work together to meet both
cooling and heating demands efficiently. This combination reduces fossil fuel use, lowers
emissions, and provides a practical, scalable solution for sustainable renewable energy.

7. Opportunities for Engineers and Scientists in Geothermal Energy
Geothermal energy presents significant opportunities for many STEM (Science, Tech-

nology, Engineering, and Mathematics) professionals, including oil and gas engineers,
leveraging their expertise in deep drilling and subsurface exploration. The technical simi-
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larities between geothermal energy development and oil and gas extraction, which include
well design, directional drilling, and hydraulics, enable a seamless transition for both
seasoned professionals and recent graduates. Meeting the workforce demands of this
growing sector is substantial, as developing a single 50-megawatt geothermal plant re-
quires 697 to 862 workers [116]. Additionally, advances in technology and infrastructure
could allow the US geothermal industry to support up to 60 gigawatts of energy gener-
ation by 2050 [117]. However, petroleum engineers transitioning to geothermal energy
must adapt to alternative environments and unique challenges. Leveraging existing skills
requires a deeper understanding of cost dynamics and adaptability to meet sustainable
geothermal energy demands [4,118]. Given the lack of geothermal energy educational
degrees, specialized training programs focusing on the unique challenges of geothermal
drilling—such as high-temperature conditions and complex geological formations—are
essential. Scenario-based certifications could bridge this education gap and enhance safety,
efficiency, and adaptability to equip engineers and scientists with the tools required to
handle these industry-specific demands effectively [119].

Government incentives could further accelerate the adoption of geothermal technolo-
gies, particularly geothermal heat pumps (GHPs). Federal and State programs, including
tax credits, grants, and rebates under the Inflation Reduction Act, reduce upfront costs and
encourage institutional and residential adoption of geothermal systems [120]. These in-
centives support the decarbonization of heating and cooling systems, creating momentum
for geothermal energy as a sustainable solution. Universities across the United States are
also leading a shift toward geothermal energy. Colorado Mesa University implemented
geothermal heating as part of a district energy system in campus operations [121]. Similarly,
Cornell University’s Earth Source Heat project aims to harness deep geothermal energy
for campus-wide heating, combining cost savings with emissions reductions and setting a
model for the large-scale academic adoption of renewable energy [122]. Most importantly,
geothermal energy presents untapped potential for direct industrial heat applications,
such as food processing, plastic manufacturing, and even automotive production, with
companies like Daimler and Volkswagen exploring geothermal wells to supply heat for
their operations [123]. Furthermore, geothermal energy offers transformative potential
as a sustainable power source for energy-intensive data centers in the generative AI and
blockchain applications era.

Geothermal energy strategies, however, vary significantly between Europe and the
United States. Europe leads in government-driven district heating projects, such as the
Paris Basin network, heating thousands of homes, and Iceland’s Hellisheiði plant, sup-
plying electricity and heat. Although the European techniques eliminate the need for
hydraulic fracturing, for its environmental concerns, expertise and equipment from the
oil and gas industry remain essential for identifying, planning, drilling, and completing
geothermal projects [123]. The US, in contrast, focuses on private-sector innovation to
advance EGS and closed-loop technologies. Key US initiatives include Utah FORGE’s
EGS research, the Salton Sea’s geothermal energy–lithium recovery integration, Fervo
Energy’s South Utah project targeting data centers, and Ormat Technologies’ Nevada fa-
cilities. Data centers represent a compelling growth area for geothermal energy. Europe’s
progress is exemplified by Microsoft’s geothermal-energy-powered data center in Finland,
while US partnerships between oil majors and tech firms aim to align geothermal energy
with low-carbon goals. Europe’s policy leadership has driven adoption, but the US’s
entrepreneurial model showcases scalability and innovation, as seen in projects like The
Geysers and Cornell University’s campus-wide geothermal heating initiative. These efforts
highlight geothermal energy’s dual role in decarbonizing heating systems and supporting
energy-intensive industries [123,124]. Engineers and scientists can play a pivotal role in
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advancing geothermal energy by combining their expertise with innovative technologies
and benefiting from strong policy and legislation support. These opportunities emphasize
geothermal energy’s potential as a cornerstone of a sustainable energy future.

8. Conclusions
This review underscores geothermal energy’s essential role in the global energy tran-

sition, offering a sustainable, low-emission alternative to traditional energy sources. It
comprehensively examines both deep and shallow geothermal systems, identifying critical
challenges and opportunities for advancement. By exploring cutting-edge technologies, sus-
tainable practices, and case studies across diverse climatic conditions, this review provides
actionable insights to propel geothermal energy forward. In light of the educational gaps
in this field, this review serves as a vital resource fostering innovation and empowering
professionals from oil and gas and other STEM (Science, Technology, Engineering, and
Mathematics) disciplines to contribute meaningfully to a cleaner, more sustainable energy
future. The following key conclusions have been drawn from this analysis:

• Geothermal energy provides stable, renewable power essential for addressing global
energy demands and achieving climate goals while minimizing environmental im-
pacts.

• Deep geothermal drilling aligns naturally with the expertise of oil and gas engineers,
enabling them to apply skills in wellbore stability, directional drilling, and advanced
completions to drive innovation and overcome geothermal-energy-specific challenges.

• Shallow geothermal systems depend on efficient heat transfer and require careful
consideration of soil, climatic, and hydrological properties as well as environmental
factors to optimize performance across diverse climates.

• Engineers and scientists from diverse STEM fields can significantly contribute by
integrating shallow heat pump systems with deep geothermal technologies, fostering
a multidisciplinary approach to geothermal energy solutions.

• Emerging technologies, including Enhanced Geothermal Systems (EGSs), closed-
loop designs, Hydrothermal Spallation Drilling (HSD), and Millimeter Wave (MMW)
drilling, are revolutionizing geothermal energy by expanding its applicability and
efficiency.

• Sustainable practices, such as reinjection strategies and the use of corrosion-resistant al-
loys and advanced cementing materials, enhance well integrity, reservoir sustainability,
and environmental stewardship.

• Case studies, including The Geysers, Utah FORGE, and Cornell University’s hybrid
geothermal systems, illustrate successful implementations of hydraulic stimulation,
fracture modeling, and innovative reservoir management.

• Government incentives, such as tax credits for geothermal heat pumps, and academic
initiatives are accelerating geothermal adoption, driving innovation, and fostering
collaboration across disciplines to support the global energy transition.

Future work should concentrate on enhancing both shallow and deep geothermal sys-
tems by addressing their shortcomings, their distinct physical mechanisms, and the ways to
integrate them. The mechanism of deep systems is tied to high-pressure, high-temperature
environments in addition to controlling and monitoring fractures and injection-induced
seismic events for EGS systems, while shallow systems rely on effective heat transfer and
moisture content in addition to the local environmental and climatic conditions. As a reli-
able, low-carbon source, geothermal energy is key to energy security and decarbonization.
Advancing both deep and shallow systems will improve efficiency, lower costs, and scale
deployment. Enhanced Geothermal Systems (EGSs) unlock deeper, hotter reservoirs by
increasing permeability through hydraulic stimulation. Optimizing fracture management,
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mitigating seismic risks, and improving heat extraction remain key research priorities.
Advances in drilling, well construction, and thermal modeling will further enhance perfor-
mance and cost-effectiveness.

Future research should also focus on optimizing both subsurface and surface geother-
mal production systems to improve efficiency, longevity, and economic feasibility. Subsur-
face advancements should prioritize well design, casing durability, and downhole pump
integration to maintain stable flow rates and enhance heat extraction. The interaction
between production and reinjection wells must be carefully managed to prevent thermal
breakthroughs and pressure imbalances. On the surface, future work should explore ad-
vanced power plant configurations, including improved flash and binary cycle systems, to
maximize energy conversion. Heat exchangers and pumping systems should be optimized
for higher thermal efficiency and reduced environmental impact. Monitoring and control
technologies need further development to enhance real-time resource assessment and
operational performance. Integrating geothermal energy with carbon capture, automation,
and hybrid renewable systems presents an opportunity for expanding its role in sustainable
energy solutions.

Hybrid geothermal systems incorporating solar energy, heat pumps, and hydrogen
production are emerging as efficient solutions. Extracting lithium and other critical minerals
from geothermal brines presents new economic opportunities. Community engagement is
crucial for project success, requiring transparency on environmental impacts and benefits.
High upfront costs remain a challenge, but improved drilling, reservoir management, and
repurposed oil and gas wells offer cost-effective solutions. Geothermal energy is essential
for carbon neutrality and energy independence.

Future research must also refine heat transfer in shallow systems, enhance fracture
monitoring in deep systems, and develop energy storage solutions. Interdisciplinary col-
laboration among engineers, geologists, and policymakers will drive geothermal energy’s
expansion. As technology, economics, and public acceptance improve, geothermal en-
ergy is set to become a cornerstone of sustainable energy. Future research on geothermal
energy should focus on integrating machine learning and artificial intelligence with re-
mote sensing technologies and the feasibility of transforming abandoned oil and gas wells
into a single-well geothermal system. Future projects will require continued interdisci-
plinary collaboration that includes engineers, geologists, hydrologists, geophysicists, and
geomechanics experts to unlock the full potential of geothermal energy as a sustainable
energy source.

Author Contributions: Conceptualization, T.E.; Methodology, T.E.; Validation, T.E. and M.A.; Formal
Analysis, T.E. and M.A.; Investigation, T.E. and M.A.; Resources, T.E.; Data Curation, M.A.; Writing—
Original Draft Preparation, T.E. and M.A.; Writing—Review and Editing, T.E.; Visualization, M.A.;
Supervision, T.E.; Project Administration, T.E.; T.E. provided the concept of the review; drafted the
Abstract, Introduction, Sections 1–4, and the Conclusions; participated in screening sources; reviewed
the manuscript; and supervised the process. M.A. drafted Sections 5–7, reviewed and formatted the
manuscript, created the illustrations, and contributed to data curation and source validation. All
other sections were completed by efforts from both authors. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: All data used are cited and contained within the reference section of
this article.

Conflicts of Interest: The authors declare no conflicts of interest.



Energies 2025, 18, 811 23 of 29

Abbreviations

AI Artificial Intelligence
ASHPs Air Source Heat Pump Systems
BHT Bottomhole temperature
BTC Buttress Thread Connection
CBL Cement Bond Log
CCHP Combined Cooling, Heating, and Power
CHF Cyclic Hydraulic Fracturing
COP Coefficient Of Performance
DDG Drilling Dynamic Geomechanics
DHEX Downhole Heat Exchangers
EGS Enhanced Geothermal Systems
FORGE Frontier Observatory for Research in Geothermal Energy
GCHP Ground-Coupled Heat Pumps
GHPs Geothermal Heat Pumps
GL Ground Level
GRE Glass Reinforced Epoxy
GWHP Groundwater Heat Pumps
HSD Hydrothermal Spallation Drilling
HTHP High-Temperature, High-Pressure
IoT Internet of Things
Jts Joints
KB Kelly Bushing
LCAs Life Cycle Assessments
LCOH-HT Levelized Cost of Heat
MD Measured Depth
MMW Millimeter Wave
NPT Non-productive time
PDC Polycrystalline Diamond Compact
PMSMs Permanent Magnet Synchronous Motors
PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses
ROP Rate Of Penetration
RPD Rotary Percussive Drilling
SRV Stimulated Reservoir Volume
STEM Science, Technology, Engineering, and Math
SWHP Surface Water Heat Pumps
THM Thermal–Hydraulic–Mechanical
VWC Volumetric Water Content
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