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Abstract: Enhanced geothermal systems (EGSs) offer potential for geothermal energy in areas lacking
natural resources, but their economic success depends on optimal heat extraction, which is impeded
by thermal breakthrough caused by fluid short-circuiting. This paper systematically reviews
techniques to mitigate thermal breakthrough and improve heat production of EGSs. It aims to
provide an overview of current techniques, identify challenges, and suggest future research
directions. This review stands out by integrating findings from diverse fields, providing a
comprehensive view of EGS thermal breakthrough mitigation. It discusses and evaluates five major
techniques: working fluid flow management, reservoir stimulation, intermittent thermal extraction,
use of carbon dioxide (COz) as working fluid, and fracture conductivity management. It is shown that
while fluid circulation rate adjustment and real-time monitoring and control can improve thermal
output from EGSs noticeably, they bring significant risks of induced seismicity and increased cost
and complexity of EGS design and operation. Multi-stage fracturing can create evenly distributed
fractures in the reservoir, utilizing complex fracture networks to increase the heat sweep volume and
postpone cold-water advancement. Through dissolving minerals in fluid flow paths, chemical
stimulation can generate more extensive and interconnected flow channels, thus helping to delay
thermal breakthrough; however, it needs careful environmental consideration. Intermittent thermal
extraction, by alternating periods of active heat extraction with shut-in phases, enables temperature
restoration in surrounding rock that has been cooled due to heat production, thus effectively delaying
the decline of fluid outlet temperature. The unique thermodynamic and transport properties of COz
improves the sweep of a reservoir and fosters a more comprehensive heat exchange within fracture
networks, leading to more efficient heat extraction and thus higher thermal output. Temperature-
sensitive proppants can considerably enhance long-thermal heat production of EGSs by
automatically tuning fluid flow distribution across fractures. Future promising research directions
include reactive tracer-based diagnostics, temperature-sensitive viscosity fluids, and nanofluid
engineering.

Keywords: enhanced geothermal systems; heat transfer; thermal breakthrough; reservoir
stimulation; fracture conductivity management

1. Introduction

Geothermal energy harnesses the planet’s internal heat as a renewable energy source
fundamentally distinct from solar, wind, or hydropower in its ability to provide continuous,
dispatchable power [1]. Emerging deep beneath the Earth’s crust through residual heat from
formation and the decay of radioactive isotopes, geothermal energy manifests in hot reservoirs that
can be accessed via engineered wells and advanced extraction technologies [2]. Geothermal wells are
usually exposed to high-temperature subsurface environment, requiring high-temperature resistant
seals to maintain hydraulic integrity [3,4].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.0422.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 May 2025 d0i:10.20944/preprints202505.0422.v1

The persistence and magnitude of Earth’s heat mean this resource is inexhaustible on human
timescales, capable of consistently supporting 24/7 energy production regardless of weather or time
of day [5]. In contrast to variable renewables such as wind and solar, geothermal energy functions as
a firm, baseload power source, delivering reliability and high capacity factors exceeding 75% in
modern installations [6]. Geothermal plants demonstrate a compact land footprint as most core
infrastructure is concealed beneath the surface, reducing land use conflicts and enabling deployment
in proximity to demand centers. The lifecycle emissions of geothermal electricity are markedly low,
often below those of solar PV and several orders of magnitude beneath fossil fuel sources, which
positions geothermal as a pivotal player in decarbonization strategies [1]. Furthermore, geothermal
projects tend to create more jobs per megawatt than wind or solar, and contribute to local tax
revenues and royalties, fostering both economic and social co-benefits [5].

Traditional geothermal power generation, generally referred to as conventional hydrothermal
systems, relies on naturally occurring reservoirs of hot water and permeable rock, a combination
found in limited tectonic or volcanic settings. This geographical constraint has historically confined
geothermal utilization to specific regions such as the Ring of Fire, thereby restricting its global
contribution to less than 1% of electricity production [7,8]. To transcend these limitations, Enhanced
Geothermal Systems (EGSs) have emerged as a paradigm-shifting approach to geothermal
development [9]. EGSs are engineered geothermal reservoirs created in hot, typically dry rock that
lacks sufficient natural fracturing or fluid to support commercial heat extraction. By deploying
techniques such as hydraulic or chemical stimulation to increase rock permeability, and then
circulating water or alternative working fluids through these deep formations, EGSs can tap into an
otherwise inaccessible and vast store of geothermal energy [10]. This innovation decouples
geothermal potential from rare geological circumstances, extending its applicability to regions
around the globe and unlocking an energy source with theoretical potential far exceeding today’s
energy demand projections.

Despite their transformative promise, EGSs face significant operational and sustainability
hurdles, with thermal breakthrough standing out as a particularly critical challenge. Thermal
breakthrough refers to the premature arrival of cold injected fluid at production wells via preferential
or fast flow pathways, which leads to an accelerated decline in output temperature and,
consequently, a sharp reduction in the reservoir’s effective lifespan and heat recovery efficiency
[11,12]. The phenomenon is fundamentally tied to the design and dynamics of fracture networks
within the EGS reservoir, as spatial heterogeneity in permeability, fracture aperture, and well
configuration can create dominant channels that shortcut heat exchange. Operational parameters,
such as well spacing, injection rates, and fluid properties, further influence the timing and severity
of breakthrough [13]. The occurrence of thermal breakthrough not only jeopardizes the commercial
and environmental viability of EGS projects but also complicates investment and risk profiles, thus
impeding widescale adoption.

Recognizing the urgency of this issue, the scientific and engineering community has proposed
and evaluated a spectrum of mitigation techniques. These encompass flow management strategies to
optimize fluid pathways and delay thermal drawdown [11], advanced reservoir stimulation methods
to enhance permeability distribution and minimize preferential chanelling [13], operational protocols
such as intermittent thermal extraction to enable reservoir recharge [14], the adoption of alternative
working fluids like supercritical CO, to exploit their improved thermal properties [13], and the
deliberate management of fracture conductivity to limit fast pathways [15,16]. Nevertheless, the
ability to reliably predict and mitigate thermal breakthrough remains constrained by the complex
interplay of geological heterogeneity, coupled thermo-hydro-mechanical-chemical processes, and
limited field-scale experimental validation [12,13,17].

A critical gap in the current literature is the lack of comprehensive, multidisciplinary reviews
that systematically synthesize these diverse mitigation strategies, their interdependencies, and their
performance under varying geological and operational conditions. Most existing studies focus on
modeling single mitigation aspects or rely on simplified assumptions of reservoir behavior, thereby
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limiting their prescriptive value for practical EGS deployments. Furthermore, experimental studies
and long-term monitoring of fracture network behavior under cyclic thermal stresses remain scant,
introducing further uncertainty into predictive models and management protocols [13]. Research into
non-water working fluids such as CO,, while promising for efficiency and carbon sequestration co-
benefits, has yet to see widespread field demonstration or operational optimization.

The objective and novelty of this review paper lie in providing a holistic and integrative
synthesis of thermal breakthrough mitigation in EGSs, organized around five key technological and
operational domains: flow management techniques, reservoir stimulation techniques, intermittent
thermal extraction, using CO, as working fluid, and managing fracture conductivity. By elucidating
fundamental principles and critically evaluating recent advances and limitations across these
domains, this paper uniquely consolidates the state-of-the-art while identifying promising directions
for future research and innovation. By providing a critical and thoroughly referenced synthesis, this
review intends to serve as a foundational resource for researchers, engineers, and decision-makers
striving to enhance the durability, efficiency, and scalability of EGS technology through effective
mitigation of thermal breakthrough.

2. Brief Introduction to Enhanced Geothermal Systems and Thermal
Breakthrough

EGSs refer to artificially engineered subterranean reservoirs designed to capture and exploit
thermal energy from deep rock formations that possess sufficient temperatures but lack the natural
permeability or fluid content necessary for conventional geothermal energy extraction [8]. In EGS
development, permeability is intentionally created or increased —typically through stimulation
techniques such as hydraulic fracturing—to form pathways for fluid circulation in otherwise
impermeable or minimally permeable hot dry rocks, thereby transforming the subsurface
environment into a productive thermal reservoir for sustainable energy utilization [8]. Unlike
conventional hydrothermal resources, which rely on existing fractures and natural fluid presence,
EGSs enable geothermal energy access in regions previously deemed unsuitable for geothermal
exploitation [17].

EGSs are broadly categorized based on the orientation and configuration of the wells
constructed within the geothermal reservoir. The first category is the vertical well-based EGS,
characterized by drilling injection and production wells in a vertical orientation that penetrates the
target hot rock zones at great depths, as seen in Figure 1a. In these systems, stimulation efforts focus
on generating or enlarging fractures between the vertical injection and production wells to facilitate
efficient fluid flow and heat transfer between distinct vertical boreholes. Although this approach has
driven the development of EGS since the 1970s, vertical well systems can be hindered by limited
fracture network surface area and suboptimal connectivity, which may result in reduced flow rates
and rapid declines in extracted fluid temperatures. The second prominent category encompasses
EGSs presented in Figure 1b that are constructed using horizontal wells, leveraging advances from
the oil and gas sector in horizontal drilling and multi-stage fracturing [18]. Here, horizontal or
deviated wells are drilled laterally within the geothermal formation, often intersecting multiple
fracture planes or branches along the well path to maximize contact with hot rock and stimulated
fracture networks. This configuration enables a larger heat exchange surface area, improved
connectivity between injection and production segments, and more effective reservoir sweeping,
collectively enhancing heat recovery and operational longevity compared to vertical well systems
[18].

Thermal breakthrough in the context of EGS describes the event in which the temperature of the
produced fluid drops sharply because injected cooler fluid reaches the production well earlier than
anticipated, resulting in a significant decrease in the temperature differential between the injection
and production wells [19]. The phenomenon occurs when the injected fluid travels along preferential
and often unintended higher-permeability pathways, bypassing much of the intervening rock,
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thereby short-circuiting the intended heat exchange process [20]. Operationally, thermal
breakthrough is detected as a noticeable and sustained reduction in the production well’s
temperature, signaling that substantial reservoir cooling has occurred, compromising the efficiency
of geothermal heat extraction in that sector. Mitigating thermal breakthrough in EGS operations is
crucial for maintaining the technical, economic, and environmental viability of geothermal energy
production. Early or uncontrolled breakthrough limits the amount of recoverable heat by rapidly
cooling local rock volumes, reducing the duration and magnitude of usable energy output and
impeding the project’s economic sustainability [13]. Without active management, premature
breakthrough can also lead to greater operational costs by necessitating additional stimulation and
drilling interventions to restore or relocate heat-extraction capacity in depleted zones. Research has
shown that optimizing well spacing, controlling injection rates, increasing fracture network
complexity, and employing advanced reservoir management techniques can delay or prevent
thermal breakthrough, thereby prolonging reservoir lifespan and improving heat recovery efficiency
[15].
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Figure 1. Enhanced geothermal systems based on (a) vertical wells and (b) horizontal wells.

3. Thermal Breakthrough Mitigation Techniques

In the past years, various techniques have been proposed to delay or prevent thermal
breakthrough from different perspectives. Among them, the following five latest techniques have
been extensively investigated: flow management techniques, reservoir stimulation techniques,
intermittent thermal extraction, using CO, as working fluid, and managing fracture conductivity. In
this section, regarding their principles, latest key progress, and limitations, these techniques are
critically assessed in a holistic and integrative way, as illustrated in Figure 2.
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Figure 2. Collection of techniques to mitigate thermal breakthrough in enhanced geothermal systems.

3.1. Flow Management Techniques

Flow management is a critical aspect of EGS operations, focusing on optimizing the distribution
of injected fluid within the reservoir to maximize heat extraction and delay thermal breakthrough.
The primary goal of flow management is to prevent or minimize the formation of preferential flow
paths or “short circuits,” where the injected fluid bypasses significant portions of the hot rock and
reaches the production well prematurely. Two major flow management strategies have been
developed in the past, including adjusting injection and production rates, and implementing real-
time monitoring and control systems.

One of the primary strategies for mitigating thermal breakthrough involves carefully managing
injection and production rates. This approach involves carefully controlling the volume and speed at
which fluid is injected into the reservoir and extracted from it, aiming to maximize heat recovery
while preventing premature cooling of the production wells [21]. The underlying principle is to
manage fluid flow paths and residence time within the fractured rock mass, ensuring efficient heat
exchange and preventing short-circuiting of colder injected water directly to the production well
[22,23]. Reducing the injection temperature can also be beneficial for fully extracting heat energy from
the rock mass [24]. Fluid injection and production rates adjustments can be based on numerical
models that analyze the impact of various parameters, including formation properties, wellbore
characteristics, and injected fluid properties, on heat transfer efficiency [18]. These adjustments can
significantly impact the thermal performance of an EGS. Reducing the injection rate can increase the
residence time of the injected fluid within the hot reservoir rock, allowing for more efficient heat
absorption. This is particularly effective in systems where the fracture network is not fully
interconnected, and slower flow rates encourage the fluid to permeate a larger volume of the rock
mass [10]. Conversely, increasing the production rate, while potentially leading to higher initial heat
extraction, can also accelerate thermal breakthrough if not carefully managed [25]. A balanced
approach involves dynamically adjusting both injection and production rates based on real-time
temperature monitoring and reservoir modeling. This allows operators to adapt to changing reservoir
conditions, mitigate thermal drawdown, and prolong the lifespan of the EGS. Multistage stimulation
can enhance well flow performance, delay thermal breakthrough, and ultimately improve heat
production. In this case, the optimal injection and production rates for maximizing heat production
may be impacted by the well spacing and stimulation scenario. As suggested by the thermal
breakthrough calculation of Li et al. [26], when well spacing is limited and the number of stages is
low, operating at a reduced fluid circulation rate is preferable to help postpone thermal
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breakthrough; however, with larger well spacing and a greater number of stages, thermal
breakthrough occurs later, making it advantageous to circulate fluid at the maximum allowable flow
rate (Figure 3). Research also suggests that different stages of production require adjustments in the
injection water temperature to adapt to reservoir changes and optimize production [10]. The
numerical study by Zhang et al. [27] indicated that when injected fluid temperature was increased,
not only was production temperature raised but also EGS longevity was elongated.

While adjusting injection and production rates offers significant benefits, it also presents certain
disadvantages. One major concern is the potential for induced seismicity due to changes in pore
pressure within the reservoir. Altering flow rates can destabilize existing faults and fractures,
increasing the risk of minor to moderate earthquakes [28]. Another disadvantage is the potential for
thermal stress-induced damage to the reservoir rock. Rapid changes in temperature caused by
fluctuating flow rates can lead to thermal fracturing and reduced permeability over time [29].
Furthermore, the optimization of flow rates requires sophisticated reservoir modeling and
monitoring, adding to the operational complexity and cost of EGS projects.
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Figure 3. Fluid flow rate for optimal present value of revenue versus stages number with well lateral length of
1000 m (Adapted from Li et al. [26]).

Real-time temperature monitoring and flow control systems offer a more dynamic approach to
flow management. These systems utilize a network of sensors to continuously monitor temperature
and pressure conditions within the reservoir. The data collected is then used to adjust injection and
production rates in real-time, optimizing fluid flow and heat extraction, as illustrated in Figure 4 [30].
This approach allows for a more adaptive response to changing reservoir conditions, such as the
development of preferential flow paths or the onset of thermal breakthrough.
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Figure 4. Principle of downhole temperature monitoring and flow adjustment: (a) injector-producer thermal
short circuit; (b) detecting thermal short circuit with distributed temperature sensors (DTSs); (c) utilizing inflow
and injection control devices (ICDs) to address short circuit via adjustment of fluid flow; (d) more uniform flow

and higher-efficiency heat production (Adapted from Zhang and Dahi Taleghani [30]).

Numerous studies have explored the integration of real-time temperature monitoring and flow
control systems in EGSs to address challenges such as thermal breakthrough and suboptimal heat
extraction efficiency. These approaches rely on strategically placed sensors that continuously record
temperature and pressure within the subsurface, providing operators with immediate insight into
reservoir behavior. The resulting data enable dynamic adjustments to injection and production
parameters, which seek to distribute fluid more evenly across available fracture networks, thereby
minimizing the risk of rapid cooling along dominant flow paths—a frequent cause of early thermal
breakthrough. For instance, field-scale simulations by Zhang and Taleghani [31] utilizing downhole
temperature sensors combined with adjustable flow control devices have shown promising results,
with up to a 60 K increase in production temperature and an above-48% rise in total heat extracted
over long-term operation. Multi-stage fluid control, an operational protocol derived from such
studies, is particularly emphasized for sustaining improved heat sweep over decades and preventing
the counterproductive reopening of previously isolated injection zones [31]. Moreover, research into
self-regulating flow control methods reveals that promoting circulation through hotter, lower-
permeability fractures can further optimize energy recovery, raising output temperatures by over 36
K and boosting heat extraction efficiency by 60% across multiple decades, as shown in Figure 5 [30].
Other advancements, including distributed fiber-optic sensors and acoustic monitoring technologies,
improve the spatial resolution of data, enabling rapid detection and mitigation of flow imbalances or
instabilities [32]. Machine learning has also emerged as a supportive tool, enhancing predictive
modeling and facilitating more precise control algorithms [33].
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Figure 5. Comparison of production temperatures achieved with and without downhole fluid flow control
(Adapted from Zhang and Dahi Taleghani [30]).

Despite their potential, these strategies are accompanied by practical limitations. Deployment of
sensor networks and flow control devices in EGS reservoirs is technically challenging, often
constrained by extreme temperatures, high pressures, and corrosive chemistries that limit equipment
lifespan and reliability [34]. The complexity of installation and maintenance, paired with high capital
and operational costs, remains a significant barrier to widespread adoption. Furthermore, incomplete
reservoir characterization and limited spatial coverage of monitoring sensor arrays can result in
inadequate or misleading data, undermining real-time adjustments and diminishing overall system
efficacy [35]. The need for sophisticated operational expertise and comprehensive system integration
further accentuates cost and operational hurdles. In cases of highly channelized flow or irregular
fracture patterns, solely relying on flow control may be insufficient without additional reservoir
stimulation techniques. In summary, while real-time monitoring and control systems for EGSs
represent a substantive advancement for enhancing system longevity and efficiency, practical
disadvantages in durability, deployment logistics, economic viability, and data robustness
underscore the necessity for further research and innovation in this domain.

3.2. Reservoir Stimulation Techniques

EGSs represent a promising renewable energy technology that harnesses thermal energy stored
in deep rock formations. A critical challenge in EGS development is the inherently low permeability
of deep rocks, which necessitates enhancement through various stimulation methods [36]. Reservoir
stimulation techniques encompass hydraulic, chemical, and thermal approaches, with hydraulic
stimulation being the most commonly employed technique. These stimulation operations are
essential as they create pathways for fluid circulation, thereby enabling efficient heat extraction from
otherwise inaccessible geothermal resources. The primary objective of these techniques is to increase
both reservoir permeability and the specific area for heat exchange, which directly impacts the
system’s heat extraction efficiency and its ability to mitigate thermal breakthrough.

Hydraulic stimulation involves injecting large amounts of fluid into the target reservoir through
perforations of a wellbore [37-39]. High-pressure fluid injection can induce the formation of new
tensile fractures and, when natural fractures exist, can also trigger their opening or shear
displacement. These mechanisms contribute to a substantial permeability enhancement, primarily
through the widening of tensile fractures and shear dilation of pre-existing ones. Additionally, the
process may generate fractures that extend toward and link with more distant natural fractures,
greatly improving the reservoir’s hydraulic connectivity. An important outcome of this fracturing
activity is the expansion of the fracture surface area, which plays a vital role in enlarging the heat
exchange interface and boosting the efficiency of thermal energy extraction from the surrounding
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rock matrix. Hydraulic stimulation combines both hydraulic fracturing and hydroshearing
mechanisms, a perspective now widely accepted in the EGS community. This combined approach
has been demonstrated to be effective in enhancing reservoir performance, as confirmed by
experiences from the Soultz EGS project [29]. The process of improving permeability through
hydraulic stimulation directly addresses thermal breakthrough challenges by creating a more
extensive and better-connected fracture network, which allows for more uniform heat extraction
across a larger rock volume.

Chemical stimulation involves injecting acidic fluids into the formation while maintaining
pressure below the reservoir breakdown threshold [40]. Permeability enhancement through this
method is achieved via mineral precipitation, transport, and dissolution processes. This technique
has been widely adopted for enhanced hydrocarbon recovery and has been successfully applied in
various EGS projects, including those at Grofs Schonebeck, Desert Peak, and Soultz. Chemical
stimulation refers specifically to a reservoir permeability enhancement method that introduces
chemical stimulants into fractured geothermal reservoirs to improve their performance [41]. By
dissolving minerals blocking fluid pathways, chemical stimulation can create more extensive and
interconnected flow channels, which contribute to delaying thermal breakthrough by promoting
more uniform fluid distribution and heat exchange throughout the reservoir [42]. This process allows
for better heat transfer between the circulating fluid and the hot rock, thereby maintaining higher
production temperatures over extended operational periods [43].

Thermal stimulation typically involves injecting cold water into the reservoir for several weeks.
The large temperature contrast between the injected cold fluid and the hot reservoir rock generates
thermal stresses that can deform existing natural fractures and potentially initiate the formation of
new fractures within the reservoir. This method effectively utilizes thermal shock to enhance flow
performance in tight porous media [44]. The resultant thermal stresses alter the mechanical properties
of the rock, promoting increased fluid mobility and creating additional pathways for heat exchange
[45]. Thermal stimulation plays a vital role in mitigating thermal breakthrough by promoting a more
uniform temperature distribution within the reservoir [46]. By strategically inducing thermal
fracturing, this technique creates a network of fluid pathways that allows for more effective heat
absorption from the surrounding rock [47].

Heat extraction in EGS primarily depends on the flow characteristics through fractures and the
heat exchange efficiency between circulating fluid and surrounding rocks. Water flow in EGSs is
mainly controlled by fractures rather than the rock matrix, making the fracture network crucial for
thermal performance. A critical challenge in EGS operation is the formation of channelized
preferential flow paths due to variable permeability and heterogeneous aperture distribution in
fractures. The development of preferential flow channels can result in a premature drop in
production temperature, as a larger share of the circulating fluid is diverted through these high-
permeability pathways, limiting interaction with the surrounding rock for heat exchange. The
specific surface area of fractures, defined as the heat exchange interface per unit volume of reservoir,
plays a critical role in determining thermal transfer efficiency. From a heat transfer standpoint, the
rate of energy exchange is directly linked to this surface area, with higher values enabling more
effective heat extraction. Therefore, creating more fractures with smaller hydraulic apertures may be
more beneficial for EGS than fewer fractures with larger apertures. This approach maximizes the heat
exchange area while maintaining the required permeability enhancement.

Numerous studies have investigated the effectiveness of stimulation techniques in enhancing
EGS performance. Findings from the Soultz EGS project revealed that permeability improvements
were significantly influenced by a combination of newly formed hydraulic fractures and the shear
activation of existing natural fractures [29]. Insights gained from the Fenton Hill EGS experiments in
the United States indicated that hydraulic stimulation led to both the opening and shearing of certain
natural fractures, as evidenced by the analysis of microseismic activity. Recent studies have advanced
the understanding of hydraulic stimulation through multi-stage fracturing approaches. This
technique involves isolating sections along horizontal boreholes using packers and injecting fluid
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into these sections concurrently or following a specific order. This creates several fractures along a
wellbore, stimulating a greater rock volume and increasing permeability (Figure 6a). Such an
approach would increase flow rates per well and potentially double the ultimate recovery of energy
by extracting heat from a larger volume of rock [48]. Multi-stage fracturing with careful attention to
stress interference (“shadow effect”) ensures that fractures are distributed more evenly in the
reservoir, leveraging complex fracture geometry to maximize the heat sweep volume and postpone
cold-water advancement. The analysis by Jia et al. [29] showed that for the same permeability
enhancement, scenarios with more fractures of smaller apertures deliver significantly better thermal
performance than those dominated by fewer, wider fractures, as shown in Figure 6b. Cyclic Soft
Stimulation (CSS) is an emerging approach that integrates repeated fluid injection cycles with a traffic
light system (TLS) designed to monitor and manage induced seismicity in real time. This method
aims to enhance reservoir permeability while mitigating fluid injection-induced seismicity.
Laboratory studies have demonstrated that cyclic hydraulic fracturing lowers the breakdown
pressure by approximately 20% relative to traditional hydraulic stimulation methods, while also
promoting the formation of more intricate and branched fracture networks [29]. Besides, past
chemical stimulation studies demonstrated significant benefits for geothermal reservoirs [49].
Chemical stimulation is often used as an auxiliary method in EGS engineering, with chemical
stimulants divided into acid stimulants and other types. Novel approaches using chelating agents
have also been proposed as alternatives to traditional acidic solutions, potentially offering less
environmental impact [50]. Regarding the performance of chemical stimulation, the findings by Luo
et al. [42] suggested that variation in hydraulic permeability is closely linked to chemical processes,
as shown in Figure 7; hence, the reaction duration must be carefully optimized to ensure the effective
implementation of chemical stimulation in hot dry rock reservoirs.
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Figure 6. (a) Conceptual representation of simplified fracture network for thermal energy exchange between
circulating fluid and rock in an enhanced geothermal system; (b) comparison of two scenarios highlighting
impact of fracture configuration: for identical overall permeability, Case-I with lower heat exchange area and

reduced heat extraction volume compared to Case-II. (Adapted from Jia et al. [29]).
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Although stimulation methods offer notable advantages, they also come with significant
challenges and constraints. One major concern is the potential for injection-induced seismicity
associated with hydraulic stimulation, which can occur both during and following fluid injection.
While the majority of seismic events linked to EGS projects typically register below magnitude 3.0,
there have been instances where larger, damaging earthquakes have been recorded [29]. Notable
examples include earthquakes at the Basel geothermal site in Switzerland (maximal magnitude Mw
3.4) and the Pohang geothermal field in South Korea (magnitude Mw 5.5), both of which led to project
suspensions [51]. Chemical stimulation raises environmental concerns related to the potential
contamination of groundwater and ecological impacts. The effectiveness of chemical treatments may
also be limited by the depth of penetration, with reactions often occurring predominantly near the
wellbore [52]. Additionally, controlling reaction kinetics presents challenges, requiring careful timing
and control of the injection process. Thermal stimulation requires precise management of
temperature and pressure to prevent irreversible damage to the reservoir rock. Thermal
breakthrough remains a main challenge for maintaining efficient heat extraction throughout an EGS
project’s lifespan. Improper thermal management can lead to rapid cooling of the reservoir, reducing
overall energy output and economic viability.

The effectiveness of reservoir stimulation techniques in enhancing EGS performance depends
on careful design and implementation strategies. A thorough geological assessment of the natural
fracture network and adjacent fault zones is essential prior to the development of an EGS.
Additionally, the strategic design of well configurations for injection and production, alongside
effective fluid injection protocols, are crucial for ensuring the successful deployment of EGS
technology. Additional studies on the coupled thermo-hydro-mechanical-chemical interactions
occurring during and after fluid injection in EGSs are essential, with a specific focus on gaining
deeper insights into the mechanisms underlying induced seismicity. As EGS technology advances,
optimizing stimulation techniques while minimizing environmental impacts and seismic risks will
be crucial for the widespread adoption of this promising renewable energy source.

3.3. Intermittent Thermal Extraction

Intermittent thermal extraction (ITE) is another method that addresses thermal breakthrough
challenges encountered during continuous thermal extraction. The core mechanism that enables ITE
to mitigate thermal breakthrough lies in its operational cycling, which alternates periods of active
heat extraction with shut-in or resting phases. During active extraction, the fluid draws heat from the
reservoir, and without adequate intervention, this can lead to locally cooled “short-circuit” zones
around the production wells where the temperature drops precipitously [53]. By implementing
scheduled pauses in the extraction process, ITE allows these cooled regions to recover thermally as
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heat from adjacent rock conducts into the depleted zones, thereby counteracting the establishment of
persistent low-temperature channels and restoring near-wellbore temperatures [54]. The cycling
strategy of ITE, where extraction is periodically shut down for thermal soak periods, enables a more
uniform redistribution of the thermal front and delays the advance of cold plumes toward the
production wells [55]. This process has been shown to compensate for localized cooling effects,
destabilize short-circuit pathways, and maintain a more stable thermal gradient, collectively
minimizing the decline of output temperature over time. Consequently, subsequent production
cycles yield higher output temperatures and more sustainable heat extraction.

A substantive body of research underpins ITE’s efficacy in EGS. To mitigate channeling flow in
EGSs, Chen and Liang [56] developed and tested unstable alternation operation (UAO) techniques,
which generate unsteady water flooding by periodically switching water injection among multiple
wells; their result indicated that the UAO techniques alleviated flow short-circuiting and increased
heat exchange area by promoting uniform fluid flow across the entire fracture, thus leading to higher
thermal output than continuous heat production. Also, numerical simulation studies, such as those
that model dual-vertical or horizontal well configurations, demonstrated that intermittent extraction
could extend thermal field longevity and improve cumulative heat production by over 13%
compared to continuous operation, as shown in Figure 8 [14]. To achieve an economical thermal
production scenario for abandoned well patterns, Xu et al. [57] built an oil-water coupled model with
intermittent operation considered and evaluated the efficiency of synergic oil-heat extraction, from
which it was found that well spacing and production periods impacted heat production the most,
and that the lifespan of intermittent operation is much longer than continuous operation. Zuo and
Weijermars [58] designed and explored the performance of a production plan alternating 8-h fluid
circulation with 16-h shut-in within a day for an EGS, which showed that this production plan can
maintain a quasi-steady state of production temperature that is not achievable for a continuous
operation scheme. Past research revealed that optimizing the timing and duration of shut-in intervals
amplifies thermal recharge and delays the onset of cold water or “thermal” breakthrough [59,60].
These findings are corroborated by studies that specifically analyze fracture-dominated reservoirs,
where the inherent heterogeneity can cause uneven thermal depletion; ITE helps regulate
temperature fields and maximizes the utilization of available thermal energy [61,62]. Additionally,
advanced modeling incorporating thermal-hydraulic-mechanical coupling reveals that the periodic
cessation of flow has potential to reduce adverse geomechanical impacts, supporting greater
reservoir stability and performance [45,63].

Despite the significant advantages offered by ITE in managing thermal breakthrough and
improving thermal recovery, the method entails several notable drawbacks and operational
challenges. The foremost limitation is the reduced average instantaneous heat supply due to cycling-
induced downtime; each rest period is non-productive, which may compromise the continuous
delivery required for some heat or electricity demand profiles [64]. This necessitates either the
integration of energy storage technologies or hybrid systems, both of which can increase system
complexity and capital costs. The cyclic thermal and pressure loads associated with ITE impose
additional mechanical and thermal stresses on wells and reservoir rocks, raising the risk of
geomechanical instability or infrastructure fatigue, especially in heterogeneous subsurface settings
[56]. The start-stop nature of ITE also presents practical challenges for plant operation and
maintenance, requiring sophisticated control algorithms and enhanced monitoring to ensure optimal
cycling schedules and to respond adaptively to subsurface feedback. Also, the effectiveness of ITE is
context-dependent because improper cycle timing or reservoir mischaracterization may result in
suboptimal recharge or even exacerbate cold plume migration if not carefully managed. While ITE
mitigates near-wellbore cooling, it does not necessarily guarantee a dramatic extension of total
system life in every geological context, especially where fracture connectivity dominates over
conductive recharge dynamics. Finally, operational complexity, increased monitoring requirements,
and potential economic trade-offs represent additional barriers to widespread adoption.
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In summary, ITE represents a nuanced and effective approach for managing the heat recovery
challenges presented by EGS, particularly concerning thermal breakthrough and reservoir
sustainability. Substantial evidence has demonstrated ITE’s ability to redistribute reservoir heat,
delay cold fluid intrusion, and enhance cumulative heat extraction over time. However, practical
limitations, including operational interruptions, geomechanical and economic considerations, and
site-specific dependencies, require thorough assessment and tailored system design before broad

implementation.
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Figure 8. (a) Production temperature and (b) cumulative generated electricity for various heat production
scenarios (Adapted from Liu et al. [] (2024, JCP)).

3.4. CO2-Based EGSs

Injecting carbon dioxide (CO2) as a working fluid into EGSs offers a scientifically compelling
solution to address the persistent problem of thermal breakthrough. The advantage lies in the unique
thermodynamic and transport properties exhibited by CO: compared to conventional fluids like
water [65]. Most notably, CO-'s relatively low viscosity and enhanced thermal expansivity facilitate
greater mobility and higher flow velocities in the reservoir, which improves the sweep of the rock
matrix and fosters a more comprehensive heat exchange within fracture networks [66]. Furthermore,
when CO: is injected into the reservoir under supercritical or near-critical conditions, it experiences
significant buoyancy due to density differences between the cooler injected and the warmer produced
phases [67]. This density contrast sets up a natural convection mechanism or “thermosiphon effect,”
supporting more extended and uniform flow circulation for the working fluid and reducing the early
breakthrough of cold front at the production well [68]. Consequently, CO:2 molecule paths are less
direct than those of water, leading to a delayed migration of the thermal front and, in turn, a more
stable temperature at the production well for a longer duration [69]. These thermophysical
advantages are augmented by CO:’s relatively minimal interaction with reservoir minerals at
moderate temperatures, which lessens scaling and maintains fracture aperture [70].

A substantial body of simulation and experimental research supports CO:’s effectiveness in
mitigating thermal breakthrough and enhancing heat recovery in EGS. Pruess [69], among the earliest
to numerically evaluate this strategy, demonstrated that CO:z achieves higher mass flow and net heat
extraction rates than water under identical operational conditions due to its favorable
thermodynamic characteristics. Findings from a numerical simulation study by Pruess [71] showed
that COz delays the arrival of the thermal breakthrough front, resulting in nearly constant heat output
for over two decades before a gradual decline begins. A similar conclusion was echoed by Masuoka
et al. [72], whose reservoir-scale simulations revealed that CO2-based systems both sustain higher
fluid velocities and suppress the acceleration of temperature decline in continuous extraction
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scenarios. Experimental validation by Li et al. [73] provided further nuance, as laboratory injection
of supercritical COz into fractured granite indicated that efficient heat transfer could be maintained
with appropriate management of fracture permeability, and the impairment effects of mineralization
could be combated through operational adjustments such as proppant usage. Starczewska et al. [74]
performed a life cycle assessment comparing water and supercritical COz cycles, confirming that
sCOz-based systems achieve higher energy conversion efficiency, especially when operating at lower
temperature differentials; CO2-EGS not only improves heat recovery but also reduces overall
greenhouse gas emissions by integrating geothermal extraction with CO2 sequestration. Okoroafor et
al. [75] directly compared thermal performance with CO2 and water as working fluids, concluding
that CO:2 enhances heat production longevity and slows temperature depletion at the production
well. Moreover, advanced coupled thermo-hydro-mechanical-chemical analyses by Li et al. [73] has
demonstrated that COz-water-rock interactions can be managed to balance mineralization for storage
while maintaining permeability, further bolstering EGS sustainability. In field studies, results from
the historic Ogachi project in Japan provided early but valuable real-world data on flow and borehole
performance in a CO2-using pilot EGS [76]. The heat production performance of a CO-EGS is also
impacted by well placement. For example, a dual-vertical well configuration with a vertical offset
displayed in Figure 9 has proven advantageous for geothermal systems utilizing CO, as the working
fluid; this arrangement extends the flow path of the injected cold CO,, allowing more time for
effective heat transfer and contributing to a significant delay in thermal breakthrough [67].

Despite CO:’s benefits, several disadvantages accompany its use as a geothermal working fluid.
The most significant technical challenge is the strong Joule-Thomson effect experienced by CO,
which causes noticeable cooling during its depressurization in the production well; this can lead to
lower wellhead temperatures and reduce the effective thermal energy available for power generation,
potentially offsetting some of the inherent heat extraction efficiency gains [77]. A second drawback
is CO2’s corrosivity, which requires upgraded materials and infrastructure to prevent well and
surface facility degradation, thereby increasing capital and operational expenditures [67]. Additional
concerns originate from CO2’s high mobility, which, if not carefully managed, can actually accelerate
channeling and enable earlier than expected breakthrough if the reservoir configuration or injection
parameters are suboptimal [78]. Mineral trapping and chemical reactions with host rock can, over
multiple thermal cycles, reduce fracture and matrix permeability, incrementally diminishing the
system’s ability to sustain high heat extraction rates if not properly balanced through operational
strategies [73]. Finally, risks of CO: leakage, both through wellbores and fractures, present
environmental and safety considerations that must be addressed to retain the climate benefits of co-
sequestration. The limited number of long-term, large-scale commercial CO2-EGS projects means that
current conclusions are anchored primarily in laboratory, pilot-scale, and modeling studies; thus,
significant technical and regulatory challenges remain before broad commercial implementation can
be realized [74].

After 1 year After 10 years After 30 years
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Figure 9. Temperature distribution at different times inside enhanced geothermal system adopting CO2 as
working fluid (Adapted from Zhao et al. [67]).
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3.5. Managing Fracture Conductivity

Actively managing fracture conductivity, a strategy that seeks to control and optimize the flow
distribution within induced or natural fracture networks, has been shown to be an effective means to
suppress this short-circuiting, thereby preserving higher production temperatures and sustaining
heat extraction rates over extended operational periods [15]. The essential aim of fracture
conductivity management is to engineer the distribution of hydraulic conductivity in fractures so that
fluid moves more uniformly through the hot reservoir formations rather than bypassing large
portions of the reservoir via highly conductive, cold-dominated channels [16]. By dynamically tuning
fracture conductivity, for instance by increasing resistance in cooler, depleted zones and maintaining
higher conductivity in as yet unexploited, high-temperature regions, the method extends the contact
time between circulating fluid and hot rock. This adjustment can be realized through the use of
temperature-sensitive proppants or materials with variable hydraulic responses, which
autonomously modify fracture apertures in response to local thermal conditions [15]. Advanced
techniques such as the Fracture Conductivity Tuning Technique (FCTT) exploit materials that either
shrink or expand with changing temperatures, effectively narrowing highly cooled, fast-flow
conduits while sustaining or enhancing flow in hotter pathways [16]. Simulation and modeling
studies have confirmed that more uniform flow distribution achieved through such adaptive systems
substantially increases the total available heat extraction and significantly postpones the onset of
thermal breakthrough [16]. These approaches thereby maximize the exploitation of heat stored in the
reservoir and reduce the risk of local thermal depletion that would otherwise shorten the productive
lifespan of the EGS facility.

A breadth of research validates the efficacy of fracture conductivity management in EGS. Studies
across modeling, laboratory, and field domains consistently highlight substantial improvements in
heat extraction and operational resilience when fracture conductivity is managed with advanced
techniques. For example, Zhang et al. [16] demonstrated that tuning fracture conductivity via FCTT
led to more than a 214% improvement in cumulative heat extraction over a 50-year period, relative
to conventional operations. Similarly, field-scale simulations leveraging temperature-responsive
proppants modeled in Figure 10, conducted by Al Balushi et al. [15], revealed an approximate 31%
increase in extracted heat; the principle behind this increase is that expandable proppants led to more
uniform fluid flow and temperature distribution among fractures by using adaptive fracture
conductivity adjustment to eliminate any short-circuit flow path, as shown in Figure 11. These gains
are attributed not simply to increased initial productivity, but to the sustained and balanced
utilization of the full geothermal reservoir volume. Further evidence arises from research exploring
extreme channelization in real-world fracture systems; these works found that optimized well
placement and orientation, combined with fracture conductivity management, could mitigate the
detrimental effects of dominant flow channels, thereby preserving production temperatures and
enhancing the net thermal recovery available from the resource [11]. Laboratory experiments and
coupled thermal-hydrological-mechanical-chemical models indicate that by controlling conductivity,
EGS operators may both prevent unwanted channel formation and accommodate changes in fracture
properties resulting from geochemical and thermal processes over time [79,80].
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Figure 10. Finite-element model of expandable proppant pack. (Adapted from Al Balushi et al. [15]).
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Figure 11. Temperature distributions in enhanced geothermal system after 10 years of heat production (Adapted
from Al Balushi et al. [15]).

Despite the advantages, several challenges and potential drawbacks are associated with fracture
conductivity management in EGS. Precisely controlling fracture conductivity across complex and
heterogeneous subsurface networks is technically demanding given that fracture geometry, size,
orientation, and the evolving nature of rocks under geothermal conditions are difficult to predict and
manipulate [11,81]. Some systems may experience unexpected propagation of large fractures or
dominant pathways that ultimately foster rapid channel formation and renewed short-circuiting,
particularly when fracture apertures become excessively large or poorly distributed [82]. Additional
operational concerns include the possible degradation or failure of temperature-sensitive proppants
over the long service life typical of EGS projects, as well as the risk of proppant embedment or
chemical alteration reducing their effectiveness [83]. Unintended side-effects from chemical
interaction with reservoir fluids may result in either local precipitation or dissolution that
complicates fracture permeability control. Moreover, efforts to manage conductivity may contribute
to induced microseismicity or increased stress on the reservoir, which, if not closely monitored,
introduce further operational risks [84]. The complexity and cost associated with designing and
deploying sophisticated fracture conductivity management systems, especially in deep and high-
temperature contexts, also remain considerable barriers to universal adoption. Finally, while
modeling studies provide compelling theoretical justification, additional field-scale empirical data is
needed to ensure long-term reliability and optimize these approaches for widespread deployment.

To summarize, appropriately managing fracture conductivity within EGS reservoirs stands as a
critical innovation for delaying thermal breakthrough, thereby extending high-efficiency heat
extraction and unlocking the full potential of geothermal resources. Future research and operational
advances regarding this should focus on improving in-situ monitoring, enhancing the durability and
responsiveness of conductivity-modifying materials, and refining reservoir characterization to enable
more effective and resilient geothermal energy production.

4. Future Research Directions

While considerable progress has been made in developing techniques to mitigate thermal
breakthrough in EGSs, challenges still remain, and further research is needed to improve the
efficiency, sustainability, and economic viability of EGSs. Emerging strategies for mitigating thermal
breakthrough and enhancing heat extraction in EGSs are increasingly multidisciplinary, leveraging
innovations in subsurface diagnostics, fluid engineering, and nanotechnology. Among these, three
particularly promising avenues—reactive tracers, temperature-sensitive viscosity fluids, and
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nanofluids—present substantial opportunities for future breakthroughs in EGS performance
optimization.

A leading research direction lies in the deployment of reactive tracers, which respond
predictably to reservoir temperature or chemical conditions, as diagnostic and management tools in
EGSs. Unlike conventional conservative tracers, reactive tracers offer the ability to detect incipient
thermal fronts well before the arrival of significant thermal breakthrough at production wells,
enabling early intervention and adaptive management of reservoir operations [85,86]. Recent studies
have demonstrated that combining inert and reactive tracers yields high-resolution mapping of
advective heat transfer processes and heat transfer surface area between wells in fracture-dominated
rock environments [85,87]. Computational techniques integrated with tracer data can reconstruct
reservoir geometry and forecast effective thermal lifetimes, supporting proactive operational
adjustments designed to maximize heat extraction and delay breakthrough [87]. The future of this
approach involves refining tracer chemistries and kinetic models to increase their sensitivity and
selectivity to thermal and geochemical transitions characteristic of evolving geothermal systems [88].
Further, field-scale tracer tests, coupled to mechanistic numerical simulations, will be pivotal for
validating predictive models of fracture connectivity and fluid pathways under operational EGS
condjitions.

Another emerging method for mitigating thermal breakthrough is the use of working fluids that
possess strong temperature-sensitive viscosity characteristics. These advanced fluids are engineered
to increase viscosity at lower temperatures, commonly present in cold, fast flow paths, while
maintaining lower viscosity in hotter, under-swept regions of the reservoir [19,89]. This behavior
enables redirection of injected fluids away from thermally depleted zones towards hotter rock,
promoting a more uniform thermal sweep and reducing early cooling of production wells. Research
teams have reported significant advances with temperature-sensitive proppants and swelling
particles, including shape memory polymers that expand in cooler fractures, dynamically restricting
fluid flow in short circuit pathways and prolonging thermal exchange [90]. Computational and scaled
laboratory studies suggest these materials and fluids can be tuned to specific reservoir conditions to
offer reversible, site-selective moderation of flow paths [90]. Going forward, research priorities
include optimizing the thermo-rheological properties for geothermal temperatures (150—275°C and
above), ensuring chemical compatibility with reservoir minerals, and verifying the long-term
mechanical and transport stability of these materials under cyclic thermal loading [90]. Moreover, the
coupling of temperature-responsive fluids with adaptive reservoir management protocols and real-
time analytics remains an open field, offering the possibility of robust, feedback-controlled heat
extraction that dynamically responds to subsurface changes.

The adoption of nanofluids, fluids containing dispersed nanoparticles engineered for superior
heat transfer, constitutes a compelling research trend in thermal breakthrough mitigation and heat
recovery optimization for EGSs [91,92]. Nanofluids are known for significantly higher thermal
conductivity relative to conventional fluids due to mechanisms such as Brownian motion, interfacial
layering, and particle clustering, which facilitate rapid and uniform heat transfer throughout highly
fractured reservoirs [91,93]. Of particular interest are shear-thickening nanofluids, which increase in
viscosity under high shear conditions characteristic of fast-flowing fractures, thus enabling
concurrent enhancement in heat transfer and mitigation of preferential flow short-circuiting. Despite
encouraging laboratory-scale outcomes, such as up to 23% increased heat extraction versus base
fluids, challenges remain in optimizing nanoparticle type, concentration, and base fluid compatibility
for high-temperature geothermal applications [93]. Future investigations must systematically
examine the stability, rheological performance, and environmental impact of nanofluids under the
extreme pressure, temperature, and chemical gradients found in EGS environments. Advanced
modeling and field-scale testing will be crucial to validating the efficacy of these fluids in operational
settings.

The convergence of these technologies, reactive tracer-based diagnostics, temperature-sensitive
viscosity fluids, and nanofluid engineering, suggests that hybrid strategies may ultimately yield the
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most robust mitigation of thermal breakthrough in EGSs. Integrative research that harnesses real-
time tracer data to modulate the deployment of adaptive fluids, possibly in concert with dynamic
proppant placement and nanofluid-based heat exchangers, represents a fertile direction for future
studies. Systematic cross-disciplinary investigation, involving geoscience, reservoir engineering,
materials science, and nanotechnology, will be essential to design, implement, and monitor these
advanced solutions at commercial scale.

In summary, the promising research directions described, reactive tracers for high-resolution
reservoir mapping, working fluids with temperature-responsive viscosity, and nanofluids for both
rheological control and heat transfer enhancement, each address key mechanisms underlying early
thermal breakthrough and inefficient heat recovery in EGSs. Successful real-world implementation
will rest on continued experimental validation, model refinement, and integrated field
demonstration, ultimately enabling more resilient, productive, and sustainable geothermal energy
extraction.

5. Conclusions

In this paper, a comprehensive review is presented of various techniques aimed at mitigating
thermal breakthrough and improve heat production of EGSs, spanning from fluid flow management
to reservoir stimulation, intermittent thermal extraction, use of CO: as working fluid, and fracture
conductivity management. Each strategy offers unique advantages and limitations, highlighting the
complexity of managing heat extraction in heterogeneous subsurface environments. Critical findings
achieved are the following:

Although adjusting fluid circulation rates and implementing real-time monitoring can
significantly enhance thermal output from EGSs, these strategies also introduce challenges such as a
heightened risk of induced seismicity, increased operational complexity, and higher costs. Multi-
stage fracturing offers a means to generate well-distributed fractures throughout the reservoir,
promoting the development of complex fracture networks that expand the thermal sweep area and
delay the arrival of cold water. Chemical stimulation, which enhances flow paths by dissolving
minerals along fluid routes, can improve reservoir connectivity and postpone thermal breakthrough,
though it requires careful management of potential environmental impacts. Additionally,
intermittent heat extraction, alternating between active production and shut-in periods, allows for
thermal recovery of the surrounding rock, thereby helping to sustain outlet temperatures over
extended periods.

COx’s unique thermophysical characteristics enhance reservoir coverage and promote more
effective heat exchange throughout fracture networks, contributing to improved thermal energy
recovery. However, its inherent corrosive nature necessitates the use of corrosion-resistant materials
and advanced infrastructure to protect wells and surface systems, thereby raising both initial
investment and ongoing operational costs. Meanwhile, temperature-responsive proppants offer the
potential to extend long-term heat production in EGS by dynamically regulating fluid flow through
fractures, which helps delay thermal breakthrough. Despite this promise, challenges such as
subsurface heterogeneity and the potential degradation or failure of the proppants pose significant
barriers to the practical and economic implementation of this technology.

An integrated approach that leverages a suite of complementary technologies is essential to
optimizing heat extraction and enhance the overall feasibility of EGSs. Emerging avenues of research
include the use of reactive tracers for precise reservoir characterization, the development of smart
working fluids whose viscosity adapts to temperature changes, and the application of nanofluids to
improve both flow behavior and thermal conductivity. These innovations target critical challenges
such as premature thermal breakthrough and suboptimal heat recovery. By highlighting these
developments, this review serves as a valuable resource for scientists, engineers, and policymakers
committed to driving forward the evolution of EGS toward a reliable and sustainable energy solution.
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