
Academic Editor: Reza Rezaee

Received: 29 May 2026

Revised: 30 June 2026

Accepted: 2 July 2026

Published: 3 July 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Multivariate Coupling Model and Reservoir Characteristics of
Enhanced Geothermal Reservoirs
Qiang Li 1 , Fuling Wang 1,*, Jingjuan Wu 2, Qingchao Li 2,* and Gan Zhang 1

1 Faculty of Engineering, China University of Petroleum-Beijing at Karamay, Karamay 834000, China;
liqiang202403@cupk.edu.cn (Q.L.); 2024016994@st.cupk.edu.cn (G.Z.)

2 School of Materials Science and Engineering, College of Energy Science and Engineering, Henan Polytechnic
University, Jiaozuo 454000, China; wujj2020@hpu.edu.cn

* Correspondence: wangfl@cupk.edu.cn (F.W.); liqingchao2020@hpu.edu.cn (Q.L.); Tel.: +86-15610014979 (F.W.)

Abstract

The reliance on a single evaluation parameter represents a major limitation in traditional
geothermal reservoir assessment models, hindering accurate and effective evaluation of
geothermal extraction performance. Moreover, mechanical deformation induced by cold
fluid injection exerts a significant influence on both fluid flow behavior and geothermal
energy recovery. In this study, a thermo-hydraulic–mechanical (THM)-coupled single-
fracture model is developed based on the physical properties of the solid matrix and
the seepage characteristics of the fluid, using a finite-element framework for heat and
mass transfer. This model enables a multi-parameter evaluation of geothermal extraction
efficiency as well as reservoir rock deformation. The simulation results indicate that
reservoir temperature decreases progressively from the injection well to the production well,
resulting in a gradual decline in the outlet temperature after an initial stable production
period of approximately 200 days. The presence of a preferential “fastest flow path”
between the injection and production wells plays a critical role in sustaining the stable
production phase, whereas the development of a tongue-shaped isotherm pattern is a
primary factor responsible for the reduction in outlet temperature during the later stages of
extraction. In addition, thermally induced rock deformation further modifies geothermal
extraction efficiency, mainly through its effects on reservoir permeability and top vertical
displacement. Overall, this study provides reliable and effective fundamental data for
geothermal exploitation in specific geological reservoirs, thereby supporting the role of
geothermal energy as a viable supplement to fossil fuel resources.

Keywords: thermal-hydraulic-mechanical coupling; reservoir characteristics; geothermal
extraction; clean energy; Enhanced Geothermal System

1. Introduction
The growing challenges of global energy scarcity and environmental degradation

have driven the pursuit of sustainable, high-density energy resources, prompting extensive
scientific interest in unconventional reservoirs such as gas hydrates, subsurface hydrogen,
and geothermal energy [1,2]. Although gas hydrates can theoretically provide high energy
output with minimal environmental impact, their stringent formation and exploitation
conditions significantly constrain large-scale commercial development. Similarly, the
limited geological reserves of subsurface hydrogen hinder the achievement of a favorable
balance between economic viability and environmental benefits, while the necessity of
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separating hydrogen from mixed gases, such as methane, further increases extraction
costs [3]. In contrast, geothermal energy has emerged as a promising alternative due to its
renewable nature and stable, continuous energy supply, attracting considerable attention
from the geoscience community [4,5]. China’s abundant geothermal resources further
highlight the potential of efficient geothermal exploitation as a strategic supplement to
fossil fuels and a means of enhancing national energy security [6]. Conventional geothermal
energy development primarily relies on naturally occurring hydrothermal systems. In
contrast, Enhanced Geothermal Systems (EGS), created through artificial rock fracturing to
exploit hot dry rock resources, represent a promising technology for expanding geothermal
utilization. Although EGS is still in the demonstration and early commercial stage with only
limited full-scale operations worldwide, its relatively straightforward extraction process
offers significant potential for large-scale deployment in the future [7]. In EGS operations,
compressed cryogenic fluids—typically water or supercritical CO2—are injected into wells
and circulate through pre-existing natural fractures or artificially induced fracture networks,
where they exchange heat with high-temperature geothermal rocks [8,9]. Following heat
transfer, the heated working fluid is driven by the pressure gradient toward production
wells, enabling the effective recovery of geothermal energy.

Geothermal energy extraction from geological reservoirs has been extensively studied
through multiphysics coupled numerical models [10]. In recent years, Discrete Fracture Net-
work (DFN) models and stochastic fracture generation algorithms have been increasingly
applied to capture the complex connectivity, multidimensional expansion, and hetero-
geneity of natural fracture systems in Enhanced Geothermal Systems (EGS) [10]. These
approaches have revealed that fracture network topology, connectivity, and density signif-
icantly influence fluid channeling, thermal breakthrough, and long-term heat extraction
efficiency. However, full DFN simulations often encounter substantial challenges, including
high computational costs, difficulties in mesh generation for 3D THM problems, and large
uncertainties in characterizing in situ fracture parameters. Consequently, idealized single-
fracture or simplified fracture models remain a valuable and widely adopted approach
for isolating fundamental thermo-hydro-mechanical (THM) mechanisms and perform-
ing systematic sensitivity analyses [11–13]. The present study employs a single-fracture
THM-coupled model to focus on the dynamically emergent dominant preferential flow
path within the single connecting fracture, which exerts primary control on thermal break-
through and outlet temperature evolution (as quantitatively demonstrated in Section 3.1).
This simplification is justified under the studied conditions because the dominant chan-
neling effect can be effectively captured without full representation of complex network
connectivity [14–16]. Pandey et al. (2017) demonstrated through a coupled thermo-hydro-
mechanical model the significant influence of fracture aperture alteration and reservoir
deformation during heat extraction [11]. Sun et al. (2017) similarly analyzed heat exchange
processes between reservoir rocks and working fluids through a THM-coupled enhanced
geothermal system model [14], but positional variations induced by thermal expansion and
solid deformation resulted in reduced data fitting quality and simulation accuracy. Comple-
mentary micro- and mesoscopic investigations further support this modeling strategy. For
example, recent studies on high-temperature granite under liquid nitrogen thermal shock
have shown significant localized microcrack propagation and porosity enhancement driven
by thermal stress [17,18]. These findings indicate that, although real reservoirs exhibit
multi-scale fracture features, the essential thermal–mechanical coupling effects on perme-
ability and heat transfer can be reasonably approximated in a continuum single-fracture
framework for mechanism exploration and parameter optimization [19].

This study develops a thermo-hydraulic–mechanical (THM)-coupled single-fracture
model to systematically investigate the coupled effects of temperature variations on solid
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deformation, fluid flow characteristics, and heat transfer behavior in enhanced geothermal
systems. The novelty of this work lies in its integrated multi-parameter evaluation frame-
work that simultaneously considers the dynamic evolution of porosity/permeability due
to thermo-mechanical interactions, the emergence of a self-reinforcing preferential flow
path induced by THM coupling in a simplified single-fracture setting, and quantitative
assessment of surface subsidence alongside extraction efficiency. Unlike previous THM
models that often rely on discrete fracture networks with high computational demands or
overlook coupled deformation effects in continuum approximations, this approach effec-
tively isolates fundamental mechanisms while providing actionable insights for parameter
optimization in EGS operations.

2. Construction of Reservoir Heat Transfer Model
2.1. Preliminary Assumptions of the Reservoir Heat Transfer Model

In the early stage of model development, the numerical model for enhanced geother-
mal reservoirs is established based on boundary conditions and governing equations, and
the following assumptions are adopted: (1) The isotropic and homogeneous geothermal
reservoir rock is assumed to comply with Biot’s consolidation theory and the effective stress
principle [20]; (2) the geothermal reservoir rock is considered to be fully fluid-saturated,
thereby excluding stress-free fluid seepage and adsorption effects; (3) the heat-transfer fluid
flow is governed by Darcy’s law, and heat exchange between the fluid and geothermal rock
is assumed to follow Fourier’s law under local thermal equilibrium conditions [21]; and (4)
variations in the phase state of the heat-transfer fluid induced by reservoir temperature
changes are neglected.

The reservoir rock is modeled as granite, which is a typical lithology for deep enhanced
geothermal systems [11,14,20]. The thermal expansion coefficient αT was set to a base value
of 8.0 × 10−6/◦C (with sensitivity cases ranging from 5.0 × 10−6 to 1.2 × 10−5/◦C).
This range was selected based on well-established experimental data for granite under
high-temperature conditions [11,20,22]. Although αT exhibits mild temperature depen-
dence (generally increasing slightly with temperature due to microstructural changes), a
temperature-independent value was adopted in the primary simulations for simplicity and
to isolate the dominant thermo-mechanical effects, consistent with common practice in
THM modeling of EGS [11,22].

The reservoir rock is modeled as granite, which is a typical lithology for deep enhanced
geothermal systems [11,14,20]. Key thermo-hydro-mechanical properties of the granite and
the heat-transfer fluid (water) are summarized in Table 1.

Table 1. Main thermo-hydro-mechanical properties of granite reservoir and heat-transfer fluid used
in the simulation.

Parameter Value Unit Source/Reference

Rock type Granite [11,14,20]
Density(ϱr) 2700 kg/m3 [14,23]

Specific heat capacity 1000 J/(kg·K) [14,23]
Thermal conductivity 3.0 W/(m·K) [11,14]

Young’s modulus 50 GPa [11,22]
Poisson’s ratio 0.25 [11,22]

Thermal expansion coefficient 8.0 × 10−6 /K [11,20]
Initial porosity 0.01 [14,24]

Initial permeability 5 × 10−15 m2 [14,16]
Initial fracture aperture 0.2 mm [11,14]

Fluid density 1000 kg/m3 Standard water properties
Fluid viscosity Temperature-dependent Pa·s [25]
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2.2. Coupling Relationship of Thermal-Hydraulic-Mechanical Numerical Model

The coupling relationships within the thermo-hydro-mechanical numerical model are
illustrated in Figure 1, which depicts the interactions among the reservoir temperature field,
the heat-transfer-fluid flow field, and the stress field, thereby highlighting the integrated
and comprehensive nature of the enhanced geothermal system.

 

Figure 1. Coupled relationships between temperature field, force field and flow field in enhanced
geothermal systems.

2.3. Model Region and Boundary Conditions

Figure 2 illustrates the geometric configuration and boundary conditions of the nu-
merical reservoir model for the enhanced geothermal system. A microfracture connects the
injection and production wells, providing a preferential flow pathway that facilitates fluid
circulation and heat transfer within the geothermal reservoir.

Figure 2. Schematic of the model domain, mesh refinement, and boundary conditions.
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The model parameters were selected based on typical values reported in field-scale
EGS projects and previous numerical studies to ensure physical representativeness while
maintaining computational feasibility. The reservoir depth of 3000 m was chosen to rep-
resent deep high-temperature geothermal resources commonly targeted in EGS develop-
ment [6,7,14]. The horizontal fracture length of 600 m between injection and production
wells aligns with well spacing in several EGS demonstration projects (e.g., ~500–800 m in
the Habanero project, Australia [24] and similar configurations in numerical studies [14,16]).
The total modeled fracture extent (1650 m horizontal, 1600 m vertical) and overall domain
size (with vertical boundaries 600 m from the injection well and 450 m from the production
well) were set sufficiently large to minimize boundary effects and satisfy zero heat-flux and
zero mass-flux conditions, as verified by sensitivity tests showing negligible influence on
the temperature and flow fields near the wells.

Local mesh refinement was applied near the fracture and wellbores to ensure numerical
stability and accuracy, while a coarser mesh was used in distant regions. The surface
temperature was set to 30 ◦C with a geothermal gradient of 0.6 ◦C/10 m, yielding an
initial reservoir temperature of approximately 220 ◦C at 3000 m depth—values consistent
with many continental EGS reservoirs in China and worldwide [6,10,24]. The injection
temperature (30–50 ◦C), initial fracture aperture (0.2 mm), and other hydraulic parameters
were adopted from established THM modeling literature [11,14,25]. This aperture value is
typical for stimulated fractures in numerical studies of enhanced geothermal systems and
was selected because it represents a reasonable effective aperture after hydraulic stimulation
while remaining computationally tractable for detailed THM coupling analysis.

No displacement was assumed at the bottom boundary, and far-field stresses were
prescribed at the vertical boundaries based on lithostatic pressure. These settings allow
the model to effectively capture the dominant thermo-hydro-mechanical processes while
remaining computationally tractable for detailed parametric studies.

2.4. Governing Equations of Geothermal Reservoir Model

The governing equations describing fluid flow and heat transfer within the fracture
network and rock matrix are formulated as a system of partial differential equations. For the
thermo-hydro-mechanical (THM)-coupled model, the mechanical deformation equations
governing porous rocks and rock joints are additionally incorporated to account for solid
deformation effects.

2.4.1. Seepage Field Governing Equations

Fluid flow within geothermal reservoirs is typically characterized by seepage pro-
cesses. Accordingly, the governing equations of the seepage field are employed to describe
and constrain the seepage behavior of heat-transfer fluids. Meanwhile, the seepage charac-
teristics of reservoir rocks are directly associated with the flow rate of heat-transfer fluids
within reservoir fractures, thereby exerting a significant influence on fluid heat transfer
efficiency and the thermal state of the reservoir [24]:

∂m
∂t

+∇(ρwqw) = Qs (1)

where ρw and qw are the density and source/sink terms of the heat transfer fluid, respec-
tively. m is the mass of heat transfer fluid per unit volume of geothermal reservoir rock,
and m could be calculated by Equation (2). ϕ is the rock porosity of geothermal reservoirs:

m = ρwϕ (2)
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Darcy’s law for reservoir fluids neglects the effect of gravity on the fluid, which can be
demonstrated by Equation (3):

qw = − k
u
∇p (3)

where µ is the kinetic viscosity of the heat transfer fluid. k is the rock permeability of
geothermal reservoirs, and it can be derived from Equations (1) and (3) [25]:

∂ρwϕ

∂t
−∇(

k
u

ρw∇p) = Qs (4)

2.4.2. Temperature Field Governing Equations

The temperature field governing equation for the rock skeleton in a geothermal reser-
voir is shown in Equation (5) [23]:

∂(ρscs(1 − ϕ)∆Ts)

∂t
= TsαT(1 − ϕ)K

∂ζV
∂t

+∇(λs(1 − ϕ)∇Ts) + (1 − ϕ)QTs (5)

where ρs and cs are the density and specific heat capacity at constant pressure of reservoir
rocks, respectively. αT is the thermal expansion coefficient of reservoir rocks. λs is the ther-
mal conductivity of reservoir rocks. ζV is the strain tensor. Ts is the real-time temperature
of reservoir rocks. Given that the porosity of high-temperature geothermal reservoirs is
significantly less than unity, the (1 − ϕ) can be reasonably approximated as 1. Thus, the
temperature field control equation shown in Equation (5) can be simplified to Equation
(6) [26]:

∂(ρscs∆Ts)

∂t
= TsαTK

∂ζV
∂t

+∇(λs∇Ts) + QTs (6)

The temperature field governing equation for the fluid in the thermo-hydraulic–
mechanical numerical model of a geothermal reservoir can be expressed as Equation
(7):

∂(ρwcwϕ∆Tw)

∂t
= −∇(ρwcwqwTw) +∇(λwϕ∇Tw) + ϕQTw (7)

where ρw and cw are the density and specific heat capacity at constant pressure of the heat
transfer fluid, respectively. λw is the thermal conductivity of the heat transfer fluid. ϕQTw

is the heat source intensity of the heat transfer fluid.
The temperature field control equations under the thermal equilibrium state of the

solid and liquid phases in the geothermal reservoir can be obtained by superimposing
Equations (6) and (7) (as shown in Equation (8)):

∂(ρscs∆Ts + ρwcwϕ∆Tw)

∂t
= TsαTK

∂ζV
∂t

−∇(ρwcwqwTw) +∇((λs + λwϕ)∇Tw) + ϕQTw (8)

The left-hand term in Equation (8) denotes the variation in internal energy of the
geothermal extraction system, whereas the terms on the right-hand side correspond to
thermal strain energy adjustment, convective heat transfer, conductive heat transfer, and
internal heat sources, respectively.

2.4.3. Geological Parameter Equations

The porosity of porous media in geothermal reservoirs plays a critical role in governing
seepage characteristics; however, classical fluid–structure interaction theories commonly
assume that reservoir rock porosity remains constant. Such an assumption fails to adequately
capture rock deformation induced by fluid pressure and thermally driven expansion in
geothermal environments, thereby exerting a pronounced influence on the accuracy and fitting
quality of numerical simulations. Consequently, geological parameter models for realistic
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geothermal reservoirs must be revised within the framework of classical three-field coupling
theory to account for deformation-induced variations in porosity and permeability [27]:

dϕ = d(
Vp

VB
) = d(1 − Vs

VB
) = −(1 − ϕ)

dVs

VB
+ (1 − ϕ)

dVB
VB

(9)

Equation (10) is obtained by transforming Equation (9):

1
1 − ϕ

dϕ = −dVs

Vs
+

dVB
VB

(10)

where VB is the rock volume of the geothermal reservoir. Vs presents the skeleton volume
of geothermal reservoirs. Vp is the pore volume.

In Equation (10), the right side of the equation represents the strain increment of the
rock skeleton and the overall strain increment of the reservoir rock, respectively.

Meanwhile, early theoretical models of reservoir rock porosity evolution generally
assume that the incremental strain of the rock matrix dVs

Vs
comprises both the skeletal

strain induced by fluid pressure dVsP
Vs

and the thermal strain resulting from thermoelastic

expansion dVsT
Vs

, as expressed in Equation (11):

dVs

Vs
= −dVsP

Vs
+

dVsT
Vs

(11)

The two strain increments caused by reservoir pressure and reservoir temperature are
shown in Equations (12) and (13):

dVsP
Vs

=
1

Ks
dp (12)

dVsT
Vs

= αTdT (13)

The strain increment of the rock skeleton in the geothermal reservoir can be considered
as shown in Equation (14), which is obtained by combining Equations (11)–(13):

dVs

Vs
= − 1

Ks
dp + αTdT (14)

where α is the Biot coefficient of the rock skeleton, and it can be calculated by Equation (15):

α = 1 − K
Ks

(15)

where K is the overall bulk modulus of the rock mass, and Ks is the bulk modulus of the
rock mass skeleton. αT is the thermal expansion coefficient.

Furthermore, the overall strain increment of the reservoir rock can be described by
Equation (16):

dVB
VB

= dζV (16)

The porosity model of geological reservoirs (Equation (17)) can be solved by simulta-
neously solving Equations (10), (14) and (16):

1
1 − ϕ

dϕ =
1

Ks
dp − αTdT + dζV (17)
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Integration of the aforementioned Equation (17) yields Equation (18), which demonstrates
the dynamic evolution model of porosity in consideration of reservoir temperature [28]:

ϕ = 1 − (1 − ϕ0) exp[− 1
Ks

(p − p0) + αT(T − T0)− (ζV − ζV0)] (18)

When the strain increment of the geological reservoir induced by the two aforemen-
tioned mechanisms is sufficiently small, the porosity evolution of the reservoir rock can be
described by Equation (19). In this Equation, ζV0 = 0, as follows:

ϕ =
1 − (1 − ϕ0)[−

1
Ks

(p − p0) + αT(T − T0)]
/

1 + ζV
(19)

When the real-time pressure deviates from the initial pressure (p − p0 ̸= 0), the
complete porosity evolution model must incorporate the poroelastic effect. Combining
Equations (10), (14) and (16) without setting the pressure term to zero yields the full
expression (Equation (20)):

ϕ = ϕ0 +
α(1 − ϕ0)

K
(p − p0) +

(1 − ϕ0)αT
1 − ϕ0

(T − T0) (20)

The relationship between permeability and porosity in geological reservoirs can be
mathematically described by the Kozeny–Carman equation derived from the capillary
model (Equation (21)). By substituting Equation (18) into Equation (21), the dynamic
evolution equation (Equation (22)) for permeability is obtained:

k
k0

= (
ϕ

ϕ0
)

3
(21)

k = k0(
ϕ

ϕ0
)

3
(

1 − ϕ0

1 − ϕ
)

2
(22)

where k is the real-time permeability of rocks in geological reservoirs. K0 is the Initial
permeability.

Equation (22) indicates that, beyond the initial permeability and porosity, rock defor-
mation, fluid pressure, and thermal strain exert significant influences on the permeability
of geological reservoirs.

To assess the validity of the simplified model (Equation (20) in the original manuscript),
we quantified the relative error in porosity and permeability when neglecting the pressure
term (∆ϕp = α(1−ϕ0)

k (p − p0)) under the pressure differences used in Section 3.2. Results
are summarized in Table 2.

Table 2. Relative error introduced by neglecting the pore pressure term in porosity/permeability
evolution.

Pressure Difference, MPa ∆φp/φ0 Relative Error in k (%)

2 0.08–0.12 8–15
4 0.16–0.24 18–28
6 0.24–0.35 25–42

As shown in Table 1, the pressure term introduces non-negligible but secondary effects
compared to thermal contraction under the studied conditions. Thermal effects remain
the dominant driver of permeability enhancement, consistent with the simulation results
in Section 3.
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2.5. Heat Extraction Rate

The heat extraction efficiency in geological reservoirs can be summarized by Equa-
tion (23) [29]:

E =
•
m(hpro − hinj) (23)

where E is the heat extraction rate. hpro and hinj are the enthalpies of the heat transfer fluid
at the bottom of production and injection wells.

It is important to note that enthalpy is affected by changes in reservoir temperature
and pressure. Therefore, the pressure change in the net energy of the heat transfer fluid
from the injection well to the production well has already been taken into account.

2.6. Numerical Model Validation

The accuracy and reliability of the developed THM-coupled numerical model were
validated through comparison with both a well-established benchmark numerical model
and available field data. Figure 3 compares the production-well temperature evolution
predicted by the present model with results from Sun et al. (2017) [14] (a well-established
THM model for EGS based on discrete fracture modeling) and field monitoring data from
the Habanero enhanced geothermal system, Australia [24].

Figure 3. Validation of the present THM-coupled model against a previous benchmark numerical
model (Sun et al., 2017 [14]) and field monitoring data from the Habanero enhanced geothermal
system, Australia [24].

Key parameters used for validation (reservoir depth 3000–4200 m, initial rock tempera-
ture ≈ 220 ◦C, injection temperature 30–60 ◦C, fracture permeability 1–10 mD, and injection
rate 10–30 kg/s) are consistent with the referenced studies. As shown in Figure 3, the
present model exhibits excellent agreement with both the numerical benchmark and field
data, particularly in the late-stage temperature decline. While the model predicts somewhat
lower outlet temperatures than the comparative numerical model at the same production
time, quantitative error analysis demonstrates superior overall accuracy (see Table 3).
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Table 3. Quantitative error metrics for model validation.

Time (Days) Present Model (◦C) Sun et al. [14] (◦C) Field Data (◦C) RMSE (Present) RMSE (Sun et al. [14])

100 215 218 214 2.1 4.3
200 208 212 207 3.4 6.8
300 175 185 172 5.6 12.1
400 142 158 3145 6.8 15.4

The Base Case (control/benchmark simulation) described in Section 2.7 was used for
validation against literature and field data.

2.7. Numerical Simulation Cases

To systematically investigate the effects of key operational and reservoir parameters
on geothermal extraction performance, a series of parametric simulations were conducted
based on the validated THM-coupled single-fracture model (Table 4).

Table 4. Summary of numerical simulation cases.

Case Group Varied Parameter Values Tested Purpose Corresponding
Results Section

Injection
temperature

Injection fluid
temperature 30 ◦C, 40 ◦C, 50 ◦C

Effect on outlet
temperature,

permeability, and
extraction efficiency

Section 3.1

Inter-well pressure
difference

∆P between injection
and production wells 2 MPa, 4 MPa, 6 MPa

Effect on flow rate,
thermal

breakthrough, and
permeability

evolution

Section 3.2

Rock thermal
expansion coefficient αT

Low, Base,
8.0 × 10−6, High

Effect on
permeability

enhancement and
extraction efficiency

Section 3.3

Base case All parameters at
reference values - Model validation

and reference Sections 3.1–3.4

A Base Case (control/benchmark simulation) was first established using reference
parameter values (granite properties listed in Table 1, injection temperature = 30 ◦C, inter-
well pressure difference = 4 MPa, thermal expansion coefficient αT = 8.0 × 10−6/◦C). This
Base Case serves as the primary benchmark for model validation (Section 2.6) and as the
reference against which all sensitivity analyses are compared.

All simulations were performed using a finite-element framework until 600 days of
production time. Transient THM coupling was solved simultaneously at each time step.
Additional post-processing was conducted to extract Darcy velocity fields, streamline
distributions, and vertical displacement for quantitative analysis (Section 3.1).

Rock thermal expansion coefficient αT was varied in sensitivity cases to evaluate
its influence on permeability and extraction efficiency (Section 3.3), with the base value
justified in Section 2.1.
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3. Results and Discussion
3.1. Effect of Injected Fluid Temperature

Figure 4 illustrates the spatial–temporal evolution of the heat transfer fluid temperature. . .
eventually forming a distinct “tongue-shaped” isotherm pattern. In the context of this ideal-
ized single-fracture model with initially uniform aperture and permeability, the term “chan-
neling” or “preferential/fastest flow path” refers to the dominant advection pathway that
naturally emerges within the single fracture due to the coupled thermo-hydro-mechanical
effects. Specifically, cold fluid injection induces localized thermoelastic contraction and
permeability enhancement along the shortest and most hydraulically conductive streamline
connecting the injection and production wells. This self-reinforcing mechanism creates a
narrow, high-velocity channel (as quantified in Table 3), along which cold fluid advances
rapidly, leading to the observed tongue-shaped isotherm. Unlike multi-fracture DFN mod-
els where channeling occurs between different fractures, or heterogeneous single-fracture
models with prescribed aperture variability, the channeling here is dynamically induced
by THM coupling rather than imposed by initial heterogeneity. This definition aligns with
the dominant role of the single connecting fracture in controlling thermal breakthrough in
simplified EGS representations.

 
Figure 4. The variation trend of the injection temperature of the heat transfer fluid on the outlet
temperature.

To quantitatively characterize this phenomenon, we extracted the Darcy velocity
field from the simulation results. As shown in the newly added Table 5, the velocity
distribution reveals a pronounced channeling effect. At 200 days, the Darcy velocity along
the preferential flow path reaches approximately 1.8 × 10−5 m/s, which is 4.5–6.2 times
higher than the average velocity in the non-dominant flow regions (2.9–4.0 × 10−6 m/s).
By 500 days, this velocity contrast further increases to a factor of 7.8.
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Table 5. Quantitative comparison of Darcy velocity and flux contribution between preferential flow
path and non-dominant regions.

Time (Days) Region Darcy Velocity
(m/s)

Velocity Ratio
(Fast/Non-
Dominant)

Mass Flux
Contribution (%)

Control Weight on
Thermal

Breakthrough (%)

200 Preferential flow path 1.82 × 10−5 5.1 87.3 81.5
200 Non-dominant regions 3.57 × 10−6 1.0 12.7 18.5
500 Preferential flow path 2.15 × 10−5 7.8 91.6 89.2
500 Non-dominant regions 2.76 × 10−6 1.0 8.4 10.8

Streamline tracing clearly demonstrates that >85% of the injected fluid mass flux is
concentrated within the narrow preferential channel (width ≈ 8–12 m), while the remaining
reservoir volume contributes only marginally to fluid transport. This strong advection
dominance significantly accelerates thermal breakthrough along the fastest streamline.

From a fluid dynamics perspective, the thermal breakthrough time tbt is strongly
governed by the advection time scale along the dominant streamline:

tbt =
L

µ f ast
ϕe f f (24)

where L is the distance between wells. µ f ast is the Darcy velocity in the fastest path, and
the ϕe f f is the effective porosity.

Quantitative evaluation shows that the preferential flow path accounts for approxi-
mately 78–92% of the control weight on the timing of thermal breakthrough (calculated
via flux-weighted residence time analysis). In contrast, heat conduction and convection in
non-dominant regions contribute only 8–22% during the early-to-mid production stage.
This explains why the tongue-shaped isotherm develops rapidly after ~200 days and why
outlet temperature remains stable only until the thermal energy in the dominant channel is
largely depleted.

3.1.1. Heat Convection Exchange

The outlet temperature evolution of the geothermal reservoir can be broadly divided
into two distinct stages: a stable production stage and a rapid decline stage. During the
stable stage, the outlet temperature remains nearly constant at approximately 220 ◦C, with a
stabilization duration of about 200 days. This period corresponds to the most efficient phase
of geothermal energy extraction, during which the majority of the produced thermal energy
is derived from the dominant preferential flow path (i.e., the “fastest streamline”) within the
reservoir. As the initial temperature of the injected heat transfer fluid increases, the onset
of this stable production stage is slightly delayed; however, the magnitude of this delay is
negligible. Once the thermal energy stored in the fastest streamline region is substantially
depleted, the system transitions into the rapid decline stage, characterized by a pronounced
reduction in outlet temperature and a corresponding decrease in geothermal extraction
efficiency. The thermal energy carried by the produced fluid is mainly supplied by heat
transfer from reservoir regions outside the fastest streamline at this stage. However, heat
extraction from these regions is strongly constrained by geological heterogeneity and flow
barriers, which significantly limit effective thermal recovery [30]. Consequently, during
the rapid decline stage, the produced fluid consists of only a small fraction of thermally
enriched fluid originating from non-dominant flow regions, while the majority comprises
relatively cold fluid flowing along the fastest streamline. As extraction time continues
to increase, the proportion of cold fluid in the produced stream rises markedly, further
accelerating the decline in outlet temperature.
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Furthermore, increasing the initial temperature of the injected fluid leads to a notice-
able enhancement in outlet temperature at the same extraction duration, thereby prolonging
the effective operational lifetime of the geothermal reservoir. Specifically, when the injected
fluid temperature is 30 ◦C, the outlet temperature decreases to approximately 142 ◦C after
600 days of operation, whereas increasing the injection temperature to 40 ◦C and 50 ◦C
results in higher outlet temperatures of about 145 ◦C and 149 ◦C, respectively. Our finding
that a moderately higher injection temperature (e.g., 40–50 ◦C) helps maintain higher out-
let temperatures and prolongs the effective operational lifetime is consistent with recent
numerical studies on EGS performance. For instance, preliminary research demonstrated
through 3D THM modeling that optimizing injection temperature can significantly improve
long-term heat production by balancing thermal breakthrough delay with sufficient con-
vective heat transfer [31]. This agreement highlights the robustness of our single-fracture
model in capturing essential temperature-dependent mechanisms.

These differences in outlet temperature induced by varying injection temperatures can
be primarily attributed to convective heat transfer processes occurring in the non-dominant
flow regions (i.e., “non-maximum streamlines”) of the reservoir. When a lower-temperature
fluid (30 ◦C) is injected, the heat transfer fluid experiences greater thermal attenuation
after exchanging heat with the surrounding reservoir rock in the non-maximum streamline
regions, thereby reducing its contribution to the outlet temperature [32]. Moreover, the
presence of relatively cold fluid within these regions accelerates the overall decline in the
produced fluid temperature. In contrast, injecting fluid at a higher initial temperature
yields comparable heat exchange with the reservoir rock in the non-maximum streamline
regions but results in a higher post-exchange fluid temperature, ultimately leading to an
elevated outlet temperature.

3.1.2. Rock Shrinkage and Deformation

The variation in outlet temperature resulting from different injection temperatures is
also closely associated with the evolution of reservoir rock permeability and porosity, which
is governed by thermo-mechanical interactions (Figure 5). Low-temperature fluid injection
induces thermoelastic contraction of the rock skeleton, leading to an overall increase in
both porosity and permeability. However, beyond simple volumetric contraction, non-
uniform temperature distributions generate thermal stresses that redistribute the effective
stress field according to the effective stress principle (σ′ = σ − αpI − β∆TI) [11,22]. This
redistribution can promote shear or tensile failure, resulting in microcrack propagation
in some regions, while causing localized closure of existing fractures in others due to
compressive thermal stresses.

The additional thermal stress σT can be approximated as:

σT =
EαT∆T

1−ν
(25)

where σ′ is the effective stress. σ is the total stress. α is the Biot coefficient. β is the thermal
stress coefficient. E is Young’s modulus. αT is the thermal expansion coefficient. ∆T is the
temperature change. ν is the Poisson’s ratio.

The net effect on fracture conductivity (cubic law: k f ∝ a3, where a3 is fracture aperture)
thus depends on the competition between (i) global thermoelastic aperture enlargement due
to matrix contraction and (ii) local effective stress changes that may induce aperture reduction
or enhancement via microcracking. Under the single-fracture continuum model employed
here, the former mechanism dominates, leading to a net permeability increase with decreasing
injection temperature (as shown in Figure 6). Nevertheless, in real heterogeneous reservoirs,
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thermal stress-induced microcrack propagation could further enhance conductivity along
certain pathways, while compressive zones might reduce it [33].

Figure 5. Fracture aperture, reservoir temperature distribution, thermal stress redistribution and
effective stress effects at different injection temperatures.

Consequently, the pronounced late-stage temperature decline arises from the combined
effects of convective heat exchange, thermoelastic contraction, and effective stress redistri-
bution. Higher injection temperatures induce less skeletal contraction and smaller thermal
stress perturbations, thereby limiting permeability enhancement and fluid channeling [34].

It should be noted that the present single-fracture model does not explicitly simulate
discrete microcrack initiation and propagation. Future extensions incorporating discrete
fracture networks or damage mechanics would allow quantitative evaluation of these
competing thermal stress effects [35,36].
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Figure 6. The trend and reasons for the change in permeability with injection temperature.

3.1.3. Rock Permeability Adjustment

As illustrated in Figures 2 and 5, the regions of effective geothermal energy extraction
are primarily concentrated along the preferential flow path (i.e., the “fastest streamline”)
between the injection well and the production well. Accordingly, the temporal evolution
of midpoint permeability within the reservoir model is adopted as a key indicator for
investigating permeability adjustment under different injection rates. As shown in Figure 6,
the permeability of the initial geological reservoir exhibits no pronounced variation during
the early stage of operation, whereas a significant increase is observed after approximately
200 days. Beyond 400 days, reservoir permeability remains nearly constant, indicating
that the temperature field of the heat transfer fluid has reached a quasi-steady state and
no longer undergoes substantial adjustment. Furthermore, the temporal trends of mid-
point permeability under different injection temperatures are generally similar; however,
at the same production time, midpoint permeability decreases with increasing injection
temperature. Although permeability evolution curves corresponding to each injection tem-
perature show no significant variation during the later stage of production [37], reservoirs
subjected to higher injection temperatures exhibit a relatively greater cumulative increase
in permeability compared with those under lower injection temperatures [38].

The observed correlation between injection temperature and midpoint permeability
can be primarily attributed to the thermally induced volumetric response of the rock
skeleton. The nearly constant midpoint permeability during the early stage of operation
(t < 200 days) indicates that the injected fluid has not yet reached the midpoint region
along the preferential flow path (i.e., the “fastest streamline”) of the geothermal reservoir.
During this period, the injected fluid mainly displaces the pre-existing high-temperature
fluid between the injection and production wells toward the production well, without
directly affecting the midpoint region [39]. After approximately 200 days, a pronounced
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increase in rock permeability is observed, which is mainly associated with the arrival of
the injected cold fluid at the midpoint region of the preferential flow path. Heat energy
is absorbed by the injected fluid, resulting in cooling of the surrounding rock matrix and
subsequent thermoelastic contraction of the rock skeleton. Such shrinkage leads to the
enlargement of pore spaces and fracture apertures, thereby enhancing fluid flow capacity
and facilitating fluid migration toward the production well [40]. Subsequently, permeability
continues to increase during the later production period, reflecting the slow and progressive
nature of heat exchange between the reservoir rock and the injected cold fluid. In contrast,
reservoirs subjected to higher injection temperatures exhibit a slower rate of permeability
evolution, as higher-temperature fluids induce less pronounced thermal contraction of the
rock matrix [41]. The reduced shrinkage of reservoir fractures results in relatively minor
permeability enhancement, which in turn limits the efficiency of thermal energy extraction
from the geothermal reservoir (Figures 5 and 6). Overall, the injection-temperature-induced
variation in reservoir permeability is predominantly governed by thermally driven rock
contraction, and lower injection temperatures promote more efficient fluid migration from
the injection well to the production well [42–44].

3.1.4. Geothermal Extraction Efficiency

Table 6 presents the geothermal extraction efficiency under different injection temper-
atures, providing an important basis for selecting the optimal initial injection temperature
and heat transfer fluid conditions for specific geothermal reservoirs. As indicated in Table 6,
geothermal recovery efficiency increases markedly during the early stage of exploitation
(<200 days), with the maximum extraction efficiency observed at approximately 300 days.
In addition, higher injection temperatures are associated with relatively lower geothermal
extraction efficiencies, whereas lower injection temperatures lead to comparatively higher
extraction performance [31,45,46]. The observed dependence of geothermal extraction
efficiency on injection temperature can be primarily attributed to the cooling effect of
the heat transfer fluid on reservoir rocks during the initial injection stage. This cooling
induces thermal contraction of the rock matrix, resulting in increased porosity [47,48]. The
enhanced porosity facilitates fluid flow, allowing the heat transfer fluid to migrate more
readily through the reservoir and rapidly transport geothermal energy toward the produc-
tion well. However, within the preferential “fast-flow channel” region, the reservoir rock
undergoes substantial deformation and porosity enhancement, after which further defor-
mation diminishes [49–51]. Consequently, the initial flow initiation rate of the heat transfer
fluid remains nearly constant, ultimately leading to a gradual weakening of geothermal
extraction efficiency [52–55]. Furthermore, the superior geothermal extraction efficiency
observed for cryogenic fluids compared with high-temperature fluids can be attributed
to their stronger cooling-induced contraction effect on reservoir rocks [56,57]. Enhanced
thermal contraction leads to an increase in pore volume, which in turn facilitates fluid flow
and enables cryogenic fluids to more effectively displace high-temperature geothermal
fluids toward the production well [58–60].

Table 6. Effect of injection temperature on geothermal extraction efficiency.

Geothermal Extraction
Efficiency, Kw 1 100 200 300 400 500 600

30 ◦C 3.64 3.78 3.91 3.83 3.74 3.63 3.54
40 ◦C 3.52 3.62 3.71 3.65 3.61 3.58 3.50
50 ◦C 3.48 3.56 3.63 3.58 3.53 3.50 3.48
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The observed superior geothermal extraction efficiency under lower injection tem-
peratures in the early stage, followed by benefits of moderately higher temperatures for
long-term stability, aligns well with previous findings. In particular, our results support
the conclusion that an optimal injection temperature range exists to maximize cumulative
heat recovery, consistent with recent work showing improved long-term heat production
through careful injection temperature control [38]. These comparative insights further
validate the practical utility of the multi-parameter evaluation framework adopted in
this study.

3.2. Effect of Pressure Differential Between Injection Well and Production Well
3.2.1. Changes in Outlet Temperature

In the numerical model (Figure 7), the pressure difference between the injection well
and the production well is primarily controlled by adjusting the injection pressure of
the heat transfer fluid, while the production well pressure is maintained constantly as a
boundary condition. Figure 7 illustrates the effect of the interwell pressure difference on
the outlet temperature. The relationship between pressure difference and reservoir outlet
temperature can be divided into two distinct stages. During the early production period
(<200 days), the outlet temperature exhibits no pronounced decline. After approximately
200 days, however, a rapid decrease in outlet temperature is observed. Moreover, increasing
the pressure difference between the two wells results in a lower final outlet temperature,
whereas a smaller pressure difference leads to only minor variations in outlet temperature.
When the interwell pressure difference is 2 MPa, changes in the reservoir temperature
distribution are limited, and the characteristic “tongue-in” thermal breakthrough behavior
is not evident. Even after 600 days of production, geothermal energy within the preferential
fast-flow channel is not completely depleted, and the isotherms retain relatively regular
circular or near-circular patterns. In contrast, when the pressure difference is increased to
4 MPa, pronounced “tongue-in” behavior develops within the geothermal reservoir. Under
this condition, the isotherms in the fast-flow channel region progressively vanish after
200 days, indicating that the injection temperature has fully penetrated the preferential
flow path.

The influence of the interwell pressure difference on the outlet temperature is primarily
governed by its effects on reservoir permeability evolution and fluid flow behavior [61–63].
Under a low pressure difference, the heat transfer fluid generates limited pore pressure
within the reservoir, resulting in a weak perturbation of the in situ stress state. Conse-
quently, rock deformation remains minimal, restricting fracture propagation and pore space
enlargement [40]. The associated higher flow resistance inhibits the efficient transport of
high-temperature fluids toward the production well. In contrast, a larger interwell pres-
sure difference promotes an increase in pore pressure, which enhances pore and fracture
dilation and facilitates rapid fluid migration along preferential fast-flow pathways toward
the production well [41]. Moreover, a smaller pressure difference corresponds to a lower
injection pressure, limiting the ability of the heat transfer fluid to penetrate the pore space
surrounding the production well. Reduced fluid leakage under such conditions leads to a
relatively higher outlet temperature, whereas a larger pressure difference enhances fluid
seepage near the production well, thereby resulting in a lower outlet temperature [64–67].
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Figure 7. The influence of inter-well pressure difference on reservoir temperature and pore pressure.

3.2.2. Changes in Outlet Pressure

Figure 8 illustrates the effect of inter-well pressure difference on the permeability at
the midpoint of the numerical model. Overall, reservoir permeability at the midpoint
increases progressively with extraction time. Although permeability under all pressure
difference scenarios exhibits an increasing trend, the temporal evolution and adjustment
characteristics vary markedly among different pressure gradients. Under a low inter-well
pressure difference of 2 MPa, permeability evolves slowly, with only a modest increase
during the extraction process [68,69]. Specifically, the permeability growth rate remains
low before 150 days, followed by a relatively accelerated increase thereafter. In contrast,
the permeability evolution under higher pressure differences of 4 MPa and 6 MPa differs
substantially from that observed at 2 MPa. In these cases, the permeability growth rate
initially increases and subsequently decreases l [70–72]. Little change in permeability
is observed within the first 100 days, whereas a pronounced increase occurs after this
period for both the 4 MPa and 6 MPa cases. After 400 days, permeability under the 4 MPa
pressure difference continues to increase rapidly, while the growth rate under the 6 MPa
condition decreases significantly. It is noted that the permeability evolution shown in
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Figure 8 incorporates the full THM coupling, including both thermal and poroelastic effects
as described by the updated Equations (20) and (23). The pressure-induced contribution
partially explains the faster permeability increase observed at higher pressure differences.
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Figure 8. The influence of inter-well pressure difference on the permeability at the midpoint of
the reservoir.

The progressive increase in reservoir permeability can be primarily attributed to the
cooling-induced contraction of reservoir rocks caused by the injection of low-temperature
fluids [73–75]. The absence of pronounced permeability variations during the initial 100–
200 days of production is mainly because the injected cold fluid does not reach the midpoint
of the model at the early stage. During this period, the continuous flow of high-temperature
reservoir fluids toward the production well at the model midpoint does not induce signifi-
cant permeability changes [76,77]. In conditions of low inter-well pressure differential, the
comparatively minor permeability variation is predominantly associated with the dimin-
ished flow velocity of the injected fluid [78–80]. Despite the low-temperature fluid reaching
the midpoint of the model, its capacity for rapid rock contraction remains limited due to its
advective capacity [81,82]. Conversely, high-pressure differential injection facilitates the
expeditious arrival of the low-temperature fluid at the permeability measurement location
at the reservoir midpoint, thereby inducing a more rapid rock contraction in comparison
with low-pressure differential scenarios [83–85]. Concurrently, the elevated flow velocity
in the vicinity of the production well, induced by the high pressure differential, further
accelerates the transport of low-temperature fluid towards the reservoir midpoint [86,87].

3.3. Effect of Expansion Coefficient of Reservoir Rocks

The permeability of reservoir rocks is a critical factor governing geothermal heat
transfer and extraction efficiency, whereas the rock thermal expansion coefficient αT is a key
parameter influencing permeability variations (Equation (20)). Figure 9 illustrates the effects
of different thermal expansion coefficients on reservoir permeability, outlet temperature dis-
tribution, and pore size, thereby providing fundamental insights for evaluating geothermal
extraction efficiency in specific reservoirs. [88–90] A clear positive correlation is observed
between the thermal expansion coefficient and reservoir permeability [91–93]. When the
expansion coefficient is relatively small, the shrinkage volume of the reservoir rock under
identical reservoir conditions changes only marginally, resulting in a limited increase in per-
meability. In contrast, a larger thermal expansion coefficient markedly enlarges the fracture
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aperture, which substantially enhances reservoir permeability [94–97]. At the same time,
an inverse relationship exists between reservoir permeability and reservoir temperature,
such that higher thermal expansion coefficients correspond to lower outlet temperatures
(Figures 4 and 6). Furthermore, the thermal expansion coefficient of reservoir rocks ex-
hibits a strong positive correlation with pore size; an increase in the expansion coefficient
promotes pore enlargement and facilitates fluid flow within the reservoir [98–100].
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Figure 9. Influence of rock expansion coefficient on reservoir permeability, outlet temperature, and
fracture diameter.

Figure 10 illustrates the influence of the rock thermal expansion coefficient on geother-
mal energy extraction efficiency over a 400-day production period. A smaller thermal
expansion coefficient corresponds to lower geothermal extraction efficiency, whereas a
larger coefficient markedly enhances energy recovery from the geothermal reservoir. The
improvement in extraction efficiency with increasing thermal expansion coefficient is pri-
marily attributed to deformation-induced enhancement of heat transfer fluid flow within
the reservoir [101,102]. When the thermal expansion coefficient is relatively small, rock
deformation induced by contact with heat transfer fluids at the same temperature is limited,
and consequently, reservoir permeability and fracture porosity remain nearly unchanged.
In contrast, a larger thermal expansion coefficient results in pronounced thermally induced
rock contraction, leading to an expansion of fracture apertures. This enlargement allows a
greater volume of heat transfer fluid to be transported toward the production well, thereby
significantly improving geothermal energy extraction efficiency [103–105]. Overall, the
effect of varying thermal expansion coefficients among different reservoir rocks on geother-
mal energy extraction efficiency is mainly governed by thermally induced rock contraction
resulting from heat exchange with low-temperature injected fluids, whereby increased
fracture volumes facilitate the displacement of high-temperature geothermal fluids toward
the production well [106–108].
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Figure 10. Trends in geothermal energy extraction efficiency.

3.4. Top Vertical Displacement

Geothermal energy extraction induces rock contraction and permeability variations
due to heat exchange with injected cold fluid. Top vertical displacement, an important
indicator of reservoir deformation, is shown in Table 7. The results indicate that the
maximum surface subsidence occurs directly above the injection zone (approximately 8
cm), decreasing progressively with distance from the injection well and becoming negligible
near the production well [109–111].

Table 7. Variation in top vertical displacement with distance from the injection well.

Length from Injection
Well, m 0 100 200 300 400 500 650

Top vertical
displacement, cm 8.0 6.5 5.8 4.8 3.5 2.0 0.4

This displacement pattern is consistent with the strong cooling and thermoelastic
contraction near the injection well. Although an 8 cm maximum vertical displacement is
relatively modest, it still warrants evaluation for potential risks to surface infrastructure.
According to common geotechnical safety standards (e.g., allowable differential settlement
limits of 1/500 to 1/300 for buildings and infrastructure per Chinese GB 50007-2011 or
similar international standards such as Eurocode 7), a localized 8 cm subsidence over a
geothermal project lifespan may induce shear stresses in shallow foundations or pipelines,
potentially leading to minor cracking or tilting of surface structures if not properly mitigated.
In extreme cases involving sensitive infrastructure (e.g., roads, power lines, or residential
areas), this could elevate the risk of shear failure [112,113].
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From the perspective of long-term mining sustainability, excessive surface subsidence
may also reflect significant reservoir compaction, which could reduce fracture aperture and
long-term permeability, thereby threatening sustained geothermal production [114,115].

Optimizing injection–production parameters provides an effective engineering ap-
proach to control surface subsidence. For example, appropriately increasing the injection
fluid temperature or reducing the inter-well pressure difference can significantly mitigate
thermoelastic contraction and vertical displacement (as shown in Sections 3.1 and 3.2).
Such optimization not only reduces the risk of surface infrastructure damage but also helps
maintain long-term reservoir permeability and geothermal extraction efficiency, offering
important practical guidance for the sustainable development and risk management of
enhanced geothermal systems.

3.5. Prospect Analysis and Decision Processing

The numerical simulation results indicate that geothermal energy extraction is gov-
erned by multiple interacting factors, thereby providing valuable insights for high-
temperature energy exploitation in specific geological reservoirs. Mechanistic analysis
demonstrates that permeability modification induced by thermally driven structural con-
traction of reservoir rocks is a dominant factor controlling geothermal extraction efficiency.
For geothermal reservoirs characterized by specific thermal expansion coefficients, appro-
priate constant injection parameters can be selected to achieve efficient energy extraction.
In addition, the evolution of isotherms from the injection well to the production well
in the numerical model enables a preliminary evaluation of temperature variations and
the effective production lifespan during real-time geothermal exploitation, thereby offer-
ing a fundamental reference for assessing the early-stage economic viability of a given
geothermal reservoir.

Although the present investigation was conducted using an idealized single-fracture
model, the governing mechanisms revealed in this study are expected to remain applica-
ble to fractured geothermal reservoirs characterized by complex interconnected fracture
networks. Specifically, the formation and evolution of preferential flow pathways, ther-
mally induced permeability evolution, and the combined influence of injection temperature
and pressure differential on thermal breakthrough behavior are expected to play critical
roles in determining reservoir-scale fluid circulation, heat extraction efficiency, and sys-
tem longevity. These findings provide important mechanistic insights into the coupled
thermo-hydraulic behavior of fractured geothermal reservoirs and offer theoretical guid-
ance for the design and optimization of injection–production schemes, fracture network
management, and sustainable operation of Enhanced Geothermal Systems [116,117]. In
real heterogeneous reservoirs, the dominant channeling observed in our single-fracture
model is expected to be amplified by natural fracture connectivity and aperture variability,
potentially leading to even earlier thermal breakthrough unless carefully managed. Our
findings suggest that optimizing injection temperature (moderately higher values) and
controlling inter-well pressure differences can effectively mitigate excessive channeling
and surface subsidence not only in simplified models but also in field-scale multi-fracture
systems [118,119]. These parameter optimization strategies provide actionable guidance
for improving long-term heat extraction efficiency and sustainability in actual EGS projects.

However, several limitations of the present model should be acknowledged. The study
employs an idealized single-fracture continuum model with uniform initial properties.
Whilst this approach effectively isolates fundamental THM coupling mechanisms and
the emergence of preferential flow paths, it does not fully capture the complexity of
natural fracture networks, including fracture connectivity, aperture heterogeneity, and
multi-fracture interactions commonly observed in real EGS reservoirs [120]. Consequently,
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the model may underestimate or overestimate fluid channeling and thermal breakthrough
behavior in highly heterogeneous geological settings [121]. Additionally, chemical reactions
between the injected fluid and reservoir rock (e.g., mineral dissolution or precipitation),
which can further alter permeability over long timescales, were not considered in the
current THM framework.

Other limitations include the assumption of local thermal equilibrium, neglect of
temperature-dependent variations in fluid properties beyond viscosity, and the two-
dimensional simplification of the reservoir domain. Furthermore, although the maximum
surface subsidence of 8 cm is generally acceptable, site-specific geomechanical risks in pop-
ulated areas require more detailed 3D modeling with coupled damage mechanics. Future
work should incorporate stochastic Discrete Fracture Network (DFN) generation, reactive
transport, and full 3D simulations to enhance model realism and predictive capability for
complex field conditions.

4. Conclusions
This study develops a fluid–structure interaction model for geothermal reservoirs,

enabling real-time simulation of reservoir temperature evolution during the extraction
process. In addition, multiple parameters—including reservoir temperature distribution,
outlet temperature, and reservoir permeability—are incorporated to comprehensively eval-
uate geothermal extraction efficiency and its underlying mechanisms. This multi-parameter
framework overcomes the limitations of previous studies that relied solely on outlet tem-
perature as the evaluation criterion for geothermal extraction efficiency. The numerical
model proposed in this study yields high-accuracy simulations of key parameters for
specific geothermal reservoirs, thereby providing fundamental data to support real-time
extraction operations and preliminary performance assessment. Nevertheless, the repre-
sentation of complex, intersecting fracture networks in natural reservoirs remains a critical
aspect requiring further optimization in future numerical model development. Neverthe-
less, the representation of complex, intersecting fracture networks, chemical-fluid-rock
interactions, and full three-dimensional heterogeneity in natural reservoirs remain critical
aspects requiring further optimization in future numerical model development. Moreover,
reservoir adsorption processes and the potential contamination associated with injected
fluids constitute important and yet insufficiently explored research topics in geothermal
energy development.
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