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A B S T R A C T

Geothermal energy is a clean and sustainable alternative energy, and enhanced geothermal systems are an
essential technology offering an industrial-scale method to tap geothermal energy. This technology stimulates
numerous reservoir fractures, creating primary flow channels for fluids to extract heat. The important question of
how the permeability of fracture swarm evolves during fluid circulation and how this evolution potentially af-
fects the geothermal system life remains to be further answered. To address this, we develop and validate a fully
coupled thermo-hydro-mechanical model based on the discrete fracture network. Results show a positive feed-
back mechanism between pore pressure/temperature changes and fracture permeability evolution, leading to
monotone permeability-increasing in a limited number of specific fractures, indicating uneven permeability
evolution of fracture swarm is crucial in shortening reservoir lifetime. Furthermore, we conduct a comparative
analysis of multiple factors to determine what most significantly affects reservoir lifetime, including fracture
heterogeneity, the local thermal non-equilibrium effect, and layout strategies. Results indicate the strong het-
erogeneity of the fracture network is dominant, and the inherent heterogeneity of hydraulic fractures is further
exacerbated during geothermal production. Neglecting fractures’ mechanical response leads to an overestimated
outcome. A simplified thermal-hydraulic analysis indicates a 34 % higher temperature and a 6 % higher heat
extraction rate than the coupled thermo-hydro-mechanical modeling. In contrast, the impact of the local thermal
non-equilibrium effect is negligible, with comparable results between equilibrium and non-equilibrium models.
We further find the multi-well layout can effectively suppress the heterogeneity impact and prevent preferential
flow paths. Compared to dual-well systems, the multi-well scheme has a 24 % higher temperature and a 6 %
higher heat extraction rate.

1. Introduction

Pursuing clean and sustainable energy becomes an effective means
for humanity to combat climate warming. Geothermal energy emerges
as a promising alternative due to its worldwide availability and vast
exploitation potential. Researchers estimated the geothermal energy
potential in the United States is approximately 1.4 × 1025 J, assuming a
2 % conservative recovery rate, and could provide energy nearly 3000
times the annual energy consumption [1]. Similarly, the Chinese
Academy of Sciences estimates China’s geothermal resource base at 2.1
× 1025 J, capable of meeting energy demands 4400 times its annual
consumption [2]. Deep geothermal exploitation focuses on hot dry rock

(HDR) resources, which refer to the rock strata located 3–10 km beneath
the Earth’s surface, characterized by high temperatures yet low porosity
and permeability [3]. The target reservoir temperature for HDR
exploitation is about 150–250 ◦C [4,5].

The geothermal exploitation engineering discussed here specifically
refers to enhanced geothermal systems (EGS), a large-scale method for
converting geothermal resources into electricity. EGS employs artificial
fracturing to create fractures in low-permeability formations, and fluids
extract heat through a closed-loop system composed of injection/pro-
duction wells and fractures [6].

Existing EGS numerical models can be roughly categorized into three
types: the Equivalent Continuum Model (ECM), the Discrete Fracture
Model (DFM), and the Hybrid Discrete-Continuum Model [7]. The

Abbreviations: EGS, enhanced geothermal systems; HDR, hot dry rock; THM, thermo-hydro-mechanical; TH, thermal-hydraulic; LTE, local thermal equilibrium;
LTNE, local thermal non-equilibrium.
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fundamental difference lies in whether reservoir fractures are charac-
terized explicitly, making these different models suitable for varying
engineering needs. The ECM method is suitable for simulating large-
scale fluid flow and heat transfer processes, where characterizing all
reservoir fractures is impractical. The DFM method focuses on rock
engineering design for near-field problems [8]. The hybrid model finds
itself in the middle ground by employing DFM to simulate hydraulic
fractures in the area of interest while utilizing ECM to model continu-
ously distributed microfractures in the far field [9,10]. However, it is
complicated by the need to communicate flow and transport properties
between the model’s subdomains [11].

The ECM method homogenizes the entire fracture-distributed
domain into an equivalent porous medium. It can be further catego-
rized into single-porosity models [12,13], dual-porosity models [14,15],
and multi-porosity models [16]. Jiang et al. [12] used the single-
porosity method to develop a coupled thermal-hydraulic (TH) model
and evaluated heat extraction performance for various well configura-
tions. However, they overlooked the mechanical behavior of the rock
matrix and fractures. Cao et al. [13] improved by incorporating the
relationship between effective stress and permeability, establishing a
coupled thermo-hydro-mechanical (THM) model that reflects the rock’s
mechanical behavior. Gelet et al. [14] extended the dual-porosity
approach in EGS by introducing a generalized framework. Taron et al.
[15] utilized the dual-porosity model to investigate the variations in
permeability within a typical geothermal reservoir, considering the
intricate coupled effects of thermo-hydro-mechanical-chemical (THMC)
fields. Furthermore, Wu et al. [16] introduced a multi-porosity model
dividing rock mass into matrix blocks, large fractures, and micro-
fractures. These systems work independently and interactively, allowing
the multi-continuum approach to capture rock heterogeneity to some
extent.

While the above ECM methods simplify calculations by avoiding
fractures’ explicit representation, they overlook the significant impact of
complex fracture configurations and connectivity. Therefore, they may
fail to address the multi-scale seepage process in fractured reservoirs
[17]. Moreover, continuummethods are typically suited for reservoirs of
uniformly distributed fractures, which may contradict the real-world
highly uneven fracture distributions. For example, a granite uranium
mine in Fanay-Augères exhibited a four-order-of-magnitude difference
between the largest and smallest injection flow rates [18]. Casas et al.
[19] found that the strong heterogeneity and channeling govern fluid

flow and transport behavior overwhelmingly. Some studies [20–22]
further demonstrated even a geometrically well-connected fracture
network could exhibit sparse flow paths if fracture conductivity varies
widely. Consequently, when simulating fractures as the primary flow
channels, the ECM methods are prone to significant errors. Finally,
continuum models can’t reflect permeability changes due to fracture
deformation. Given these reasons, DFM methods garner increasing
attention due to their ability to represent fractures explicitly.

The DFM methods contain the Discrete Fracture Network (DFN) and
the Embedded Discrete Fracture Model (EDFM). Both approaches
explicitly define fractures and establish mass transport equations for the
matrix and fractures separately. EDFM’s difficulty lies in the charac-
terization methodology for the interaction between discrete fracture
grids and spatially intersecting matrix grids [23]. Instead, in the finite
element-based DFN approach, fractures are conceptualized as natural
boundary conditions imposed on matrix blocks. This approach repre-
sents the fluid interaction in a more general mathematical form [24],
serving as a reference for adopting the DFN method in our subsequent
modeling. Based on the DFN model, Sun et al. [25] conduct a coupled
THM simulation for highly fractured two-dimensional (2D) reservoirs.
Later, they extended this approach to a three-dimensional (3D) version
[26]. However, this 3D version only accounted for a single fracture’s
impact. Yao et al. [27] further developed a 3D complex fracture network
to assess the thermal production performance of the Desert Peak project.
Similarly, Lei et al. [28] developed a DFN model to evaluate the heat
extraction performance in the geothermal project located in the Gonghe
Basin, Northwest China.

An enormous research focuses on investigating the impact of various
parametric conditions on exploitation performance. For example, the
number of fractures and fracture spacing [29], different working fluids
(such as CO2 and water) [30], or various injection flow rates [31].
However, we believe beyond these externally regulated factors, the
reservoir’s internal characteristics may be the decisive factor influ-
encing production performances. Unfortunately, researchers [28,32,33]
often assume a uniform width for fracture swarm, and the intrinsic
heterogeneity of fractures is obscured. Cacas et al. [19] and Hyman [34]
emphasized the importance of heterogeneity, yet they overlooked frac-
tures’ further deformation during the production phase. In other words,
they did not address how the heterogeneity would further evolve caused
by mining. Given this knowledge gap, we aim to investigate how frac-
tures’ inherent heterogeneity will further develop during fluid

Nomenclature

ρm density of rock mass, kg/m3

ρs density of solid matrix, kg/m3

ρf density of fluid, kg/m3

p pore pressure, Pa
b Biot coefficient
S water storage coefficient of porous matrix, Pa− 1

Sf water storage coefficient of fracture, Pa− 1

cs compressibility of solid matrix, Pa− 1

cf compressibility of fluid, Pa− 1

εvol volumetric strain
ϕ porosity of porous matrix
ϕf porosity of fracture
df fracture width, m
αm thermal expansion coefficient of rock mass, K− 1

αs thermal expansion coefficient of solid matrix, K− 1

αf thermal expansion coefficient of fluid, K− 1

k permeability of porous matrix, m2

kf permeability of fracture, m2

μ dynamic viscosity of fluid, Pa⋅s

Cp,s isobaric heat capacity of solid matrix, J/kg/K
Cp,f isobaric heat capacity of fluid, J/kg/K
keff thermal conductivity of mass rock, W/m/K
qsf interphase convective heat transfer coefficient, W/m3/K
m constitutive constant of fracture’s permeability, Pa− 1

T current temperature of reservoir, K
T0 initial temperature of reservoir, K
Tin temperature of the injected fluid, K
Q mass source or sink, kg/m3/s
QT heat source or sink, W/m3

Tensor/Vector Signs
σ total stress tensor, Pa
C stiffness matrix, Pa
ε total strain tensor
εth thermal strain tensor
s displacement vector, m
g gravity acceleration vector, m/s2

u seepage velocity within porous matrix, m/s
uf seepage velocity within fracture, m/s
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circulation and how it potentially affects the EGS lifetime.
Additionally, we note that there are two widely used heat transfer

frameworks: local thermal equilibrium (LTE) and local thermal non-
equilibrium (LTE). Groundwater flow is considered a slow flow phe-
nomenon typically, allowing sufficient heat exchange time between
water and rock. This rationale provides the basis for employing the LTE
hypothesis [35,36]. However, the EGS scenario is somewhat unique. The
porous structure often contains numerous fractures, and the flow within
these fractures may be rapid rather than slow seepage. Consequently,
some studies argue that the LTNE theory offers a more realistic repre-
sentation of the heat exchange dynamics [25–27].

Wang et al. [32] and Jiang et al. [35] applied and recommended the
LTNE hypothesis to address EGS problems, unfortunately, these rec-
ommendations [25–27,32,35] were not based on a thorough LTE-LTNE
comparison. In fact, some analyses suggested the LTE assumption is
reasonable because the observed temperature difference between rock
and fluid in LTNE is small enough [37,38]. The critical view is that there
is a difference in the thermal breakthrough time between the two the-
ories, and the LTNE impact becomes significant as the interphase heat
transfer coefficient qsf decreases [39]; however, it should be noted that
extremely small transfer coefficients were adopted in this study. Hamidi
et al. [40] pointed the LTNE influence is dependent on the reservoir’s
porosity and permeability properties, with an approximately 2 %
average temperature difference in the simulated domain.

What draws our attention is these models [37–41] lack realism to
some degree, as they deal not with typical fractured reservoirs but with
conclusions derived from continuum models. Specifically, the HDR
fractured reservoir is idealized as a single-porosity saturated medium
[41]. As previously elaborated, the continuummethod has limitations in
characterizing fractured reservoirs’ speeage behavior. We believe that
an LTNE analysis based on directly and explicitly representing fractures,
rather than substituting them with an equivalent continuum, is more
appropriate for EGS scenarios. Knowledge in this area urgently needs
further supplementation and refinement. Consequently, our work in-
corporates fractures explicitly and considers differential seepage be-
tween fractures andmatrix, to explore whether the LTNE effect will have
a more significant impact in combination with the rapid fracture
seepage process. Another regrettable aspect is studies employing the
LTNE framework frequently disregard the specific values of the water-
rock heat transfer coefficient. Some studies [32,35,39] artificially
select a smaller coefficient (e.g., ranging from 0.001 to 1.0 W/m3/K) to
enhance the LTNE phenomenon. Consequently, we believe a specific
evaluation of this coefficient is needed. Finally, to investigate whether
the LTNE effect is a key factor affecting the EGS lifetime, we conduct a
multi-factor comparative analysis and explore what priority should be

given to LTNE. The scope of discussion is limited to fracture heteroge-
neity, the local thermal non-equilibrium effect, and various layout
strategies, as shown in Fig. 1.

This paper is structured as follows. In Section 2, we introduce the
governing systems and the implementation methods of the coupled THM
model. In Section 3, we validate the model against two benchmark
models. In Section 4, we perform numerical investigations based on the
3D geothermal extraction model. In Section 5, we compare and discuss
different factors that affect geothermal extraction. Finally, in Section 6,
we provide a summary of the main findings of this work.

2. Methods

The fully coupled THM mathematical model includes the governing
equations and the corresponding initial conditions and boundary con-
ditions. Before introducing the specific set of control equations required,
it is necessary to explain some of the prerequisite assumptions adopted
in the mathematical model. (1) The rock mass exhibits isotropic
behavior, adhering to the thermo-poroelastic law and the principle of
effective stress. (2) The geothermal system is assumed to be a single-
phase fluid system, employing water as the working fluid, and the
rock mass is a saturated porous medium during fluid circulation. (3) The
water is assumed to be nearly incompressible, thus its thermo-physical
properties are hypothesized to depend solely on temperature. (4) The
potential phase change of water is ignored.

2.1. Momentum balance equations

For deformable porous media, the displacement field can be calcu-
lated based on Newton’s second law. Under quasi-static assumptions
(ignoring the acceleration term), the momentum balance equations of
the system can be expressed as

∇⋅σ + ρmg = 0 (1)

where σ represents the total stress tensor; ρm = ϕρf +(1 − ϕ)ρs repre-
sents the density of rock mass; ϕ is the porosity; ρf and ρs denote the
density of fluid phase and solid phase, respectively; g is the gravity ac-
celeration vector. The principle of effective stress indicates that the rock
skeleton and pore fluid bear the total stress together. Hooke’s law relates
the relationship between a rock skeleton’s mechanical stress and
displacement, and the Biot coefficient gives the weight of the fluid
sharing the total stress, i.e.,

σ = C : (ε − εth) − bpI (2)

Fig. 1. Flow diagram for the case study.
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where C is the material stiffness matrix; ε is the total strain tensor
following the form ε = 1

2 (∇s+ (∇s)T) under the infinitesimal deforma-
tion assumption; s is the displacement vector; εth = αm(T − T0)I is the
thermal strain tensor; T and T0 represents the current temperature and
initial temperature, respectively; I is the identity matrix; b is the Biot
coefficient; p is the pore pressure.

2.2. Mass balance equations

For fractured porous media, due to the significant differences in
porosity and permeability properties between the matrix and fractures,
it is necessary to define seepage equations for the matrix and fractures
separately. The influence of structural deformation and temperature
changes on the pore pressure is taken into account based on the thermo-
poroelastic law [42], correspondingly, the governing equation to the
matrix nodes has the following form [36,43],

ρf S
∂p
∂t +∇⋅(ρfu) = − bρf

∂εvol
∂t +3ρfαm

∂T
∂t +Q (3)

where S is the water storage coefficient of the matrix, i.e., S = ϕcf +
(1 − ϕ)cs, reflecting the compressibility of the saturated rock mass; cf
and cs represent the compressibility of fluid and solid phases, respec-
tively; εvol is the volumetric strain; αm = ϕαf +(1 − ϕ)αs is the linear
thermal expansion coefficient of rock mass; αf and αs represent the
thermal expansion coefficient of fluid and solid phases, respectively; Q
refers to external mass sources or sinks. The seepage velocity u is
determined by the Darcy’s law, i.e.,

u = −
k
μ (∇p − ρg) (4)

where k is the permeability of the porous matrix, and μ is the dynamic
viscosity of the fluid.

Compared to fractures whose dimensions, specifically height and
length, are measured in meters, hydraulic fractures exhibit a signifi-
cantly narrower width, typically measured in millimeters [28]. There-
fore, fluid flow along the width within the internal fracture can be
overlooked. As a result, the seepage behavior within the fracture can be
simplified as a 2D flow along its tangential direction. Consequently, the
governing equation to the fracture nodes has the following form [36],

dfρf Sf
∂p
∂t +∇t⋅(dfρfuf ) = − dfρf b

∂εvol
∂t +3dfρfαm

∂T
∂t + ρfu⋅n (5)

uf = −
kf
μ (∇tp − ρfg) (6)

where df represents the fracture width; Sf is the water storage coefficient
of fracture (contrary to the properties of porous matrix, fractures are
generally considered as high permeability and low water storage ca-
pacity, meaning Sf << S); ∇t represents the tangential derivative; uf
represents the flow velocity inside the fracture determined by the
tangential version of Darcy’s law, e.g., Eq. (6); kf represents the
permeability of fractures. In COMSOL Multiphysics®, the discrete frac-
tures are described using interior boundaries, which means that the
outgoing mass flux ρfu⋅n = − ρf kμ

∂p
∂n leaves the porous matrix domain and

is captured by the adjacent fracture thin layer modeled as a boundary.
This process is reflected in Eq. (5) in a source term form.

2.3. Energy balance equations

There are two predominant assumptions in the treatment of energy
conservation equations in geothermal simulations, namely the LTE and
LTNE assumptions. The LTE hypothesis assumes that when fluid flows
through pores or fractures, the heat exchange between the fluid and the
rock is so good that the temperatures of the fluid and the solid phase can

be considered equal at any given location and time point. This
assumption makes the mathematical model more concise. However, it
may fail to accurately capture temperature differences in cases of high
flow velocity or poor rock thermal conductivity. In contrast, the LTNE
hypothesis recognizes there could be temperature differences between
fluid and rock. Although this hypothesis increases complexity, pro-
ponents of this theory argue that it offers a precise depiction of heat
exchange dynamics between fluid and rock.

2.3.1. Local thermal equilibrium assumption
Under the LTE framework, we only need one equation to describe the

temperature of the entire porous structure. Based on mixing law, the
heat transfer equations’ forms are very similar to the seepage field
equations, i.e., Eqs. (3) and (5). Specifically, for the porous matrix
nodes, the heat transfer equation can be described using the following
formula [44,45],

(
ρCp

)

eff
∂T
∂t + ρfCp,fu⋅∇T+∇⋅(− keff∇T) = QT (7)

where
(
ρCp

)

eff = ϕρf Cp,f +(1 − ϕ)ρsCp,s represents the effective volu-
metric heat capacity of the porous structure; Cp,f and Cp,s denote the
isobaric heat capacity of the fluid and solid phases, respectively; u is the
Darcy seepage velocity within the matrix; keff = ϕkf +(1 − ϕ)ks repre-
sents effective thermal conductivity of the porous structure; kf and ks
denote the thermal conductivity of the fluid and solid phases, respec-
tively; QT is the volume heat source strength.

Analogously, for the fracture nodes, the heat transfer equation has
the following form [45],

df
(
ρCp

)

eff
∂T
∂t + dfρfCp,fuf ⋅∇tT+∇t⋅(− dfkeff∇tT) = dfQT +q⋅n (8)

where q⋅n is the heat exchange flux between fracture and matrix
determined by Fourier’s law, i.e., q = − keff∇T. In the coupling relation
between fracture and matrix, the outgoing heat flux q⋅n leaves the
porous matrix domain and is received in the source term by the adjacent
fracture thin layer modeled as a boundary.

2.3.2. Local thermal non-equilibrium assumption
The LTNE approach requires the energy balance of the liquid and

solid phases must be considered separately, and the corresponding heat
exchange must be explicitly defined. This approach uses two energy
equations for each phase of the porous medium that solves for two
temperature fields. It numerically doubles the number of freedoms to
solve but provides a general frame for heat transfer in porous media. The
energy balance equations for solid and fluid phases are as follows [44],

(1 − ϕ)ρsCp,s
∂Ts
∂t +(1 − ϕ)∇⋅(− ks∇Ts) = qsf (Tf − Ts)+ (1 − ϕ)Qs (9)

ϕρfCp,f
∂Tf
∂t + ρfCp,fu⋅∇Tf +∇⋅(− ϕkf∇Tf ) = qsf (Ts − Tf )+ϕQf (10)

where Ts and Tf denote solid phase temperature and fluid phase tem-
perature, respectively; Qs and Qf are the solid and fluid volume heat
sources, respectively; qsf is the interphase convective heat transfer co-
efficient. It should be noted that Eqs. (9) and (10) are achieved by adding
two porous medium heat transfer modules in COMSOLMultiphysics®, i.
e., the exchanged opposite heat sources qsf(Tf − Ts) and qsf(Ts − Tf) that
one phase receives from or releases to the other when respective tem-
peratures differ, are assigned separately. At the same time, porosity at-
tributes need to be assigned to both matrix grid nodes and fracture grid
nodes separately, and the seepage velocity on matrix nodes and fracture
nodes comes from the coupling relationship with the seepage field, i.e.,
Eqs. (3) and (5). Further, the average temperature of the porous struc-
ture can be estimated as [46]
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T =
ϕρfCp,fTf + (1 − ϕ)ρsCp,sTs

ϕρfCp,f + (1 − ϕ)ρsCp,s
(11)

2.4. Coupling relationship and implementation

EGS is a comprehensive multiphysics coupling system. Besides the
direct coupling relationships, which refer to the mutual contributions
among multiple field equations, such as thermal convection or thermal
expansion effects, there are also indirect coupling relationships. For
instance, fluid injection may alter pore structure, thereby affecting
structural permeability. In addition, the thermal properties of the fluid
may be influenced by other field variables during the flow process.

As the calculation of the stress field is based on the assumption of
infinitesimal deformation, changes in the porosity and permeability of
the porous matrix are ignored here. Instead, we focus on the changes in
fracture permeability caused by variations in its stress conditions [47],
e.g.,

kf = k0exp(mσ,
n) (12)

where m is a normalizing constant. In this paper, the value of the
constitutive constant is set as 1.0 × 10− 7 Pa− 1, which is referenced from
the calibration in relevant literature [26,48]. σ,

n represents the effective
normal stress acting on the fracture; k0 is the initial permeability before
the fracture is disturbed, which can be estimated by the cubic law,

k0 =
d2f
12

(13)

In this work, water is used as a working fluid due to its easy acces-
sibility and favorable heat recovery performance. In a typical EGS, the
temperature of the injected fluid can deviate from the reservoir tem-
perature by several hundred degrees Celsius. Consequently, the thermo-
physical properties of the working fluid could undergo significant var-
iations throughout the flow process. Therefore, a comprehensive
mathematical model is necessary for describing the fluid’s state equa-
tion. Specifically, the state equation for water can be expressed as a
function of temperature [49],

ρw = 838.466+1.401T − 0.003T2 +3.718× 10− 7T3,T ∈ [293K,550K]
(14)

Cpw = 12010.2 − 80.4T+0.3T2 − 5.4× 10− 4T3 +3.6× 10− 7T4,T

∈ [273K,553K] (15)

λw = − 0.869+0.009T − 1.584× 10− 5T2 +7.975× 10− 9T3,T

∈ [273K,553K] (16)

μw =

⎧
⎪⎪⎨

⎪⎪⎩

1.38 − 0.021T+1.36×10− 4T2 − 4.645×10− 7T3+8.9×10− 10T4

− 9.08×10− 13T5+3.85×10− 16T6,T∈ [273K,413K]
0.004 − 2.1075×10− 5T+3.8578×10− 8T2

− 2.3973×10− 11T3,T∈ [413K,553K]
(17)

where ρw is the density of water; Cpw is the isobaric heat capacity of
water; λw is the thermal conductivity of water; μw is the dynamic vis-
cosity of water.

For simulating the multiphysics interaction behaviors in EGS, the
above governing Eqs. (1–17) are all constructed on COMSOL Multi-
physics®, and all these equations can be solved simultaneously to ach-
ieve fully coupled modeling. The software is a general-purpose
numerical solver for partial differential equations based on the finite
element method. In this paper, we employ the Newton iteration method
to solve the above equation system with a PARDISO direct solver. The
time discretization is achieved through a backward difference fully
implicit scheme, and the solver adopts an adaptive time stepping
approach, with a maximum time step size limit of 0.1 a. When the

difference in dependent variables between two iteration steps is less
than the tolerance, the iteration is considered convergent. Then we start
solving the next time step with a stringent tolerance of 1.0 × 10− 4 to
guarantee computational precision.

3. Model validation

The objective of this part is to validate the numerical model against
analytical solutions, encompassing a 2D transient heat transfer problem
between matrix and fracture, and a one-dimensional non-isothermal
thermal consolidation model. These models correspond to the TH and
THM coupling components of our numerical model, respectively.

3.1. Transient heat transfer problem between matrix and fracture

To assess the reliability of the TH coupling component within our
numerical model, the transient heat transfer problem between the
fracture and matrix has been specifically chosen as the research object.
As depicted in the model’s schematic (cf. Fig. 2), the fracture is sand-
wiched between the upper and lower surrounding rocks. Initially, both
the fracture and the matrix share the same temperature. Subsequently, a
low-temperature fluid enters the system through the left boundary of the
fracture and exits through the right boundary. Themodel adopts thermal
insulation boundaries. The analytical model assumes that the rock ma-
trix is impermeable, allowing fluid flow exclusively along the fracture.
Additionally, there is no external heat source within the system. It is
assumed that the temperature of the fluid and rock matrix on the frac-
ture are identical, which adheres to the continuity condition.

The normalized temperature of the rock matrix is described by
[27,45]

TsD(x, y, t) =
T0 − T
T0 − Tin

= erfc

⎡

⎢
⎣
ksx+ 1

2df vρwcw|y|
df vρwcw

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
vρscs

ks(vt − x)

√
⎤

⎥
⎦ (18)

The normalized temperature of the fracture fluid is described by
[27,45]

TfD(x,0, t) =
T0 − T
T0 − Tin

= erfc
[

ksx
df vρwcw

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
vρscs

ks(vt − x)

√ ]

(19)

where T0 is the initial temperature; T is the current temperature; Tin is
the temperature of the injected fluid. The erfc() function represents the
Gaussian error function. The elucidation and numerical values of addi-
tional physical quantities existing in the expression are listed in Table 1.

Fig. 2. The schematic diagram of the transient heat transfer problem, with a
domain size of 300 m × 300 m.
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Fig. 3 compares the temperature profiles of the matrix and fracture,
indicating good agreement between the numerical and analytical solu-
tions. This comparison validates the reliability of the TH coupling
component within the numerical model.

3.2. One-dimensional non-isothermal consolidation model

The model domain is presented in Fig. 4, in which the top surface of
the soil pillar is subjected to both external loads and heating. The
research object of the non-isothermal consolidation model is saturated
soil, which describes the process of gradual dissipation of pore pressure
and gradual compaction of the soil. This analytical model assumes there
is no time for the soil to deform at the moment of loading, such that the
initial displacement is zero and the initial pore pressure is equal to the
external load. For the seepage field, the bottom and lateral boundaries
are impermeable, and the top is the drainage boundary with zero pres-
sure. For the displacement field, the bottom and lateral boundaries are
roller boundaries (no normal displacement), and the top is a stress
boundary condition. For the temperature field, the top is the Dirichlet
boundary (fixed temperature), and the other boundaries are thermal
insulation boundaries. The specific expression of the analytical solution
can be found in Bai [50]. Fig. 5 compares the numerical solution with
the analytical solution for pore pressure, vertical displacement, and
temperature at different times and locations. The results indicate that
the numerical solution matches the analytical solution quite closely,
verifying the reliability of the THM coupling component of our numer-
ical model. The simulation parameters are listed in Table 2.

4. Applications and results

This section strives to implement the established coupled THM
model in a representative 3D geothermal exploitation scenario. We focus
on the intricate multiphysics interaction mechanisms that underlie the

long-term geothermal extraction process, such as the propagation of
pore pressure, the development of the temperature field, and the uneven
permeability evolution of fractures.

4.1. Model descriptions

Fig. 6 illustrates the model’s schematic diagram, incorporating a
double well system. The fracturing zone measures 1000 m × 1000 m ×

500 m, corresponding to the x-, y-, and z-direction, respectively. Inside
this reservoir, two sets of orthogonal fractures are located. The trans-
verse fractures (aligned with the x-direction) have an initial width of 1.0
mm and the longitudinal ones (aligned with the y-direction) have an
initial width of 0.1 mm.

Concerning the initial conditions, it is assumed that the HDR reser-
voir is initially devoid of fluid, resulting in a zero initial pore pressure.
The initial reservoir temperature is set at 250 ◦C. Regarding the
boundary conditions, for the seepage field, all external boundaries,
excluding the injection and production wells, are considered imperme-
able. This assumption is generally considered reasonable, given that the
non-fractured zones of the HDR reservoir typically consist of dense
bedrock exhibiting extremely low permeability [48]. The injection well
operates with an injection rate of 100 kg/s, while the production well
remains connected to the atmosphere, maintaining a pressure of 1.0

Table 1
Parameters used for transient heat transfer problem.

Parameter Value Description

df 3.0 mm Width of fracture
ks 2.6 W/m/K Thermal conductivity of solid matrix
ρs 2650 kg/m3 Density of solid matrix
cs 1046 J/kg/K Heat capacity of solid matrix
ρw 1000 kg/m3 Density of fluid
cw 4200 J/kg/K Heat capacity of fluid
v 0.5 cm/s Flow velocity
T0 300 ◦C Initial temperature
Tin 20 ◦C Temperature of injected fluid

(a) (b)

Fig. 3. Comparison of numerical and analytical solutions for the heat transfer problem between matrix and fracture. (a) Distribution of fluid temperature within the
fracture along the x-axis; (b) distribution of matrix temperature along the y-axis at x = 100 m. The dashed lines depict numerical solutions, while solid lines represent
analytical solutions.

Fig. 4. The schematic diagram and its boundary conditions of the non-
isothermal thermal consolidation model.
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atm. For the displacement field, roller boundary conditions are imposed
at the lateral and bottom boundaries, with the top surface remaining free
to move. The temperature field is thermally insulated, with the injected
fluid maintained at 60 ◦C. Additionally, a line heat source is distributed
at the injection well, i.e.,

QT = Cpw ×Min × (Tin − T) (20)

whereMin is the injection rate; Tin is the temperature of injected fluid; T
is the ambient temperature at the injection point. Table 3 lists the
detailed parameters required for this model.

4.2. Results of the 3D geothermal extraction model

Fig. 7 illustrates the trend of pore pressure changes within the frac-
tures. As time passes, the fractures gradually become interconnected by
the injected fluid, resulting in a gradual increase in pore pressure within
the fractures. Since the injection well is located on the central main
fracture (cf. fracture NO. 1 in Fig. 6), the pore pressure growth within

(a) (b)

(c)

Fig. 5. Comparison of numerical results and analytical solution of non-isothermal consolidation problem for (a) pore pressure, (b) temperature, and (c) vertical
displacement. The dashed line represents the numerical solution, and the solid line represents the analytical solution.

Table 2
Parameters used for non-isothermal consolidation problem.

Parameter Value Description

h 1.0 m Model size
αs 1.5 × 10− 5 K− 1 Thermal expansion coefficient of soil particle
αf 2.0 × 10− 4 K− 1 Thermal expansion coefficient of water
pL 100 kPa Magnitude of loading force
E 6.0 × 105 Pa Elastic modulus
v 0.3 Poisson’s ratio
b 1 Biot coefficient
ϕ 0.4 Porosity
K 2.07 × 10− 9 m/s Hydraulic conductivity
ρw 1000 kg/m3 Density of water
ρs 2600 kg/m3 Density of soil particle
keff 0.5 W/m/K Thermal conductivity of soil
cw 4200 J/kg/K Specific heat capacity of water
cs 800 J/kg/K Specific heat capacity of solid particle
p0 100 kPa Initial pore pressure
T0 10 ◦C Initial temperature
T 60 ◦C External temperature

Fig. 6. Schematic and grid division diagram of the 3D geothermal exploitation
model, measuring 1000 m × 1000 m × 500 m in size. The numerals within the
figures represent the individual fracture numbers.
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this fracture is more significant compared to other fractures.
Fig. 8 illustrates the temperature field evolution in the coupled THM

model. Under the THM framework, it becomes evident that the central
main fracture experiences a more thorough cooling process, whereas the
neighboring fractures (cf. fracture NO. 2 and NO. 3 in Fig. 6) retain
higher temperatures. This observation implies that the neighboring
fractures lack effective thermal communication, suggesting that the
overall heat extraction performance of the reservoir appears to be sub-
optimal. This phenomenon is further highlighted in Fig. 9, which

exhibits a more pronounced distribution of the 3D low-temperature
zones within the reservoir.

Fig. 9 exhibits the 3D isothermal surfaces of the reservoir after 20
years of exploitation, revealing the distribution of low-temperature re-
gions both within and surrounding the fractures. Under the coupled
THM framework, the cooler zones are primarily clustered around the
injection well and the central main fracture. However, the temperatures
surrounding other fractures fail to exhibit significant decreases, with
only localized cooling observed on these fractures (cf. fracture NO. 2 and
NO. 3 in Fig. 6). In extreme cases, fracture NO. 5 remains completely
devoid of any thermal communication throughout the entire thermal
mining process. Consequently, the isothermal surfaces outlining the low-
temperature zones do not form a comprehensive enclosure around these
fractures, indicating a significant lack of thermal communication be-
tween fractures.

We are intrigued by the underlying reasons for the poor performance
of geothermal exploitation. In this regard, Fig. 10 offers valuable in-
sights into the changes in fracture swarm permeability. As fluid is
injected, the permeability of the fractures experiences a notable increase
compared to their initial states and exhibits a strong dependency on the
temperature. For instance, from t= 0 a to t= 5 a, fracture NO. 4 in Fig. 6,
indicated by the yellow arrow-marked area, exhibits a distinct trend. As
the temperature in this region decreases, the fractures widen due to rock
contraction, leading to a gradual enhancement of permeability in this
area. Moving from t = 10 a to t = 20 a, the region experiencing
permeability growth because temperature reduction expands signifi-
cantly, and the permeability evolution closely mirrors the temperature
variations observed in Fig. 8. Conversely, fracture NO. 2 in Fig. 6,
indicated by the blue arrow-marked area, shows only minor growth in
permeability compared to the initial state, suggesting limited rock
contraction in this region. The limited contraction is attributed to the
minimal temperature decrease in this region, which is consistent with
the temperature distribution depicted in Fig. 8. Consequently, it is
implied that fluid flow through this fracture is insignificant.

Additionally, the final permeability of fractures exhibits remarkable
heterogeneity. Initially, two fracture sets differed in permeability by
two-orders-of-magnitude due to natural width difference. However,
after 20 years of geothermal exploitation, the permeability range
broadened significantly, with a four-order-of-magnitude difference be-
tween the extremes. As shown in Fig. 10, the maximum permeability
(1.14× 10− 6 m2) occurs near the injection well, where the fluid pressure
increases most significantly, and the temperature decreases most thor-
oughly. The lowest permeability (4.14 × 10− 10 m2) observed at the
fracture’s edge, as shown in Fig. 11, indicates that this edge is not the
primary fluid flow path, experiencing limited impact from temperature
and fluid pressure changes. Overall, under the dual effects of fluid in-
jection and temperature decrease, the inherent heterogeneity of natural
fractures is further exacerbated.

Fig. 11 provides a detailed snapshot of the flow field distribution
within the fractures after 20 years of geothermal exploitation. One of the
most noteworthy features is the existence of distinct preferential seepage
paths, primarily characterized by the central main fracture. Fracture
NO. 1 in Fig. 6, exhibits remarkable permeability. This exceptional
permeability translates into high flow velocities (approximately 0.72 m/
s) and significant fluxes within the fracture. Consequently, most of the
fluid is observed to flow directly along this central fracture from the
injection well to the production well, potentially shortening the thermal
breakthrough time. However, it is important to note that there are also
instances of extreme variation in flow velocities within the fractures. For
instance, Fracture NO. 5 exhibits an extremely low flow velocity of
merely 0.021 cm/s. This minimal velocity indicates that the fluid
scarcely flows through this particular fracture, suggesting a limited role
in the overall fluid flow system. This variation in flow velocities depicted
in Fig. 11 highlights the complexity of fluid dynamics within the frac-
tured geothermal reservoir. Meanwhile, this figure vividly demonstrates
how the pronounced heterogeneity in fracture permeability shapes the

Table 3
Parameters used for the 3D geothermal extraction model.

Parameter Value Description

E 10 GPa Elastic modulus
v 0.3 Poisson’s ratio
b 1 Biot coefficient
ρs 2500 kg/m3 Density of solid matrix
αm 2.0 × 10− 5 K− 1 [52] Thermal expansion coefficient of rock mass
k 1.0 × 10− 13 m2 Permeability of the porous matrix
ϕ 0.1 Porosity of porous matrix
ϕf 0.7 Porosity of the fracture
S 5.4 × 10− 11 Pa− 1

[25]
The water storage coefficient within matrix

Sf 1.0 × 10− 12 Pa− 1

[25]
The water storage coefficient within fracture

m 1.0 × 10− 7 Pa− 1 [48] Constitutive constant of fracture’s
permeability

λs 3.0 W/m/K [27] Thermal conductivity of solid matrix
cs 800 J/kg/K Specific heat capacity of solid matrix
T0 250 ◦C Initial temperature
Tin 60 ◦C Temperature of injected fluid
Min 100 kg/s Flux of the injection well
Ppro 1.0 atm Pressure of the production well

Fig. 7. Evolution of pore pressure within fractures.

Fig. 8. Evolution of temperature field within fractures under the coupled
THM framework.
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seepage paths within the fracture network.
The emergence and development of preferential flow paths are

rooted in deeper mechanisms. As pore pressure increases and tempera-
ture decreases, fractures dilate, resulting in enhanced permeability.
Subsequently, the increased permeability further elevates fluid velocity,
attracting a larger influx of low-temperature fluids into fractures, lead-
ing to a more thorough cooling process. This comprehensive cooling of

specific fractures, in turn, exaggerates matrix shrinkage and promotes
further dilation of these fractures. This positive feedback loop, as
depicted in Fig. 12, potentially results in progressively stronger
permeability within specific fractures, ultimately leading to a vicious
cycle that amplifies the heterogeneity of fractures’ permeability. This
positive feedback mechanism could provide explanations for the short-
circuits phenomenon [11,51] reported by others, which refers to the

Fig. 9. The 3D isothermal surfaces of the reservoir under the coupled THM framework.

Fig. 10. Evolution of the fractures’ permeability field under the coupled THM framework. The yellow arrow-marked region underwent a pronounced cooling effect,
accompanied by a remarkable enhancement in permeability. In contrast, the blue arrow-marked region experienced limited cooling, manifesting in a less notable
increase in permeability. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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formation of undesirable dominant preferential flow pathways that lead
to reduced energy production rates. Furthermore, as shown in Fig. 13
below, the positive feedback mechanism is evidenced by the monotonic
growth trend of the fractures’ average permeability.

Fig. 13 illustrates the temporal variation of average permeability and
mass flow rate within each fracture. Initially, fractures NO. 1, NO. 2, and
NO. 3 exhibits identical permeability levels. However, due to favorable
spatial positioning, fracture NO. 1, proximal to the injection well, re-
ceives a significantly higher flow rate, accounting for approximately 70
% of the total injected flow. This concentration flow augments the
permeability of fracture NO. 1, resulting in a significantly greater in-
crease compared to the other fractures. As a result, throughout the
mining process, fracture NO. 1 maintains its dominant position in fluid
flow with consistently high internal flow rates.

On the other hand, fractures NO. 2 and NO. 3, due to their geometric
symmetry, exhibit comparable evolution patterns. While their flow rates
and permeability are lower than those of fracture NO. 1, they still exceed
the performance of fractures NO. 4 and NO. 5, thanks to their larger
initial widths. Notably, despite having a relatively narrow initial width,
fracture NO. 4 benefits from significant temperature reduction in the
later stage of geothermal extraction, leading to a noteworthy increase in
permeability compared to fracture NO. 5. In contrast, fracture NO. 5
scarcely receives any benefit from the low-temperature fluid flow during
the mining process, resulting in minimal growth in its permeability.
Consequently, both its flow rate and permeability remain at the lowest
levels. In summary, the spatial positioning of fractures and their inter-
action with the injected fluid significantly influenced their permeability
and flow characteristics, giving rise to preferential flow paths and

varying degrees of fluid extraction efficiency.

5. Discussion

In this section, we conduct a multi-factor comparative analysis to
investigate potential factors affecting EGS lifetime, including fracture
heterogeneity, local thermal non-equilibrium effect, and layout strate-
gies, as shown in Fig. 1. The example from Section 4 as a benchmark case
corresponds to Case 1 in Table 4. Our primary focus is to delve into the
significance of the stress field in geothermal mining. Additionally, we
investigate whether the preferential flow paths within the fracture
network can be optimized under various injection-production scenarios.
Furthermore, we compare the performance of LTE and LTNE in long-
term geothermal extraction indicators, aiming to explore how
different priorities should be assigned to these various influencing fac-
tors in EGS lifetime assessment.

5.1. Comparison of heat extraction performance: TH vs THM models

The preceding coupled THM analysis demonstrates that the emer-
gence of preferential flow paths is critically influenced by the stress field,
including the pore pressure and the thermal stress. In the EGS design,
another common approach is the simplified TH modeling. By neglecting
the stress field’s influence, it becomes easier and faster to provide
assessment results. To investigate whether the stress field truly plays an
important role, it is necessary to set up a control experiment, i.e.,
comparing the thermal extraction performance of the TH and THM
models is required.

Fig. 14 presents the results of the coupled TH model, with key pa-
rameters referenced from Case 2 in Table 4. After 20 years of extraction,
it becomes evident that the cooled area of the fractures is considerably
more extensive in the TH model compared to the THM model. The
contrast between the low-temperature zones in fractures NO. 2 and NO.
3 is particularly striking (cf. Fig. 8), indicating stronger thermal
communication between fractures in the TH model. Moreover, it is
noteworthy that during the initial year of operation (t = 1 a), the TH
model exhibits a significantly smaller low-temperature region around
the central main fracture (cf. fracture NO. 1 in Fig. 6) compared to the
THM model. This implies that under the TH mode, the reservoir is less
prone to thermal breakthrough. Unlike the THM model, the TH model
overlooks fracture permeability evolution, resulting in a less pro-
nounced heterogeneity of the fractures. Consequently, the influence of
preferential flow paths is weakened, leading to a delayed thermal
breakthrough time and a more uniform cooling effect throughout the
reservoir.

Fig. 15 illustrates the evolution of the 3D low-temperature zone in
the reservoir using the TH model. Compared to the THM model (cf.
Fig. 9), the isotherm contours in the TH model appear more full-bodied.
After 20 years of extraction, the isotherm surfaces form a complete
closure, encompassing all fractures and fostering a more uniform and
balanced cooling effect throughout the reservoir. This heat extraction
pattern aligns more closely with our expectations.

Furthermore, it is necessary to evaluate the heat extraction perfor-
mance using specific quantitative indicators. We then compare the
performance of the two models in terms of two key aspects: average
production well temperatures and geothermal extraction efficiency.
They are defined as follows respectively [53],

Tout =
∫

LT(t)dl
L

(21)

η =

∫∫∫

VρsCp,s(T0 − T(t))dV
∫∫∫

VρsCp,s(T0 − Tin)dV
(22)

where L represents the total length of the production well section; V
stands for the total reservoir volume; T(t) denotes the current

Fig. 11. The final flow field distribution within the fractures at t = 20 a, with
the length and density of arrows indicating the magnitude of flow velocity and
flow rate.

Fig. 12. Schematic diagram of the positive feedback mechanism for the evo-
lution of fracture permeability.
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temperature; T0 and Tin represent the initial temperature and the tem-
perature of injected fluid, respectively.

Fig. 16 depicts a comparison of heat extraction performance between
the two models. As shown in Fig. 16a, the TH model exhibits a signifi-
cantly higher production temperature (around 200 ◦C) compared to the
THM model (approximately 140 ◦C). According to the standard defini-
tion of EGS lifetime, this refers to the total duration from the
commencement of operations until the temperature of the produced
fluid declines to below 60 % of the initial reservoir temperature [36].
After this point, the wells need to be shut down to enable the reservoir to
recharge its heat-producing capability by absorbing heat from the deep
Earth. Based on this criterion, the TH model indicates that the EGS
system exhibits excellent heat cycling performance, with the production
temperature remaining stable even after 20 years of mining. In contrast,
the THM model reveals a different outcome, where the production
temperature approaches the critical threshold of 150 ◦C within merely
four years of mining. This indicates a significantly shorter thermal
breakthrough time and an extremely limited lifetime for the EGS project.
On the other hand, Fig. 16b compares the effective heat extraction rates

Fig. 13. The evolution of mass flow rate and average permeability for each fracture. The location of the fractures can be referred to in Fig. 6. The solid lines represent
the mass flow rate, while the dashed lines represent the average permeability.

Table 4
Some cases and key parameters of 3D geothermal models.

Cases Injection
conditions

Production well
temperatures

Effective heat extraction
rate

Thermal equilibrium
hypothesis

Coupling
mode

Total degrees of
freedom

Time
consuming

Case
1

100 kg/s 140 ◦C 13 % LTE THM
Coupling

4,54,005 55 min

Case
2

100 kg/s 188 ◦C 19 % LTE TH Coupling 84,668 7 min

Case
3

200 kg/s 113 ◦C 22 % LTE THM
Coupling

4,54,005 55 min

Case
4

300 kg/s 95 ◦C 28 % LTE THM
Coupling

4,54,005 55 min

Case
5

3 × 33.3 kg/s 174 ◦C 19 % LTE THM
Coupling

4,54,686 55 min

Case
6

100 kg/s 188 ◦C 19 % LTNE TH Coupling 1,26,996 29 min

Fig. 14. Evolution of the temperature field within fractures under the coupled
TH framework.
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of the two models. Similarly, the TH model consistently yields higher
evaluation results than the THM model. This is due to the more efficient
heat communication among fractures in the TH model, leading to less
significant localized cooling effects, as depicted in the temperature fields
of Fig. 14 and Fig. 15. Conversely, in the THM model, the formation of
preferential flow paths can easily compromise the heat extraction
efficiency.

By comparing Case 1 with Case 2, we recognize that a fracture
network with good thermal communication in the THmodel may exhibit
poor thermal performance from the THM model’s perspective.
Neglecting the influence of the stress field, the TH model cannot predict
the further development of fracture heterogeneity during the mining
phase, and fails to capture potential preferential flow paths within the
fracture network. This oversight has a profound impact on the timing of
thermal breakthroughs and the overall effectiveness of heat extraction.
Consequently, simplified TH simulations tend to overestimate
geothermal extraction performance.

5.2. Comparison of heat extraction performance: Different well layout
strategies

The discussion focuses on whether the emergence of preferential

flow paths can be mitigated by adjusting injection and production
conditions. As Fig. 17a illustrates, when injection flow rates gradually
increase from the scenarios in Cases 1, 3, to 4 of Table 4, there is a
certain improvement in the total heat extraction efficiency, rising from
13 % to 28 %. However, a conflicting trend arises: as Fig. 17b shows,
with an increase in injection flow rate, the time for thermal break-
through becomes shorter. The production wells’ temperature curves
decline more rapidly and steeply, and the final production temperature
drops from 140 ◦C to 95 ◦C. This poses a dilemma, i.e., while we aim to
enhance heat production by increasing injection flow rates, a larger and
more concentrated injection tends to facilitate the formation of prefer-
ential flow paths. Therefore, we strive to strike a balance between these
opposing factors.

In our pursuit of achieving a high heat extraction rate while pre-
venting the development of preferential flow paths that curtail the
thermal breakthrough time, we formulate an alternative multi-well
scheme, as illustrated in Fig. 18. By maintaining the total injection
flow rate equivalent to Case 1, we evenly distribute this flow among
three injection wells, corresponding to Case 5 in Table 4. A comparative
analysis of Cases 1 and 5 in Fig. 17 underscores that the production
temperature and heat extraction rate in Case 5 consistently outperforms
those in Case 1. Consequently, implementing the interconnected multi-

Fig. 15. The 3D isothermal surfaces of the reservoir under the coupled TH framework.

Fig. 16. Comparison of heat extraction effectiveness between TH and THM models: (a) production well temperatures; (b) effective heat extraction rate.
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well strategy significantly enhances the overall thermal recovery effi-
ciency of the reservoir, with an identical injection flow rate. While
recognizing the additional expenses associated with this approach, its
efficacy in extending the EGS lifetime and augmenting its heat produc-
tion capabilities is considerable. Merely augmenting the injection

volume does not substantially improve the fracture network’s thermal
connectivity; furthermore, it poses a potential risk of fostering prefer-
ential flow paths. Thus, adopting the multi-well approach presents a
viable solution to balancing these competing factors.

5.3. Comparison of heat extraction performance: LTE vs LTNE models

To investigate the importance of the LTNE effect in affecting the EGS
lifetime, we conduct a comparative analysis of the long-term thermal
extraction indicators between the LTE and LTNE models, aiming to
provide a nuanced understanding of their respective merits and differ-
ences. The LTNE model corresponds to Case 6 in Table 4. Fig. 19 shows
the results of the dual-temperature fields based on the LTNE model. To
capture the distinction in temperatures between the solid and fluid
phases, a conservative heat transfer coefficient (qsf = 5.0 W/m3/K [32])
is employed here. The specific quantification of this coefficient and its
relevance with LTNE performance can be found in more detailed in-
formation in the ‘Supporting Materials’. Nonetheless, the LTNE phe-
nomenon does not last for a long time. As illustrated in Fig. 19, during

Fig. 17. The heat extraction performance under various injection-production scenarios: (a) effective heat extraction rate; (b) production well temperatures. The solid
lines represent the dual-well system, and the dashed lines indicate the multi-well scheme.

Fig. 18. The schematic diagram of the multi-well integration scheme.

Fig. 19. Variation of the dual temperature field under the LTNE model: fluid temperature field (illustrated in the upper row) and solid temperature field (displayed in
the lower one).
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the initial exploitation phase, from 0.02 a to 0.05 a, there remains a
discernible difference between the solid-phase temperature and the
fluid-phase temperature. Specifically, the fluid temperature within the
fracture decreases more rapidly, while the solid-phase temperature lags
slightly. However, by 0.1 a, there is no notable temperature difference
between the two phases. Jiang et al. [35] also assessed the evolution of
the temperature field based on the LTNE framework, and their results
showed that the LTNE phenomenon only lasted for 11 days, consistent
with the patterns presented here.

Additionally, Fig. 20 presents a more direct and insightful compar-
ison using key quantitative indicators, evaluating the performance of the
LTE (Case 2 in Table 4) and LTNE models. Fig. 20 reveals negligible
differences in the production temperature curves and virtually identical
effective heat extraction rates. Our results indicate that adopting the LTE
assumption is satisfactory when the focus is not on localized tempera-
ture disparities between solid and fluid phases during the initial
exploitation stages, but rather on macro-indicators relevant to long-term
geothermal exploitation. Given that EGS systems typically require de-
cades of operational lifetime, short-term localized temperature

differences, as illustrated in Fig. 19, are of less consequence. Addition-
ally, we ran these models on a workstation equipped with a 13th Gen-
eration Intel® Core™ i7-13700 CPU. With comparable long-term heat
extraction outcomes, the LTE model stands out for its reduced degrees of
freedom and a faster runtime of just 7 min compared to the LTNE
model’s 29 min. Since EGS systems are inherently complex, simplifying
intricate details with minimal impact on macroscopic results could
significantly enhance efficiency in addressing EGS issues. The conser-
vative comparison conducted here does not reveal a significant
distinction between the two models. Consequently, our findings support
the LTE assumption as a practical reference for the mining of fractured
geothermal reservoirs.

On the other hand, Fig. 20a indicates that because of the two
calculation methods’ inherent differences, the evaluated maximum
production temperature differs by approximately 5–8 ◦C. However, it
must be stated that limited by the numerical simulations constraints, this
characterization is obtained under current parametric conditions.
Therefore, we further introduce a dimensionless number to quantify
specific discrepancy degree. The dimensionless production temperature

Fig. 20. Comparison of heat extraction effectiveness between LTE and LTNE models: (a) production well temperatures; (b) effective heat extraction rate.

Fig. 21. The difference amplitude of dimensionless production temperature between LTE and LTNE models over time.

Z. Wei et al. Applied Thermal Engineering 259 (2025) 124861 

14 



difference is defined as [40]

ΔT =
|TLTE − TLTNE|
T0 − Tin

× 100% (23)

where TLTE and TLTNE denote the temperature at the production well
under local thermal equilibrium and non-equilibrium conditions (Eq.
(11)), respectively; T0 and Tin denote the initial reservoir temperature
and injection temperature, respectively.

Fig. 21 illustrates the variation of the dimensionless production
temperature difference over time, revealing a maximum discrepancy of
approximately 4.5 %. The curve’s overall trend is one of an initial in-
crease followed by a decrease, with a distinct peak present. Notably, the
peak does not persist for an extended period; both the ascent from zero
to the peak and the descent from the peak are swift processes. Consid-
ering a 20-year complete cycle, the average difference (integral area/
total time) is approximately 0.95 %. Both the extremum and the average
discrepancy fall within an acceptable range of less than 5 %.

6. Conclusions

In this study, we investigate the permeability evolution mechanism
of fracture swarm during geothermal production and its subsequent
impact on the lifetime of enhanced geothermal systems. Moreover, we
conduct a multi-factor comparative analysis of potential factors,
including inherent heterogeneity of fractures, the local thermal non-
equilibrium effect, and layout strategies.

Results indicate the strong heterogeneity of the fracture network is
dominant, and the intrinsic heterogeneity of fractures is further exac-
erbated during geothermal production. Specifically, the original
permeability difference is two orders, growing to four after 20 years of
mining. The underlying reason lies in the combined effects of fluid in-
jection (pore pressure rise) and temperature decrease. A positive feed-
back mechanism between pore pressure/temperature changes and
permeability evolution is observed, leading to monotone permeability-
increasing in a limited number of specific fractures, further inducing
the formation of preferential seepage paths. This indicates that the un-
even permeability evolution of the fracture network is crucial in short-
ening reservoir lifetime, ignoring fractures’ mechanical response leads
to an overestimated outcome. A simplified thermal-hydraulic analysis
shows a 31 % higher production temperature and a 6 % higher heat
extraction rate than the coupled thermo-hydro-mechanical modeling.
Simplified thermal-hydraulic analysis indicates that the system can still
operate smoothly after 20 years, but the coupled modeling indicates that
after 4 years of mining, the production temperature can no longer meet
industrial needs. This significant difference emphasizes our attention to
fracture deformation during mining.

In contrast, the impact of the local thermal non-equilibrium effect is
negligible, with comparable results between equilibrium and non-
equilibrium models. The duration of the non-equilibrium phenomenon
is very short, spanning a time scale of about tens of days. The dimen-
sionless production temperature difference exhibits a maximum of
approximately 4.5 %; when considering the total cycle, the average
difference is approximately 0.95 %.

Finally, regarding layout strategies, we find simply boosting injec-
tion flow does not fundamentally alter production performance. While
tripling the injection flow rate raises the effective heat extraction rate
from 13 % to 28 %, geothermal system lifetime evaluation demands
more than just one metric. Notably, production well temperatures fall
from 140 ◦C to 95 ◦C, with a drop of 32 %, which in turn accelerates
thermal breakthrough. A multi-well layout helps to alleviate the
extremely uneven flow distribution within the fracture network, effec-
tively mitigating the heterogeneity impact and preventing preferential
flow paths. Compared to traditional dual-well systems, the multi-well
scheme has a 24 % higher temperature and a 6 % higher heat extrac-
tion rate. Due to the limitations of numerical simulation research caused
by parameter selection, a dimensionless analysis still helps to further
generalize the applicability of conclusions.
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Appendix A

Quantifying the interphase heat transfer coefficient (qsf) in deformable porous media remains an open topic [14]. We introduce a method for
quantifying this coefficient, which applies to heat transfer processes occurring between solid particles and fluids within porous packed beds. The heat
transfer coefficient, qsf, can be defined as [44]

qsf = asf hsf (24)

where asf represents the specific surface area, and hsf is a transitional heat transfer coefficient. This transitional coefficient is defined as [44]

1
hsf

=
dh
kfNu

+
dh
10ks

(25)

where dh denotes the characteristic size (hydraulic diameter) of the fracture. In our quantitative calculations, we adopt the parallel plate fracture
assumption as a reasonable approximation. Jiang et al. [35] simplified the complex fracture geometry into a parallel plate model, evaluating the
specific surface area asf and the characteristic size of the fracture, and proposed the following relationship, e.g., asf = 2ϕ/df and dh = 2df .

Moreover, Eq. (25) incorporates a dimensionless fluid-to-solid Nusselt number (Nu). The Nusselt number can be linked to two other dimensionless
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numbers: the Prandtl number (Pr), and the Reynolds number (Re). The specific definition is [54]

Nu = 2+1.1Pr1/3Re0.6 (26)

with

Pr =
μCp,f
kf

, Re =
dhρf‖uf‖

μ (27)

where ‖uf‖ denotes the magnitude of flow velocity within the fracture. The specific calculation process and reference values refer to the details of the
‘Supporting Materials’.

Appendix B. Supplementary material

Supplementary data to this article can be found online at https://doi.org/10.1016/j.applthermaleng.2024.124861.

Data availability

Data will be made available on request.
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