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Dry hot rock geothermal resources by virtue of its wide distribution, large reserves, clean and low-carbon, stable, high utilization
rate, and other characteristics have been widely used. The enhanced geothermal system (EGS) is the most efficient approach for
harnessing and exploiting geothermal energy from hot, arid rock formations. To investigate the impact of varying parameters on
heat recovery in EGS operations, we employed the COMSOL numerical simulation software to construct a seepage heat transfer
model for fractured rock masses. Essential parameters and boundary conditions were established, followed by conducting
numerical simulations. Through the numerical simulation results, the temporal and spatial changes of coupling effects among
seepage field, stress field, and temperature field in fractured rock mass were analyzed. We investigated the impact of water
injection temperature, injection-production pressure difference, injection flow rate, and initial reservoir temperature on the
heat transfer process. The findings indicate that raising the water injection temperature and injection-production pressure
difference can enhance the reservoir’s heat recovery capability. However, it may also accelerate thermal breakthrough and
reduce the system’s operational lifespan. The higher injection flow rate can improve the heat recovery efficiency. However, too
large injection flow can cause problems in other aspects of the reservoir; increasing reservoir temperature leads to higher
production temperatures, which can potentially result in dynamic catastrophes. Therefore, while ensuring the heat recovery
efficiency of the system, the operation life of the system can be extended by adjusting the water injection temperature in stages,
setting a reasonable injection and production pressure difference, and selecting an appropriate injection flow rate, so as to
achieve the purpose of EGS optimization.

1. Introduction

Since the beginning of the Industrial Revolution, the rapid
development of industries worldwide has led to a sharp
increase in the demand for fossil fuels, resulting in a signifi-
cant amount of greenhouse gas emissions and global warm-
ing [1, 2]. As a result, the search for and development of
renewable energy to replace fossil fuels have become new
directions for countries to formulate their energy strategies
[3]. Geothermal energy, with its advantages of cleanliness,

low carbon emissions, abundant resources, stable and reli-
able supply, direct utilization without conversion, and high
efficiency, has gained broad recognition from countries
around the world [4]. Geothermal energy is regarded as a
highly promising renewable energy source for the future,
given its vast development potential and widespread
resource distribution [5–7].

Geothermal energy can be classified into two types based
on storage form: hydrothermal and hot dry rock (HDR) [8].
Hydrothermal geothermal resources refer to underground
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water reservoirs in the form of hot fluids [9], while HDR
geothermal resources are deep-seated rock formations
located 3-10 km underground with temperatures usually
exceeding 200°C. Due to their high-temperature characteris-
tics, HDR geothermal resources are widely used in the field
of power generation and have tremendous development
potential and economic value [10]. The characteristics of
HDR include high temperature, wide distribution range,
and large burial depth. HDR almost lacks or has only a small
amount of fluid, and the rock formation itself is highly dense
with extremely low permeability. In order to develop HDR
geothermal resources, enhanced geothermal systems (EGS)
have been constructed [11–13].

EGS is generally used for the development and utiliza-
tion of HDR. First, the exploited HDR reservoir is
transformed into an artificial geothermal reservoir. A low-
temperature working fluid is injected into the injection well,
where it flows through the artificial geothermal reservoir.
During this process, heat exchange occurs between the
low-temperature working fluid and the high-temperature
rock formation surrounding the fractures [14–17]. The
heated working fluid is then pumped out of the production
well, completing the circulation process [18]. Therefore,
EGS systems face many complex engineering and scientific
problems, such as establishing models for thermal reservoirs,
studying the multifield coupling of fractured rock forma-
tions in thermal reservoirs, and evaluating and predicting
the thermal extraction performance of reservoirs. In order
to enhance the practical applications of EGS systems, it is
necessary to conduct comprehensive research and develop
effective solutions for these challenges [19, 20].

In the 1970s, Los Alamos National Laboratory in the
United States took the lead in conducting research on
HDR development and accumulated valuable experience in
HDR development as the research progressed [21]. From
the 1980s to the 1990s, several developed countries succes-
sively carried out experiments and research on HDR drilling
and exploitation technologies [22, 23]. In 1973, the United
States launched the world’s first EGS demonstration project,
which proved the feasibility of forming a geothermal reser-
voir in HDR through geological and drilling techniques
[24]. In 1974, Japan initiated a project to study HDR power
generation technology [25]. By conducting experimental
research on deep high-temperature HDR and using methods
such as hydraulic fracturing and proppant placement, an
artificial thermal reservoir was established, and HDR power
plants were built in the early 21st century [26]. To enhance
heat transfer efficiency and production yield, France con-
ducted efforts to improve hydraulic and chemical stimula-
tion of the thermal reservoir between the injection well and
the production well. The world’s first successful HDR power
plant was established in the Soultz area in 1987 after drilling
tests and hydraulic fracturing experiments, and it is still in
operation today [27]. In the early 21st century, the United
States launched research called “Enhanced Geothermal
Systems” and initially established geological exploration,
engineering fracturing, and development and utilization
technical specifications for EGS [28]. In 2003, Australia con-
ducted detailed surveys of the Cooper Basin and established

a relevant EGS research program, with results showing that
the temperature of HDR buried at a depth of about 4,500
meters can reach 270°C [29].

To solve the simulation problems of EGS, many scholars
have developed effective models to simulate the performance
of EGS [30–32]. Zhang et al. [33] constructed a mathemati-
cal model for porous media with single fractures to simulate
the thermohydrological coupling process in heat exchange
within EGS. Chen et al. [34] introduced a discrete fracture
network into the matrix rock mass to simulate fluid flow
and heat transfer processes. Jiang et al. [35] proposed a
three-dimensional transient model that takes into account
the presence of local thermal imbalances between the rock
matrix and fluid flow in porous thermal reservoirs. Shaik
et al. [36] developed a numerical simulation program that
couples fluid flow with matrix rock and circulating fluid heat
transfer for geothermal systems with natural fractures,
which is closer to the dynamic changes of fractures in the
thermal extraction process of EGS under realistic conditions.
Baria et al. [37] established a self-supporting single fracture
T-H-M coupling model based on cavity elasticity theory.
Wang et al. [38] introduced the concept of strong disconti-
nuity into the DFN model to simulate the thermal produc-
tion process of geothermal reservoirs and capture the
aperture changes of each fracture caused by fluid pressure,
external stress, and thermal expansion during production.
Asai et al. [39] studied the influence of different injection
flow rates on dual-well EGS and proposed an exponential
flow scheme as the optimal solution.

Compared to the traditional heat transfer medium H2O,
CO2 has a lower critical pressure and critical temperature.
Additionally, the dynamic viscosity of liquid CO2 is much
smaller than that of water. The utilization of CO2 as an alter-
native to water for geothermal energy extraction was initially
suggested by Brown [40]. Moreover, CO2 can also be used as
a heat transfer medium for underground CO2 storage,
achieving carbon capture. Pruess [41, 42] used TOUGH2
software to establish heat extraction models for EGS using
both H2O and CO2, based on basic data from the Soultz
region in France. Through a comparison and analysis of heat
extraction efficiency, the findings indicated that CO2 as a
working fluid demonstrates approximately twice the heat
extraction efficiency compared to H2O. Nevertheless, it
should be noted that CO2 as a working fluid suffers from
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Figure 1: Seepage heat transfer model of fractured rock mass.
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the drawback of poor stability. During the operation of EGS,
CO2 can cause salt precipitation and potential blockage,
leading to a decrease in heat extraction efficiency [43].

This article is grounded in the theory of coupled heat-
mass transfer, taking into account the interactions of defor-
mation, seepage, heat transfer within the matrix rock, and
fractures. Moreover, numerical simulations are performed
by varying the physical parameters of EGS to assess their
influence on the heat transfer process and propose optimiza-
tion strategies for enhancing EGS performance.

2. Mathematical Models and
Numerical Simulations

2.1. Numerical Simulation Software. To solve the coupled
theory equations of heat-flow-solid in the mathematical
model, the software used is COMSOL Multiphysics 5.6,
developed by a company in Stockholm, Sweden. This soft-
ware is capable of conducting multiphysics coupling analysis
and possesses strong numerical computing capabilities. It
has been recognized by many scholars as the “first truly arbi-
trary multiphysics coupling analysis software” and holds a
significant position in the field of multiphysics coupling.
Compared to other finite element analysis software, it is
more flexible, user-friendly, and easy to learn. COMSOL
Multiphysics is based on the finite element analysis principle
and does not require the presetting of finite elements. It
reverts the finite element method to the most fundamental
variational level in the field of mathematics. By solving a sys-
tem of partial differential equations, it achieves the coupled
solution of multiple physics fields, allowing for full coupling
and greater proximity to reality. In this study, the heat trans-
fer module, Darcy’s module, and solid mechanics module
within COMSOL were employed. Customized configura-
tions were implemented to establish the interconnections
among these modules, facilitating their coupling for compre-
hensive analysis.

2.2. Model Assumptions. In general, the permeability of hot
dry rocks is extremely low, almost close to zero. By using
hydraulic fracturing, a network of fractures is created in
the reservoir of hot dry rocks to increase the permeability.
In this process, low-temperature water is injected through
injection wells, and as water flows along the fractures, it
simultaneously absorbs heat from the surrounding rock.

Finally, high-temperature water is extracted from produc-
tion wells. This process involves the coupling of three
complex spatiotemporal phenomena: temperature field (T),
flow field (H), and stress field (M). To gain a comprehensive
understanding of the coupled interactions within an enhanced
geothermal system (EGS), it is necessary to develop a mathe-
matical model. In order to simplify the analysis, the following
assumptions have been considered:

(1) Hot dry rocks are a continuous isotropic porous
medium

(2) The fracture surfaces in the reservoir extend infi-
nitely, and the width of fractures is much smaller
than their length

(3) The rock matrix is treated as a homogeneous porous
medium with significantly lower permeability com-
pared to fractures. The primary flow pathways for
fluids are considered to be the surfaces of fractures

(4) The flow of water follows Darcy’s law

(5) Heat transfer between water and the surrounding
rock is achieved through convection and conduction

(6) Chemical reactions that may occur between fluid
and hot dry rock are ignored

Table 1: Model correlation parameters.

Parameters (unit) Parameter value Parameters (unit) Parameter value

Poisson’s ratio 0.25 Thermal conductivity (W/(m·K)) 5

Porosity 0.01 Specific heat rate 1

Permeability (m2) 1 × 10−15 Densities (kg/m3) 2500

Young’s modulus 3 × 1010 Constant pressure heat capacity (J/(kg·K)) 800

Initial reservoir temperature (°C) 100 Water injection temperature (°C) 20

Initial reservoir pressure (Pa) 2 × 107 Injection well pressure (Pa) 4 × 107

Production well pressure (Pa) 1 × 107 Injection flow (m3/s) 0.02
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Figure 2: Fracture grid division diagram.
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(7) The fluid remains in a liquid state even under high
pressure

2.3. Primary Governing Equations

2.3.1. Equations for the Rock Permeability Field.

S
∂p
∂t

+∇ ⋅ u = −
∂e
∂t

+Q,

u = −
k
η

∇p + ρg∇z ,
1

where S represents the storativity coefficient, t represents
time, u represents the water flow velocity in the rock matrix,
e is the volumetric strain of the rock, and Q represents the
source/sink term for fluid flow. k denotes the permeability
of the rock mass, while η represents the dynamic viscosity
of the fluid.

2.3.2. Equations for the Rock Stress Field.

σij,j + Fi = 0,
μui,ij + λ + μ uj,ij − αBp,i − βTTs,i + Fi = 0,

μ = E
2 1 + v

,

λ = Ev
1 + v 1 − 2v ,

βT = αTE
1 − 2v ,

2

where σij,j represents the components of the stress tensor, Fi

is the body force, u is the displacement, λ and μ are the Lamé
constants, p is the pore pressure, αB is the Biot consolidation
coefficient, Ts is the rock temperature, βT is the thermal
expansion factor, and αBp,i and βTTs,i, respectively, repre-
sent the terms for the effects of pore pressure and tempera-
ture on stress. E is the elastic modulus, and αT is the
thermal expansion coefficient.
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Figure 3: Temperature field cloud image of fractured rock mass (T = 293 15K).
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2.3.3. Equation for the Rock Temperature Field.

csρs
∂Ts

∂t
= λs∇

2Ts +W, 3

where cs is the specific heat capacity of the rock, ρs is the
density of the rock, λs is the thermal conductivity of the
rock, and W represents the heat source.

2.3.4. Equations for the Fracture Permeability Field.

df Sf
∂p
∂t

+ ∇τ ⋅ −df

kf
η
∇p = −df

∂ef
∂t

−
kf
η

∂p
∂n

, 4

where df is the width of the fracture aperture, Sf is the stor-
ativity coefficient of the fracture, ∇τ represents the derivative
along the tangential direction of the fracture, kf is the per-
meability of the fracture, ef is the volumetric strain of the
fracture surface, and n represents the normal vector of the
fracture surface.

2.3.5. Equations for the Fracture Stress Field.

un =
σn′
kn

,

us =
σs′
ks
,

σn′ = σn − p,
σs′= σs,

5

where u represents the displacement, σ′ is the effective
stress, k represents the stiffness, and the subscripts n, s repre-
sent the normal and tangential directions, respectively.

2.3.6. Equation for the Fracture Temperature Field.

df ρf cf
∂T f

∂t
+ df ρf cf uf∇τT f = df∇τ ⋅ λf∇τT f , 6
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Figure 4: Cloud map of stress field of fractured rock mass (T = 293 15K).

5Geofluids



where ρf is the density of water, cf is the specific heat
capacity of water, uf is the velocity of water flow within
the fracture, and λf is the thermal conductivity of water.

2.4. Numerical Simulation

2.4.1. Model Description. Hot rock formations refer to
underground rock layers with high temperatures, typically
increasing by 10-30 degrees Celsius per kilometer in depth.
These rocks are rich in minerals such as quartz, feldspar,
and mica, as well as rocks with high thermal conductivity,
such as granite, basalt, and schist. The thermal conductivity
of the rocks determines the speed and efficiency of heat
transfer within the rocks. Hot rock formations are usually
found at greater depths underground and are subjected to
higher geological stress, which can cause fractures in the
rocks or affect the permeability of the thermal water or

heat-conducting medium. To better simulate the real condi-
tions of dry hot rocks, this study developed a model for fluid
flow and heat transfer.

Fractured rock mass seepage and heat transfer model is
shown in Figure 1. The thermal model of the dry hot rock
is set as a 100m × 100m two-dimensional square heat
extraction area, with two fractures in the model. The hori-
zontal fracture has a length of 100m, and the vertical frac-
ture has a length of 15m. The width of the fracture is
denoted by dz. In Figure 1, the blue point a represents the
injection well, and the red point c represents the production
well. The coordinates of injection well a are 0 and 50, and the
coordinates of production well c are 50 and 25. The model
correlation parameters are shown in Table 1.

2.4.2. Boundary Condition. The initial and boundary condi-
tions are specified as follows:
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Figure 5: Cloud map of seepage field of fractured rock mass (T = 293 15K).
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In this model, the upper and lower boundaries of the
fractures are defined as impermeable boundaries. The left
boundary is designated as the inflow boundary for the low-
temperature medium, while the outflow boundary for the
heat-extracting medium is located at the extraction well.
Before the injection of the low-temperature fluid, the initial
water pressure within the reservoir is set at 20MPa. The
injection well has a pressure of 40MPa, and the production
well has a pressure of 10MPa.

The reservoir is initially at a temperature of 373.15K
(100°C), while the injected well water has a temperature of
293.15K (20°C). The boundaries on both sides of the rock
mass are taken as adiabatic boundaries.

In the simulation of the stress field, the surrounding
boundaries are set as displacement-constrained boundaries,
and the initial stress of the ground is not considered.

2.4.3. Mesh Partitioning. The COMSOL numerical simula-
tion software has the capability of automatic mesh genera-
tion. For the rock matrix, a tetrahedral mesh is used, while

a triangular mesh is used for the fractures. Figure 2 displays
the schematic diagram illustrating the mesh partitioning.

3. Numerical Analysis of Seepage and Heat
Transfer in Fractured Rock Mass

3.1. The Evolution Laws of Temperature Field, Stress Field,
and Seepage Field

3.1.1. Temperature Field. Figure 3 displays the contour plot
of the temperature field within the fractured rock mass
under initial conditions. The figure reveals that during the
initial extraction phase, heat exchange occurs between the
low-temperature working fluid and the high-temperature
rock mass, causing an increase in water temperature. This
phenomenon arises due to the higher initial temperature of
the rock mass within the reservoir compared to the lower
temperature of the injected working fluid in the well. Upon
the entry of the low-temperature working fluid into the
reservoir, it interacts with and transfers heat from the
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Figure 6: Temperature field cloud image of fractured rock mass at different injection temperatures (t = 108 s).
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high-temperature rock mass, leading to an elevation in the
working fluid’s temperature and a reduction in the rock
mass temperature.

A region of lower temperature emerges in proximity to
the injection well and subsequently propagates gradually
towards the production well. This is because the vicinity of
the injection well is the main area for heat exchange and
transfer within the reservoir, and it is where the majority
of heat loss occurs. Over time, the temperature of the sur-
rounding rock in the vicinity of the injection well steadily
diminishes, creating a low-temperature zone that centers
around the injection well and expands outward. This low-
temperature zone will spread towards the production well
direction with the flow of fluids, affecting a larger area.

The low-temperature zone primarily spreads along frac-
ture surfaces while the diffusion in the matrix rock is slower.
This is because fracture surfaces serve as the main pathways
and heat transfer mediums for fluids within the reservoir,
offering higher flow velocity and heat transfer capacity. Heat
exchange and transfer occur more rapidly on fracture
surfaces. Thus, the low-temperature zone tends to spread
preferentially along fracture surfaces. On the other hand,
the matrix rock acts as a secondary pathway and heat

transfer medium for fluids within the reservoir, character-
ized by lower flow velocity and heat transfer capacity. Heat
exchange and transfer on the matrix rock occur at a
slower pace.

In summary, the temperature distribution within the res-
ervoir gradually transitions from high to low over time, with
a discernible low-temperature zone emerging near the injec-
tion well. Additionally, during this timeframe, it becomes
evident that the low-temperature zone expands more rapidly
along fracture surfaces compared to the slower diffusion
within the matrix rock.

3.1.2. Stress Field. The stress field cloud map within the
fractured rock mass is shown in Figure 4. In Figure 4, it
can be observed that the fractured rock mass in the reservoir
experiences a temperature decrease due to the extraction of
heat by low-temperature water. As the rock mass tempera-
ture decreases, the rock contracts, which impacts the stress
field of the matrix. This is because the rock deformation
and displacement are caused by the temperature decrease.
Furthermore, the reduction in rock mass temperature
induces alterations in various physical properties of the rock,
including density, elastic modulus, and Poisson’s ratio.
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Figure 7: Contour plots of the temperature field in the fractured rock mass at various injection temperatures are shown below (t = 108 s).
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These changes influence the stress state of the rock mass,
especially the matrix stress field. The matrix stress field rep-
resents the stress distribution acting on the reservoir rock
mass matrix, providing insight into the strength and stability
of the rock mass.

Rock contraction alters the opening of rock fractures.
Over time, the fracture aperture widens, resulting in
enhanced permeability and improved heat transfer effi-
ciency. This is because the larger fracture aperture increases
the fluid flow velocity and heat transfer capacity within the
fractures, enabling more thorough heat exchange and trans-
fer. The increased fracture aperture leads to higher fluid
pressure within the fractures, exerting greater pressure on
the rock mass. Moreover, the flow along the fracture sur-
faces intensifies, allowing water to reach the production
well more quickly. The flow advantage becomes more
prominent, causing an imbalance in heat transfer between
the fracture zone and the surrounding area. Consequently,
this leads to changes in thermal stress and variations in
the stress field.

The stress within the reservoir increases over time,
similar to the temperature field distribution. This is because
the stress within the reservoir is determined by the thermal
stress and fluid pressure inside the reservoir. With the
passage of time, variations arise in the temperature and pres-
sure within the reservoir, subsequently impacting thermal
stress and fluid pressure, thereby influencing the stress state
within the reservoir. Generally, the reservoir experiences a
gradual distribution of temperature and pressure, character-
ized by a gradient from high to low, similar to the tempera-
ture field distribution.

3.1.3. Seepage Field. Figure 5 shows the permeability field
cloud map of the fractured rock mass. From the figure, it
can be observed that the fluid flow velocity within the frac-
tures varies with time. The high-velocity region initially
expands and then contracts. This is because the fluid flow
velocity within the fractures is influenced by the pressure
and temperature differences within the fractures. With the
passage of time, changes occur in the pressure and
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Figure 8: Temperature cloud image when injection temperature is 0°C.
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temperature differences within the fractures, resulting in
variations in the fluid flow velocity within the fractures. Typ-
ically, in the initial phase of extraction, the pressure and
temperature disparities within fractures are greater, leading
to higher fluid flow velocities and larger high-velocity
regions. As extraction progresses into the intermediate and
later stages, the pressure and temperature differences within
fractures diminish, resulting in lower fluid flow velocities
and smaller high-velocity regions.

The streamlines at the two wells are dense, while the flow
is weak or absent in the edge regions. This is because the two
wells serve as the inlet and outlet of the fluid within the res-
ervoir, representing the main flow direction of the fluid
within the reservoir. Therefore, the fluid flow velocities are
higher and the streamlines are denser at the two wells. The
edge regions, on the other hand, are far from the injection
and production wells and represent ineffective regions for
fluid flow within the reservoir.

The dominant flow regions have a higher heat extraction
capacity, while the disadvantaged flow regions have a lower

heat extraction capacity. This is because the dominant flow
regions refer to the main active areas of fluid flow within
the reservoir, where heat exchange and transfer occur pre-
dominantly. Hence, the dominant flow regions have a higher
heat extraction capacity, allowing the heat energy within the
reservoir to be extracted more quickly and resulting in a
faster decrease in reservoir temperature. The disadvantaged
flow regions, on the other hand, represent secondary active
or ineffective areas for fluid flow within the reservoir, where
heat exchange and transfer occur to a lesser extent or not at
all. Therefore, the disadvantaged flow regions have a lower
heat extraction capacity, leading to a slower extraction of
heat energy from the reservoir or no change in reservoir
temperature.

3.2. The Influence of Injection Water Temperature on
Heat Recovery

3.2.1. The Impact of Injection Water Temperature on the
Temperature Distribution. The variation pattern of the
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Figure 9: Temperature cloud image when injection temperature is 10°C.
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temperature field with injection water temperatures is set at
273.15K (0°C), 283.15K (10°C), 293.15K (20°C), and
303.15K (30°C), respectively. The temperature field cloud
diagrams for the fractured rock mass under four different
injection water temperatures are shown in Figure 6.

Based on Figure 6, the general features of the rock mass
temperature field remain consistent regardless of the injec-
tion temperatures. However, an increase in injection water
temperature leads to a corresponding rise in the average rock
mass temperature.

Based on Figure 7(a), it can be observed that along the
flow direction, the contour lines of the rock mass tempera-
ture become sparser. This is because, along the flow direc-
tion, the water velocity and heat transfer capacity within
the rock mass are higher, leading to faster heat exchange
and transfer. As a result, the temperature distribution within
the rock mass becomes more uneven, and the temperature
variation becomes larger along the flow direction, resulting
in sparser contour lines. Similarly, increasing the injection
water temperature will also lead to sparser contour lines in
the rock mass temperature field. Reducing the injection

water temperature enhances the heat exchange rate, expands
the low-temperature zone, and diminishes the reservoir’s
lifespan. This is due to the increased temperature disparity
between the reservoir water and rock mass, resulting in
accelerated heat exchange and transfer within the reservoir.
Consequently, heat is extracted from the reservoir more
rapidly, causing the reservoir’s temperature to decrease more
quickly and expanding the low-temperature zone, ultimately
shortening the reservoir’s lifespan.

Figures 8–10 show the distribution of temperature fields
with respect to production time for injection well water tem-
peratures of 0°C, 10°C, and 30°C, respectively. By comparing
these three sets of figures with Figure 3, it can be observed
that there is almost no difference in the temperature field
distribution during the heat extraction period of 105 s-106 s.
However, as the heat extraction progresses from 107 s-108 s,
the low-temperature area in reservoirs with lower injection
water temperatures becomes larger compared to those with
higher injection water temperatures. The use of colder
injection water also leads to a shorter reservoir lifespan
and increases reservoir stress and fractures, resulting in the
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Figure 10: Temperature cloud image when injection temperature is 30°C.
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Figure 12: Distribution of reservoir temperature field with time when injection and production pressure difference is 20MPa.
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deterioration of the reservoir’s physical and mechanical
properties.

Different stages of production require adjustments in the
injection water temperature to adapt to reservoir changes
and optimize production efficiency. Generally, during the
initial stages of production, lower injection water tempera-
tures can be used to reduce injection costs and energy con-
sumption. In the later stages of production, the injection
water temperature can be gradually increased to enhance
the heat extraction rate. This approach helps balance the
production rate and reservoir lifespan, enabling sustainable
development of the reservoir. By properly controlling the
injection water temperature, premature depletion of the
reservoir’s energy and resources can be avoided, thereby
extending the reservoir’s utility life. Moreover, it can
increase the economic and societal benefits of hot dry rock
reservoirs while reducing environmental pollution and risks.

3.2.2. Effect of Water Injection Temperature on Extraction
Well Temperature. According to Figure 11, it can be

observed that the higher the temperature of the injected
fluid, the shorter the time required for the rock mass tem-
perature field to reach a steady state. High-temperature
injection water can accelerate the thermal stabilization of
the rock mass. This is because high-temperature water can
more rapidly transfer heat to the rock mass, allowing the
rock mass temperature to reach a level similar to or close
to that of the injected water. The use of high-temperature
injection water additionally aids in reducing stress and frac-
tures within the rock mass, thereby improving its strength
and stability. The gradual decrease in production well water
temperature over time is primarily attributed to the contin-
uous extraction of heat from the reservoir by the production
well, resulting in a gradual decline in reservoir temperature.
The decrease in the temperature of the production well
water also reflects the consumption of energy and depletion
of resources in the reservoir.

During the early stage of heat extraction, the tempera-
ture of the injected water has a minimal impact on the out-
put temperature. This is because, in the early stage, the heat
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Figure 13: Distribution of reservoir temperature field with time when injection and production pressure difference is 25MPa.
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within the reservoir has not been significantly exchanged or
extracted yet, and the reservoir temperature remains rela-
tively high. The changes in the injected well water tempera-
ture take some time to propagate to the vicinity of the
production well. Hence, in the initial phase of heat extrac-
tion, the outlet temperature of the production well is pre-
dominantly determined by the temperature of the reservoir
itself. For example, at the beginning of the operation
(4 786 × 105 s), the outlet temperature of all four production
wells is 100°C. Yet, in the intermediate to advanced stages of
heat extraction, the injected water temperature plays a sub-
stantial role in determining the output temperature. This is
because, at this stage, a substantial amount of heat has
already been extracted from the reservoir, causing the reser-
voir temperature to decrease. Fluctuations in the tempera-
ture of the injected well water can expediently influence
the temperature in the vicinity of the production well.
Hence, in the intermediate to advanced stages of heat extrac-
tion, the outlet temperature of the production well is pre-
dominantly influenced by the temperature of the injected

well water. Increasing the injected water temperature can
extend the lifespan of the reservoir because it improves the
recovery efficiency of heat within the reservoir.

3.3. Influence of Injection and Extraction Differential
Pressure on Heat Extraction

3.3.1. Influence of Injection and Mining Differential Pressure
on the Temperature Field. The effect of the injection-
production pressure difference on the reservoir temperature
field is illustrated in Figures 12–15. By examining four
different scenarios (with a constant injection pressure of
40MPa and varying production pressures of 5MPa, 10MPa,
15MPa, and 20MPa), we analyze the impact and mechanism
of different injection-production pressure differences on the
reservoir’s temperature field.

The pressure difference between injection and produc-
tion significantly influences fluid velocity and heat transfer
within the thermal reservoir. This is due to its role in deter-
mining the flow direction, affecting fluid motion and heat
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Figure 14: Distribution of reservoir temperature field with time when injection and production pressure difference is 30MPa.
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distribution. A larger pressure difference results in higher
fluid velocity and heat transfer capability, leading to faster
heat exchange within the reservoir. As the injection-
production pressure difference increases, the heat extraction
rate and expansion of the low-temperature zone within the
reservoir also increase. This is because a larger injection-
production pressure difference leads to higher fluid velocity
and heat transfer capability, resulting in faster extraction of
heat from the reservoir and thus a faster decrease in reser-
voir temperature. As the extraction time extends, the low-
temperature zone gradually extends towards the direction
of the injection well, forming a temperature gradient. How-
ever, an excessively large injection-production pressure dif-
ference can also affect the heat extraction efficiency of the
reservoir. This is because an excessively large pressure differ-
ence results in excessively high fluid velocity and heat trans-
fer capability within the reservoir, leading to rapid depletion
of heat from the reservoir and a rapid decrease in reservoir
temperature. This will waste energy, cause resource loss,
and reduce the heat extraction efficiency and economic ben-
efits of the reservoir.

The injection-production pressure difference should be
carefully balanced to ensure a sustainable and efficient use
of the reservoir, considering factors such as heat extraction
rate, capability, efficiency, and lifespan. This approach is
aimed at achieving optimal utilization and long-term devel-
opment of the reservoir. The setting of the injection-
production pressure difference should be reasonably selected
and adjusted based on the characteristics of the reservoir,
extraction goals, technical conditions, and other factors to
achieve the best heat extraction efficiency and lifespan.

3.3.2. The Impact of Injection Pressure Difference on the
Temperature of Extraction Wells. Figure 16 displays the pro-
duction temperature variation at the production well for dif-
ferent injection-production pressure differences of 20MPa,
25MPa, 30MPa, and 35MPa.

During the initial 3 981 × 105 seconds of heat extraction,
the temperature at the production well is consistently 100°C,
and then it starts to decrease. After 1 × 107 seconds of heat
extraction, the temperatures at the production well are
70.46°C, 66.25°C, 62.77°C, and 60.29°C, with decreases of
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Figure 15: Distribution of reservoir temperature field with time when injection and production pressure difference is 5MPa.
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Figure 16: Temperature diagram of mining well under different pressure differences.
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Figure 17: Temperature field cloud image under different flow rates at the same time (t = 108 s).
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29.54%, 33.75%, 36.23%, and 39.71%, respectively. After 1
× 108 seconds of heat extraction, the output temperatures
are 30.97°C, 28.63°C, 27.03°C, and 25.91°C, with decreases
of 69.03%, 71.37%, 72.97%, and 74.09%, respectively. The
larger the pressure difference, the lower the production tem-
perature. Although increasing the pressure difference can
enhance the rate of heat generation, it also accelerates the
flow velocity of the injected water, causing the water flow
to preferentially follow more favorable pathways. This accel-
erates the decrease in reservoir temperature and leads to an
imbalance in the heat extraction rate between the fracture
surfaces and the edge regions of the rock mass. As a result,
there may still be a significant amount of heat at the reser-
voir edges that cannot be fully utilized, resulting in a tremen-
dous waste of resources.

3.4. Effect of Injection Flow Rate on Heat Extraction

3.4.1. Effect of Injection Flow Rate on Temperature Field. The
EGS system was numerically simulated with injection flow

rates of 0.05m3/s, 0.10m3/s, 0.20m3/s, and 0.30m3/s while
keeping other parameters consistent. Figure 17 shows the
temperature distribution contour maps under different
injection flow rates. From the figure, it can be observed that
with higher injection flow rates, the disturbed area of the
rock mass temperature field becomes larger, resulting in a
larger low-temperature zone. This is because higher injec-
tion flow rates lead to higher fluid velocities and heat
transfer capabilities within the rock mass, resulting in faster
heat exchange and transfer. As a result, the temperature dis-
tribution within the rock mass undergoes changes, leading to
the formation of an expanding low-temperature zone cen-
tered around the injection well. With an increase in the
injection flow rate, both the extent and intensity of the
low-temperature zone broaden.

Moreover, with an increase in the injection flow rate, the
average temperature of the rock system decreases. This
occurs because higher injection flow rates cause increased
heat dissipation within the rock system, resulting in a reduc-
tion in the overall energy of the rock system. The average

Time = 1E8 s Surface: von Mises stress (N/m2) q1 = 0.05 (m3/s)

90

80

70

60

50

40

30

20

10

0
0 20 40 60 80

m

m

7.95⨯107
⨯10

7

1.07⨯107

3

2.5

1.5

0.5

1

2

(a) q1 = 0 05m3/s

Time = 1E8 s Surface: von Mises stress (N/m2) q1 = 0.10 (m3/s)

m

m

= 1E8 s Surface: von Mises stress (N/m2) q1 = 0.10 (m3/s)

90

80

70

60

50

40

30

20

10

0
0 20 40 60 80

1.69⨯108
⨯10

8

7.41⨯105

1.6

1.4

0.6

0.4

0.2

1.2

0.8

1

(b) q1 = 0 10m3/s

Time = 1E8 s Surface: von Mises stress (N/m2) q1 = 0.20 (m3/s)

m

m

90

80

70

60

50

40

30

20

10

0
0 20 40 60 80

3.45⨯108
⨯10

8

8.92⨯105

3

2.5

1.5

0.5

1

2

(c) q1 = 0 20m3/s

Time = 1E8 s Surface: von Mises stress (N/m2) q1 = 0.30 (m3/s)

m

m

90

80

70

60

50

40

30

20

10

0
0 20 40 60 80

5.2⨯108
⨯10

8

3.25⨯106

3

4

5

2.5

3.5

4.5

1.5

0.5
1

2

(d) q1 = 0 30m3/s

Figure 18: Cloud map of stress field under different flow at the same time (t = 108 s).
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temperature of the rock system represents the mean temper-
ature across all points within the rock system and is directly
correlated with the total energy of the rock system.

3.4.2. Effect of Injection Flow Rate on the Stress Field. Varia-
tions in injection flow rate also impact the stress field distri-
bution within the reservoir. The Cloud map of the stress
field under different flows at the same time is shown in
Figure 18. Higher injection flow rates correspond to
increased stress levels in the rock formation. This is because
a higher injection flow rate leads to increased pressure and
velocity of the fluid in the rock, exerting larger forces and
shear stresses on the rock, thereby altering the stress state
and elevating stress levels within the rock. Furthermore, an
elevated injection flow rate accelerates temperature fluctua-
tions in the rock, consequently causing heightened thermal
stresses within the rock. These combined factors collectively
contribute to alterations in the distribution of stress within
the rock mass.

Excessive stress in the rock formation increases the risk
of dynamic hazards. High-stress levels reduce the strength
and stability of the rock, making it more prone to fracturing,
sliding, collapsing, and other dynamic phenomena, resulting
in damage and failure of the rock mass. These dynamic haz-
ards not only affect the efficiency and lifespan of the
enhanced geothermal systems (EGS) but also pose risks to
personnel and equipment safety.

Therefore, the selection of injection flow rate should
consider the operational reliability of the EGS system to
ensure long-term stability and safe operation, while avoiding
dynamic hazards and accidents caused by excessively high
injection flow rates. The choice of injection flow rate should
be determined and adjusted appropriately based on the

characteristics, objectives, and conditions of the EGS system,
aiming to maintain stress levels within a suitable range in the
rock formation.

3.4.3. Impact of Injection Flow Rate on Mining Well
Temperature. Figure 19 illustrates the temporal change in
well temperature under different injection flow rates. The
injection flow rate plays a crucial role in determining fluid
dynamics and heat dispersion within the reservoir, thereby
influencing heat exchange and transfer. An increased injec-
tion flow rate corresponds to higher fluid velocity and
enhanced heat transfer capacity within the reservoir, result-
ing in amplified heat dissipation.

With a larger flow rate, more heat is extracted from the
reservoir, causing the temperature to decrease more rapidly.
As the production time extends, the temperature within the
reservoir gradually approaches a steady level. A higher flow
rate corresponds to a lower steady-state temperature. Addi-
tionally, a larger flow rate leads to a shorter system lifespan
because more energy and resources within the reservoir are
consumed at a faster rate, reducing the reservoir’s recover-
ability and economic efficiency.

As time progresses, the temperature of the production
well gradually decreases, and a higher injection flow rate
accelerates this decline. This is attributed to the fact that
the temperature of the production well reflects the extent
of heat loss within the reservoir. A higher flow rate corre-
sponds to increased fluid velocity and enhanced heat trans-
fer capacity within the reservoir, leading to a more rapid
decrease in temperature. In the initial 5 2481 × 105 seconds
(approximately 6 days) of production, the production well
temperature remains at 373.15K. From the 7th day onwards,
under the condition of an injection flow rate of 0.05m3/s, the
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production temperature starts to decrease significantly. By
1 × 107 seconds (approximately 4 months), the production
temperature reaches 69.23°C, representing a decrease of
30.77%. For an injection flow rate of 0.10m3/s, the tempera-
ture begins to decline from the 10th day. In the case of an
injection flow rate of 0.30m3/s, the production well temper-
ature only starts to drop after 26 days, and the decline is the
fastest, with an average monthly cooling of only 2.59°C.

3.5. Influence of Initial Reservoir Temperature on
Heat Recovery

3.5.1. Impact of Initial Reservoir Temperature on the
Temperature Field. The temperature field changes after the
alteration of initial temperature in different reservoirs can
be seen in Figure 20. The temperature variation over time
for the same reservoir with an initial temperature of 200°C
is illustrated in Figure 21.

Convection heat transfer is achieved by uniformly mix-
ing the water with a temperature difference in the reservoir.
Therefore, as the reservoir temperature increases, the

temperature difference becomes larger. With a higher temper-
ature difference, water exhibits greater average kinetic energy
and requires more energy for collision, resulting in stronger
fluidity within the reservoir. Consequently, the diffusion rate
of convection is faster, leading to higher heat transfer effi-
ciency and the generation of larger low-temperature regions.

A higher initial reservoir temperature indicates better
thermal production performance, with faster heat exchange
and transfer within the reservoir. However, this also means
that the heat within the reservoir is extracted more rapidly,
leading to a faster decrease in reservoir temperature and a
shortened lifespan of the reservoir.

In the initial phase of thermal production, the cooling
region expands outward, with the temperature near the
injection well experiencing the most rapid decline. As
thermal production progresses into the intermediate and
later stages, a distinct temperature gradient emerges from
the injection well to the production well. The cooling region
area continues to increase, and the rate of expansion of the
cooling region accelerates. However, after reaching a steady
state in the later stage of thermal production, the initial
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Figure 20: Temperature field cloud image under different initial reservoir temperature at the same time (t = 108 s).
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temperature has a diminishing impact on the expansion rate
of the cooling region. The entire reservoir experiences vary-
ing degrees of temperature drop.

The reservoir temperature decreases over time, and the
cooling region expands. This is because the reservoir tem-
perature reflects the loss of heat within the reservoir. As time
progresses, the heat energy within the reservoir is continu-
ously extracted, leading to a continuous decrease in the res-
ervoir temperature. Simultaneously, the cooling region also
spreads outward with time, affecting a larger area.

3.5.2. Effect of Reservoir Temperature on the Stress Field. The
stress field variation cloud map can be seen in Figure 22, the
maximum principal stress variation pattern in Figure 23,
and the enlarged view of the maximum principal stress in
Figure 24.

In the initial phase of thermal production, the cooling
region expands outward, with the temperature near the
injection well experiencing the most rapid decline. As ther-
mal production progresses into the intermediate and later
stages, a distinct temperature gradient emerges from the
injection well to the production well. During the thermal
production process, the maximum principal stress initially
decreases and then increases. For example, at 7 9 × 104 sec-
onds after the start of thermal production, the maximum
principal stress values corresponding to initial temperatures
of 200°C, 150°C, 100°C, and 50°C are 96.4MPa, 82.4MPa,
69.84MPa, and 52.63MPa, respectively. At 1 × 105 seconds
after the start of thermal production, the maximum princi-
pal stress values are 88.56MPa, 71.89MPa, 61.78MPa, and
50.57MPa, respectively. When thermal production reaches
1 × 108 seconds, the maximum principal stress values for
the aforementioned initial temperatures are 134.76MPa,
111.84MPa, 89.32MPa, and 67.34MPa, respectively.

In the early stage of thermal production, the maximum
principal stress decreases. This is because, during the initial
stage of thermal production, the temperature and pressure
changes within the reservoir occur rapidly, resulting in vari-

ations in thermal stress and fluid pressure within the rock
formation, affecting the stress state of the reservoir rocks.
The decrease in the maximum principal stress also leads to
a reduction in the strength and stability of the reservoir
rocks. In the middle and later stages of thermal production,
the maximum principal stress increases. This is because,
during the middle and later stages of thermal production,
the temperature and pressure changes within the reservoir
occur gradually, resulting in variations in thermal stress
and fluid pressure within the rock formation, affecting the
stress state of the reservoir rocks. The thermal stress
weakens while the injection pressure strengthens. With the
prolongation of production time, the temperature changes
within the reservoir become smaller, leading to a weakening
of the thermal stress. Simultaneously, with the prolongation
of production time, the temperature and flow rate of the
injected well water increase, resulting in enhanced injection
pressure.

A higher initial temperature corresponds to increased
maximum principal stress and an earlier onset of the upward
trend. This is a result of the accelerated heat exchange within
the reservoir caused by the higher initial temperature. Con-
sequently, the temperature variations within the reservoir
occur at a faster rate, leading to larger fluctuations in ther-
mal stress.

3.5.3. Influence of Reservoir Temperature on Extraction Well
Temperature. The temperature variation of the production
well at initial temperatures of 200°C, 150°C, 100°C, and
50°C can be seen in Figure 25.

The figure reveals a consistent trend in which the pro-
duction temperature gradually decreases regardless of the
initial temperature. However, it is noteworthy that higher
initial temperatures correspond to higher production tem-
peratures. This is because a higher initial temperature results
in higher heat storage and output within the reservoir. Addi-
tionally, at the same initial temperature, as time progresses,
the rate of decrease in production temperature gradually
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Figure 21: Temperature field cloud image at different times of the same temperature (T = 473 15K).
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increases, leading to a continuous decrease in the production
temperature. This is because, during the thermal production
process, the heat within the reservoir is continuously
extracted, causing the temperature of the reservoir to
decrease. As the production time extends, the loss of heat
and depletion of resources within the reservoir become
greater, resulting in a continuous decrease in the production
temperature with an accelerated rate of decrease.

Within the first 1 905 × 105 seconds of production, the
production temperatures of the well remain at 50°C, 100°C,
150°C, and 200°C, respectively. As the thermal production
progresses, the heat transferred from the reservoir to the
water becomes smaller than the heat being carried away by
the water, leading to a continuous decrease in the produc-
tion temperature. For example, at 1 0 × 107 seconds of ther-
mal production, the production temperatures of the well are

102.59°C, 83.89°C, 62.89°C, and 38.17°C, respectively. At
1 0 × 108 seconds of thermal production, the production
temperatures of the well are 33.19°C, 29.85°C, 27.03°C, and
23.28°C, respectively. Therefore, as time progresses, the rate
of decrease in the production temperature will gradually
increase.

Based on the aforementioned research results, we com-
pared the thermal-hydromechanical coupled model con-
structed by Xue et al. [44] in the same field. This model
studied the formation and development of fractures in hot
dry rock reservoirs during hydraulic fracturing. Through
numerical simulations and laboratory experiments, Xue
et al. explored the temperature and stress fields between
water-cooling impacts and high-temperature rock. Both
our numerical model and Xue et al.’s numerical model found
that when injecting low-temperature water, it disturbs the
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temperature and pressure distribution of the wellbore sur-
rounding rock, resulting in the generation of thermal stress
and pore water pressure. The temperature differences caused
by thermal stress and the degradation of mechanical param-
eters of high-temperature rock caused by water cooling
impacts will affect the stress field of hot dry rock reservoirs.
The changes in the stress field can cause rock damage and
increase the rock’s permeability. Temperature variations also
alter the physical properties of the fluid. Therefore, to
achieve optimization in enhanced geothermal systems
(EGS), we should consider multiple factors simultaneously,
including the in situ stress, initial temperature of the rock,
and injection water pressure.

Furthermore, our constructed numerical model, while
having many advantages in exploring enhanced geothermal
systems (EGS), also has limitations and uncertainties. The
calculation results of the numerical model rely on the estab-
lishment of reasonable assumptions and simplifications of
the system, including the physical parameters of the rock
reservoir and the geometric morphology of the fracture
network. However, in real-world scenarios, the stress and
temperature fields are often more complex, making it possi-
ble that these assumptions may not fully conform to actual
conditions, thereby affecting the accuracy of the results.
Therefore, in practical applications, it is important to fully
consider factors such as model assumptions, parameter
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estimation errors, and the applicability range of the results in
order to better evaluate the reliability of the simulation
results and provide guidance for further research and
application.

4. Conclusion

In this study, the spatiotemporal evolution of the tempera-
ture field, stress field, and flow field in the enhanced geother-
mal system (EGS) reservoir is analyzed under the combined
influence of matrix rock and fractures using a developed
fractured rock heat transfer model. Additionally, the impacts
of various factors such as injection water temperatures,
injection-production pressure differentials, reservoir initial
temperatures, and injection rates on the heat transfer pro-
cess of EGS are investigated. The key findings can be sum-
marized as follows:

(1) Considering the thermal-fluid-solid coupling effect is
crucial in the operation of enhanced geothermal sys-
tems (EGS), as it involves the interplay and mutual
influence among the flow field, temperature field,
and stress field. During the process of heat extrac-
tion, the advantages of the local flow field become
evident, with low-temperature working fluid prefer-
entially flowing within dominant flow areas within
fractures. This leads to the expansion of these
dominant areas and the gradual reduction of weaker
areas, resulting in an uneven distribution of the three
fields. Furthermore, the heat extraction efficiency
near fractures is high, whereas it is low at the periph-
ery of the rock mass. This situation is unfavorable for
improving the overall heat extraction performance
and reducing the total heat extraction rate of the

reservoir. Therefore, enhancing the heat extraction
performance of the EGS system requires considering
the mutual influence of the three fields and improving
heat extraction in the peripheral area of the reservoir
to achieve effective utilization of the entire reservoir

(2) The injection-production pressure differential has a
significant impact on the flow velocity and heat
transfer capacity of water. It determines the flow
direction of water within the reservoir. A larger pres-
sure differential leads to higher water velocity and
heat transfer capacity within the reservoir, resulting
in faster heat exchange and transfer. Meanwhile, an
appropriate pressure differential can ensure the heat
extraction efficiency and exploitation lifespan. This is
because the optimal pressure differential allows the
water velocity and heat transfer capacity within the
reservoir to reach a reasonable level, thus effectively
extracting the heat energy within the reservoir. This
avoids the waste of reservoir energy and the loss of
resources, improves the heat extraction efficiency
and economic benefits of the reservoir, and extends
its service life

(3) The injection water temperature affects the tempera-
ture difference between the fluid and fractured rock.
A lower injection water temperature results in a
larger temperature difference, leading to a more
intense heat transfer process and a higher heat out-
put. The injection water temperature also influences
the production temperature, as higher injection
water temperatures result in higher production tem-
peratures. In addition, increasing the injection water
temperature can effectively delay the occurrence of
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thermal breakthrough and prolong the operation life
of the system. Therefore, in practical engineering, the
injection water temperature should be adjusted based
on specific conditions to balance the performance of
the system, production temperature, and lifespan

(4) Raising the injection rate can enhance heat extrac-
tion efficiency while simultaneously reducing the
sustainable production duration of the reservoir.
Therefore, in practical engineering, an appropriate
injection rate should be chosen to ensure efficient
heat extraction and reservoir lifespan

(5) A higher initial reservoir temperature has a positive
correlation with increased production temperature
and enhanced heat extraction capacity of the EGS sys-
tem. However, it is important to note that elevating
the initial reservoir temperature also raises the poten-
tial for seismic hazards. This is because a higher initial
temperature reduces the strength and stability of the
reservoir rock mass, making it prone to dynamic
phenomena such as fracturing, sliding, and collapse,
causing damage and failure of the reservoir. These
dynamic phenomena have implications on both the
heat extraction efficiency and lifespan of the reservoir,
as well as the potential for seismic hazards, posing
risks to the safety of personnel and equipment. Thus,
raising the initial temperature of the reservoir corre-
sponds to an increased risk of seismic hazards. It is
necessary to balance the heat extraction efficiency
and reservoir stability, choose an appropriate initial
temperature, and achieve sustainable development
and optimal utilization of the reservoir

This study explores in detail the impact of water injection
temperature, injection-production pressure differential, injec-
tion flow rate, and initial reservoir temperature on the heat
recovery process in enhanced geothermal systems (EGS)
through sensitivity analysis. By numerical simulation, the cou-
pling effects between the permeation field, stress field, and
temperature field in fractured rock masses are comprehen-
sively analyzed. The study suggests that increasing the injec-
tion water temperature and injection-production pressure
differential can enhance the heat recovery capacity of the res-
ervoir but may also accelerate thermal breakthrough and
reduce the system’s operating life. Increasing the injection flow
rate can improve heat recovery efficiency, but too much
injection flow rate can cause other problems in the reservoir.
Raising the reservoir temperature can lead to higher output
temperature, which may cause dynamic disasters. Therefore,
while ensuring the efficiency of the system’s heat recovery,
the lifespan of the EGS can be extended by adjusting the water
injection temperature in stages, setting a reasonable injection-
production pressure differential, and selecting a suitable injec-
tion flow rate to achieve optimization.
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