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Abstract: The development of a geothermal system involves changes in the temperature field (T),
seepage field (H), stress field (M), and chemical field (C) and the influence among them and injecting
the heat extraction working fluid into the injection well that flows (migrating) through natural
fractures and exchanges heat with the geothermal high-temperature rock. At the same time, the
injection of low-temperature working fluid will induce thermal stress, resulting in changes in the
reservoir temperature field and stress field. To study the influence factors and influence degree of
heat production performance and mining life under multi-field coupling in the process of thermal
reservoir development, based on THMC multi-field coupling numerical simulation software, this
paper deeply studies the control differential equations and boundary coupling conditions of rock
mass (fracture) deformation, seepage, heat exchange, the chemical reaction, and other processes
based on the numerical solution method of the discrete fracture network model, simulating heat
production capacity during the deep geothermal resource extraction process. The reservoir geological
model analysis and generalization, parameter setting, boundary conditions, initial condition settings,
mesh generation, and other steps were carried out in turn. Two different heat extraction working
fluids, water, and CO2 were selected for numerical simulation in the mining process. The changes in
the thermal reservoir temperature, net heat extraction rate, and SiO2 concentration during the thirty
years of systematic mining were compared. The results show that CO2 has a better heat extraction
effect. Finally, the reservoir thermal conductivity, heat capacity, well spacing, injection temperature,
fracture spacing, fracture permeability, fracture number, fracture length, and other parameters were
set, respectively. The parameter variation range was set, and the parameter sensitivity analysis
was carried out. The numerical simulation results show that the engineering production conditions
(injection temperature, well spacing) have little effect on the thermal efficiency and mining life, and the
properties of fractures (fracture permeability, fracture number, fracture length) have a great influence.

Keywords: thermal storage development; THMC multi-field coupling; discrete fracture network;
numerical simulation; sensitivity analysis

1. Introduction

The development and utilization of geothermal energy play an important role in
alleviating the global energy crisis, reducing carbon emissions, protecting the ecological
environment, and improving energy security. In recent years, geothermal energy develop-
ment has been extensively studied [1]. However, geothermal wells are required to produce
high flow rates and sustained power output to increase the efficiency of heat production
in geothermal reservoirs. The exploitation of geothermal resources is extremely complex
due to the dynamics of spatio-temporal evolution, which involves multi-field coupling
(THMC), such as the temperature field, seepage field, mechanical field, and chemical field.
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In recent years, with the continuous development of computer technology and simula-
tion algorithms, numerical modeling methods have been essential for solving complex
multi-field coupled problems in the geothermal field [2].

The numerical simulation of geothermal energy development is mainly based on the
finite element method (finite difference, finite volume) under a dual medium and porous
medium. Many scholars at home and abroad have developed various numerical simu-
lation software for geothermal resource development and have carried out quantitative
numerical simulation research, including ABAQUS, ANSYS, FEFLOW, COMSOL Multi-
physics, FEFLOW, Visual MODFLOW, and so on [3–7]. Li Xinxin [8] used the T-H coupling
equivalent simulation method in three-dimensional fractured rock mass, combined with
COMSOL Multiphysics software for secondary development, to solve the fully coupled
mathematical and physical model of hydrothermal coupling and applied this method to
the numerical calculation of large-scale geothermal energy well system development at
the level of a complex fractured site. Horne and Juliusson [9] optimized the injection flow
rate of a multi-well system based on FEFLOW simulation software. Domestic and foreign
scholars also use a variety of computer code programming to solve underground complex
multi-field coupling geothermal energy development and EGS simulation problems, in-
cluding TOUGH2, OpenGeoSys, ROCMAS, FRACture, and so on [10–13]. Li and Zhang
et al. [14,15] used TOUGH2 software to numerically calculate the hydrothermal output of
EGS double vertical wells and single fracture mining in this area and to evaluate and deter-
mine the area’s dynamic reserves and space–time evolution law. Guo and Zhang et al. [16]
considered the two working conditions of the shielding layer and the non-shielding layer
of the geothermal reservoir and numerically simulated the hydrothermal production of
the single-fractured horizontal well in the Xujiaweizi area of the Songliao Basin. Lei and
Zhang et al. [17,18] used TOUGH2 to establish vertical and horizontal well models for
geothermal reservoirs in the Qiabuqia area of the Gonghe Basin, Qinghai Province, for
numerical simulation of heat production. Wu et al. [19] proposed a CMPSF-enhanced
THMC simulator by integrating the rock damage model and CO2 physical property model
into the coupled COMSOL-MATLAB-PHREEQC (CMP) framework via MATLAB, which
was combined with numerical and experimental example validation to analyze the THMC
field and fracture evolution. Mohammad [20] used the thermoporous elastic displacement
discontinuity (DD) method combined with different forms of finite element methods in
conjunction with the fracture intrinsic relationship to consider the deformation properties
of the fracture and applied advanced numerical methods to simulate and analyze the effect
of the coupling process injecting cold water into the fracture/matrix system on the temporal
and spatial variations of the matrix–fracture stresses, temperatures, and pore pressures.

The heat production capacity is a decisive criterion for evaluating the effect of high-
temperature thermal reservoir reconstruction. Therefore, an accurate evaluation of the heat
production capacity of the reservoir has important guiding significance for the dynamic
mining and operation life of the EGS system. To comprehensively analyze the influence of
EGS parameters on the heat recovery performance of the system and the influence of the
parameters on each other, the Tengchong Rehai geothermal field in Yunnan, the Qiabuqia
geothermal field in the northeast of the Qinghai–Tibet Plateau, and the Yangyi geothermal
field in Tibet were taken as the geological background, respectively. The orthogonal design
idea was used to analyze the changes in well spacing, injection flow, injection temperature,
reservoir permeability, and other factors with the numerical simulation method [21–23].
The study shows that the factor that has less influence on the thermal performance of EGS
extraction is the injection temperature, and the greater the mining flow, the shorter the op-
erating life of EGS. Zhang et al. [24], based on the borehole geological data of the Qiabuqia
geothermal area in the northeastern Qinghai–Tibet Plateau, established a three-dimensional
hydrothermal coupled fractured reservoir model using the finite element method to evalu-
ate its heat production potential. N. Tenma et al. [25] estimated the parameters of a typical
underground system using a two-well model based on the FEHM code. Six different heat
extraction schemes have been studied by changing the system parameters to explore the
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best scheme. Xu et al. [26] established an oil–water two-phase THMC temperature coupling
prediction model based on discrete fractures to study the effect of different hydraulic
fracturing parameters on formation temperature after injecting low-temperature fracturing
fluid for the coupling process of THMC in high-temperature reservoirs. The effects of the
fracturing fluid temperature, reservoir temperature, dimensionless conductivity, Young’s
modulus, injection rate, cluster spacing, and proportion of the branch fracture area on
the reservoir and the fracture temperatures were investigated. Aliyu [27] analyzed the
sensitivity of deep geothermal reservoirs by studying the influence of various reservoir
parameters on the production temperature, showing that the fluid injection temperature is
the most influential parameter for the experiment. Liu [28] took two groups of middle and
deep geothermal wells in the Xiwenzhuang geothermal field of the Taiyuan Basin as the
research object. Based on the summary and analysis of the distribution characteristics of
the geothermal reservoirs, the geothermal characteristics, hydrogeological characteristics,
and the drilling data in the Xiwenzhuang area, numerical simulation technology was used
to simulate the geothermal energy mining process, and the heat recovery efficiency of the
geothermal wells under different conditions was studied.

In summary, it can be seen that the current multi-field coupling research for geothermal
systems is mainly two-field (TH) or three-field (THM, THC) coupling, heat flow curing
(THMC), and a four-field coupling mutual influence effect injected into the heat extraction
working fluid where there is less comparative research on water and CO2 geothermal heat
production capacity [29]. In the geothermal system mining multi-field coupling process,
respectively, the mining conditions and natural fracture parameter changes in the heat
extraction efficiency of the research parameters are not comprehensive. Therefore, in this
paper, the numerical simulation method of the fractured rock body based on the discrete
fracture network model simulates the THMC coupling calculation model under the natural
fracture of geothermal system hot dry rock and analyzes and compares the reservoir
temperature and net heat extraction rate of the two types of work fluid, the water, and the
CO2 in the same reservoir conditions and the operating parameters of the heat extraction
system in the extraction over thirty years to evaluate the performance of two types of work
masses for the extraction of heat in the geothermal system. Under the condition that water
is used as the heat extraction working fluid, the influence of each parameter on the heat
extraction performance of the thermal storage was analyzed separately; i.e., the parameter
sensitivity analysis and the results of the numerical simulation using multi-field coupling
could be used to determine the important influencing parameters at the design stage of the
geothermal resource development.

2. Mathematical Model
2.1. Basic Assumption

When establishing the THMC coupling mathematical model of fractured media, the
following assumptions are introduced:

(1) The rock mass is composed of matrix rock blocks and fractures in the dual media of
the pores and fractures.

(2) The rock matrix can be simplified as a quasi-continuous medium model and ho-
mogeneous isotropic elastic body, and the fracture can be simplified as a fractured
medium model.

(3) Fracture seepage obeys Darcy’s law.
(4) The effective stress law of fractures is:

σ′ = σ− α f P (1)

In this formula, σ′—effective stress; σ—initial stress; α f —the ratio of the connected
area to the total area in the fracture; P—pressure.

(1) The thermoelastic constitutive law of matrix rock is:
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σ′ = λδijεkk +
E

1 + v
εij −

E
1− 2v

αT∆Tδij (2)

In this formula, σ′ and ε—stress and strain; λ—Lame constant; δij—Kronecker symbol;
E and v—the elastic modulus and Poisson’s ratio, respectively; αT—thermal expansion
coefficient; ∆T—temperature increment.

(2) The heat in a rock mass can be transferred via conduction, convection, and radiation.
In many cases, the radiation heat can be ignored.

(3) Heat exchange and heat transfer occur in fractured water through convection and con-
duction. To simplify the calculation, it is considered that the rock mass and fractures
are always in the elastic state based on the assumption of a small deformation [30].

2.2. Seepage Process

The seepage field of the thermal reservoir satisfies the mass conservation equation:

∂m
∂t

+∇ · (ρwqw) = Qs (3)

In this formula, m = ρwφ, ρw (kg/m3)—fluid density; φ—porosity; t(s)—time; qw(m/s)—
Darcy speed; Qs (kg/m3 s)—source of fluid mass.

qw = − k
u
∇pw (4)

In this formula, u(Pa s)—fluid viscosity; k(m2)—permeability; pw(Pa)—pore wa-
ter pressure.

Substitute (4) into (3) to obtain:

∂ρwφ

∂t
−∇ ·

(
k
u

ρw∇pw

)
= Qs (5)

2.3. Heat Transfer Process

Generally, the temperature distribution inside the rock mass depends on the heat
exchange inside the rock and the heat exchange between the rock and the external medium,
which is related to time. Heat exchange within the rock mass is described using the Fourier
heat transfer equation:

ρc
∂T
∂t

=
∂

∂x

(
λx

∂T
∂x

)
+

∂

∂y

(
λy

∂T
∂y

)
+

∂

∂z

(
λz

∂T
∂z

)
+ Q (6)

In this formula, ρ(kg/m3)—rock mass density; c(J/(kg K))—specific heat capacity of
the rock mass; λx, λy, λz(W/(m K))—thermal conductivity of the rock mass; T(K)—rock
temperature; t(s)—time; Q (W/m3)—heat source density in the rock mass.

The hot dry rock (HDR) mass geothermal system’s thermal energy comes from the
cyclic heating of the injected low-temperature heat extraction working fluid through the
underground HDR mass. Driven by the temperature difference between the thermal
reservoir rock and the fracture water flow, there is heat conduction inside the thermal
reservoir rock, and there is heat conduction and heat convection between the wall surface
of the fracture and the internal fluid. Heat transfer is a local heat imbalance process. It is
assumed that the heat exchange model of the natural fracture water flow in the reservoir
rock is shown in Figure 1.
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Figure 1. Heat exchange model between matrix system and natural fracture in thermal reservoir [31].

(1) The heat conduction equation in the reservoir rock skeleton is:

∂[ρscs(1− φ)∆Ts]

∂t
= TsαT(1− φ)K

∂εV
∂t

+∇ · [λs(1− φ)∇Ts] + (1− φ)QTs (7)

In this formula, ρs(kg/m3)—rock density; cs(J/(kg K))—rock-specific heat capacity;
φ—rock porosity; Ts(K)—thermal reservoir rock temperature; αT(1/K)—thermal expansion
coefficient; εV—volumetric strain; K(Pa)—rock bulk modulus; λs(W/(m K))—coefficient of
thermal conductivity; QTs—heat source term.

If the porosity of a rock is far less than 1, approximately taken as 0, then Formula (7)
can be simplified as:

∂(ρscs∆Ts)

∂t
= TsαTK

∂εV
∂t

+∇ · (λs∇T) + QTs (8)

(2) The fluid heat transfer equation in the fracture is:

∂(ρwcwφ∆Tw)

∂t
= −∇ · (ρwcwqwTw) +∇ · (λwφ∇Tw) + φQTw (9)

In this formula, ρw(kg/m3)—fluid density; cw(J/(kg K))—specific heat capacity of
the fluid; φ—porosity; Tw(K)—fluid temperature in the fracture; qw(m/s)—Darcy velocity;
λw(W/(m K))—thermal conductivity of the fluid; φQTw—heat source term.

Assuming that the solid and the fluid are always in a thermal equilibrium state, the
heat transfer control equation of the fluid in the reservoir is obtained by adding Formulas
(8) and (9):

∂(ρscs∆T + ρwcwφ∆T)
∂t

= TαTK
∂εV
∂t
−∇ · (ρwcwqwT) +∇ · [(λs + λwφ)∇T] + QT (10)

2.4. Rock Mechanics Process

The numerical model of the solid mechanical field in the multi-field coupling simulation
of the geothermal mining system is based on BIOT consolidation theory, which considers:

(1) The interaction between the groundwater and rock mass is the result of the change in
the pore water pressure and rock mass deformation.

(2) Assuming that the thermal reservoir rock is an isotropic homogeneous porous medium,
its deformation is small, the temperature change causes the deformation of the solid
skeleton, and the thermal strain generated is only positive strain. Therefore, the rock
strain can be expressed as the sum of the thermal strain due to the temperature change
and the effective stress-induced strain:
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Gui,kk +
G

1− 2υ
uk,ki − αTKT,i − αp,i + f,i = 0 (11)

In this formula, G(Pa)—shear modulus; ui—offset component; υ—Poisson’s ratio;
αT(1/K)—thermal expansion coefficient; K(Pa)—bulk modulus; T(K)—temperature;
αp,i—the influence of fluid seepage on rock mass deformation; −αTKT,i—the influence of
temperature change on rock mass deformation; f,i—volume force component.

2.5. Chemical Reaction Process

Most studies on the thermal efficiency of deep thermal storage consider the coupling
of two or three fields and often ignore the influence of the chemical field. However, the
interaction between the heat extraction working fluid (water, CO2) and rocks is a key
issue in developing geothermal resources. As the temperature and pressure of the heat
extraction working fluid change, the reservoirs, wellbores, and pipelines in the geothermal
system generally undergo chemical reactions, resulting in dissolution and precipitation. In
addition, due to the mismatch between the temperature and chemical composition of the
injected working fluid and the original geothermal water in the reservoir, the evolution of
the temperature field and seepage field in the thermal reservoir changes the initial chemical
equilibrium and reaction rate, which in turn affects the flow and heat transfer process.

Taking water injection as an example, chemical field reaction mainly includes two
processes: solute transport and water chemical reaction [32]. Most of the HDR thermal
storage rocks are dominated by granite. The main components of the hot reservoir rocks
in the study area are quartz (SiO2), potassium feldspar (KAlSi3O8), albite (NaAlSi3O8),
muscovite (KAl2(AlSi3O10)(OH)2), and calcite (CaCO3).

(1) Solute transport

The dissolution and precipitation reactions of quartz (SiO2) are generally considered
the most important chemical factors in developing HDR resources. The solute transfer
equation of quartz minerals in the rock matrix and fracture is described as: c′m = cm − ceq

m

c′f = c f − ceq
f

∂c′m
∂t = Dm

∂2c′m
∂y2 − km

θm
c′m

∂c′f
∂t = −v f

∂c′f
∂x − k′f c′f +

θmDm
b

∂c′m
∂y |y = n

(12)

In this formula, cm(ppm)—the total dissolved concentration of solute in the matrix;
eq(ppm)—the superscript representing the solubility of the solute in different media with
the temperature; c f (ppm)—the total concentration of solute dissolved in the fracture;
km(m/s)—the dissolution rate of the solute in the rock matrix with the temperature change;
θm—the porosity of the rock matrix; k′f (m/s)—the dissolution rate of the solute in the
fracture with the temperature change.

In Formula (10), the coefficients in the solute transfer equation in the natural fractures
and matrix are related to the temperature environment of the medium and need to be
solved by coupling with the fluid–matrix heat transfer equation in fractures.

(2) Chemical reaction

In simulating geothermal mining, this paper only considers water–rock interactions
due to the deep circulation of the geothermal fluids in the reservoir in fractures and the
long-term effects of high-temperature environments. Geothermal water usually has the
characteristics of high soluble salt. The governing equation for the reaction of quartz with
water reacts on the surface to form a silicic acid monomer or to form a dissolved silica. The
reaction equation is:

SiO2 + H2O→ H4SiO4 (13)
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When the injection well injects a large amount of cold water through the fracture to
heat the production well, the material reaction equation between the water and the granite
is Formula (13). Assuming that the concentration of the reaction substance (quartz) is lower
than that of the solvent liquid (water), the Fickian diffusion law can be used to describe the
diffusion term in mass transport. Therefore, the convection–diffusion equation can be used
to model the mass transfer of SiO2, H2O, and H4SiO4.

u · ∇ci = ∇ · (Di∇ci) + Ri (14)

In this formula, u—flow velocity; ci (mol/m3)—concentration; Di (m2/s)—diffusivity;
Ri (mol/(m3 s)—material reaction rate.

R = −k f · ci1 · ci2 (15)

In this formula, k f —reaction rate constant.
In the process of geothermal exploitation, when the heat extraction working fluid is

CO2, carbonic acid is produced by the reaction between the reservoir and the water in it.
Then the chemical reaction with the components of the rock is as follows:

CO2 + H2O→ H2CO3

3KAlSi3O8 + 2H+ + H2O 
 KAl3Si3O10(OH)2 + 6SiO2 + 2K+ + H2O

NaAlSi3O8 + H2O + CO2 → Al2Si2O5(OH)4 + 2Na++2HCO−3 +4H4SiO4

KAl2(AlSi3O10)(OH)2 + 10H+ → K+ + 3Al3+ + 3SiO2(aq) + 6H2O

CaCO3 + H+ → Ca2+ + HCO−3

(16)

According to the study by Kamali Asl et al. [33] and the material reaction equation,
it is found that the products of the diagenetic minerals of granite contain SiO2 after the
water–rock reaction. Therefore, only the concentration of SiO2 in the effluent near the
production well is used as the main evaluation index of the degree of water–rock response,
and the concentrations of Ca2+, Na+, Al3+, and K+ are used as the auxiliary index in
this study.

3. Construction of Numerical Model
3.1. Construction of Numerical Model

The deep geothermal reservoir conditions and mining operation data at home and
abroad were collected. Combined with the real-time high-temperature environment, the
actual triaxial hydraulic fracturing physical simulation experiment in the study area, and
the complex fracture network initiation and expansion evolution experiment under the
coupling of heat flow solidification, the heat production capacity of the geothermal devel-
opment is controlled by the aspects of reservoir physical properties, well location, heat
extraction working fluid, thermal conductivity, injection–production pressure difference,
and flow rate. The key parameters of the rock matrix (500 m × 500 m × 500 m) and natural
fracture (200 m × 40 m × 0.01 m) in the model are set and shown in Tables 1 and 2. The
fractures in the model are regarded as a three-dimensional simple plane random discrete
distribution in the geothermal reservoir. The average size is set to 200 m × 40 m × 0.01 m,
and its spatial position is evenly distributed in the center of the reservoir.
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Table 1. The characteristics of the solid medium used in the simulation.

Parameters Units Values

geothermal
reservoir

density kg/m3 2650
porosity - 1.0 × 10−5

permeability m2 5 × 10−17

thermal conductivity W/(m K) 2.9
heat capacity J/(kg K) 850

thermal expansion coefficient 1/K 1 × 10−5

thickness m 500

fracture

porosity - 0.1
permeability m2 2.73 × 10−13

width m 0.01
length m 200

distance m 20
height m 40

overlying layer thickness m 230
underlying layer thickness m 230

productivity index m3 5 × 10−12

Table 2. Production conditions in numerical simulation.

Parameters Units Values

Injection well/production well length m 140
Injection well/production well diameter m 0.1

Horizontal well distance m 200
Injection/production speed kg/s 2.5

Injection temperatures K 293.15
Injection pressure MPa 60

Production pressure MPa 5

3.2. Initial Conditions and Boundary Conditions

Boundary conditions impose additional conditions on the solution and some modeling
domains (such as surfaces, edges, or points). The same model can use a variety of different
boundary conditions. The numerical models studied in this paper involve temperature,
fluid, mechanical, and chemical boundaries. The model ignores the mass transfer and heat
transfer process of the medium outside the reservoir, the water insulation boundary.

The temperature field, in addition to the heat conduction equation, calculates the
temperature distribution inside the object and also needs to specify the initial conditions
and boundary conditions. According to the static temperature and pressure measurement
results of geothermal logging in the simulated study area, the bottom of the rock matrix
is within the depth of 4500 m to 5000 m underground, and its temperature change is
ignored. In this model, the ground temperature gradient is set to 0.04 K/m, and the ground
temperature is 293.15 K. Therefore, the initial temperature of the rock matrix at 5000 m can
be calculated by the Formula (17):

T|t=0 = T0(x, y, z) = 293.15(K) + 0.04(K/m)× 5000(m) = 493.15(K) (17)

The initial reservoir temperature of the model is 220 ◦C; the upper and lower bound-
aries are regarded as the thermal insulation boundary; the surrounding boundary is the con-
stant temperature boundary; and the initial injection temperature is set to 293.15 K (20 ◦C).

In the seepage field, the upper and lower boundaries are impermeable, the thermal
reservoir is large enough to ignore the influence of the boundary, and the surrounding
boundary is regarded as the constant pressure boundary. Since the surrounding rock of
the deep thermal reservoir in the study area is a granite-dense rock layer, no fracturing is
performed. It is assumed that it is highly closed and that the permeability is extremely low.
Therefore, there is no fluid loss in the rock outside the boundary of the fractured reservoir.
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In the stress field, modeling thermal storage at 5000 m depth, the surface pressure
is 0.1 MPa, and the ground pressure gradient is set to 8500 Pa/m. The initial pressure of
the rock matrix can be calculated using Formula (18). The initial reservoir pressure of the
model is 42.6 MPa, the injection well pressure is 60 MPa, and the production well pressure
is 5 MPa.

P|t=0 = P0(x, y, z) = 100000(Pa) + 8500(Pa/m)× 5000(m) = 42.6(MPa) (18)

In the chemical field, the initial injection of different working fluids (water or CO2)
produces chemical stimulation to the reservoir, reacts with the reservoir rock to produce
dissolution and precipitation, and finally reaches a chemical equilibrium state.

3.3. Model Construction

The Comsol Multiphysics modeling software simulates the natural fracture develop-
ment strata with a 4500 m~5000 m depth and an average temperature of 200 ◦C as the
geothermal mining section. The model size is a 500 m × 500 m × 500 m cube.

The main consideration when laying out wells is the fracture pattern, which is affected
by the ground stress. When the minimum principal stress is horizontal, the fracture is
vertical, with a length of 200 m, a height of 40 m, and a width of 0.01 m. The numerical
model is set up with eight vertical fractures spaced 20 m apart in the center of the rock
mass. Due to the uniform distribution of fractures in the simulated study area, this paper
adopts the mining mode of one injection and one mining. Injection wells are set at 140 m
long and 0.1 m in diameter. The well spacing is set at 200 m. Cold water is injected from
the injection wells, flows through rocks and fractures to be heated, and is withdrawn from
the production well. The geometric conceptual model is shown in Figure 2.

Energies 2023, 16, 7258 10 of 30 
 

 

3.3. Model Construction 
The Comsol Multiphysics modeling software simulates the natural fracture develop-

ment strata with a 4500 m~5000 m depth and an average temperature of 200 °C as the 
geothermal mining section. The model size is a 500 m × 500 m × 500 m cube. 

The main consideration when laying out wells is the fracture pattern, which is af-
fected by the ground stress. When the minimum principal stress is horizontal, the fracture 
is vertical, with a length of 200 m, a height of 40 m, and a width of 0.01 m. The numerical 
model is set up with eight vertical fractures spaced 20 m apart in the center of the rock 
mass. Due to the uniform distribution of fractures in the simulated study area, this paper 
adopts the mining mode of one injection and one mining. Injection wells are set at 140 m 
long and 0.1 m in diameter. The well spacing is set at 200 m. Cold water is injected from 
the injection wells, flows through rocks and fractures to be heated, and is withdrawn from 
the production well. The geometric conceptual model is shown in Figure 2. 

500 m

500 m

Injection well

Production well

200 m

Rock matrix

z

x

y

 
Figure 2. Geometric conceptual model diagram. 

3.4. Grid Generation 
Mesh generation is an important part of the established physical model in the calcu-

lation process. The size and shape of the mesh have a direct impact on the calculation 
results. To reduce the influence of boundary effects in the finite element solution of nu-
merical simulation software, the method of combining coarse and fine grids is adopted in 
the calculation, and the numerical simulation of the three-dimensional system of geother-
mal development in high-temperature rock mass is successfully realized. In principle, the 
denser the mesh, the higher the calculation accuracy, but the greater the workload and the 
amount of calculation. Considering the concentrated development area of fractures and 
the vicinity of injection–production wells as the key research areas, the calculation method 
of first coarse and then fine is adopted. That is, the whole geothermal system is calculated 
by using the coarse calculation model. Then the geothermal system near the injection–
production wells and fracture areas is calculated using the fine calculation model. The 
value obtained by the coarse calculation method is used as the boundary condition of the 
partition calculation to reduce the influence of the boundary effect on the system [34]. 
According to the spatial structure characteristics of the simulated deep geothermal body 
geological model, the free triangular mesh is used for mesh generation, and the simulation 
mesh generation method and mesh generation density are determined. The mesh is re-
fined in the injection–production well and the fracture development area. The complete 
mesh contains 84,307 domain units and 770 side units, as shown in Figure 3. 

Figure 2. Geometric conceptual model diagram.

3.4. Grid Generation

Mesh generation is an important part of the established physical model in the calcula-
tion process. The size and shape of the mesh have a direct impact on the calculation results.
To reduce the influence of boundary effects in the finite element solution of numerical
simulation software, the method of combining coarse and fine grids is adopted in the
calculation, and the numerical simulation of the three-dimensional system of geothermal
development in high-temperature rock mass is successfully realized. In principle, the
denser the mesh, the higher the calculation accuracy, but the greater the workload and
the amount of calculation. Considering the concentrated development area of fractures
and the vicinity of injection–production wells as the key research areas, the calculation
method of first coarse and then fine is adopted. That is, the whole geothermal system is
calculated by using the coarse calculation model. Then the geothermal system near the
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injection–production wells and fracture areas is calculated using the fine calculation model.
The value obtained by the coarse calculation method is used as the boundary condition of
the partition calculation to reduce the influence of the boundary effect on the system [34].
According to the spatial structure characteristics of the simulated deep geothermal body
geological model, the free triangular mesh is used for mesh generation, and the simulation
mesh generation method and mesh generation density are determined. The mesh is refined
in the injection–production well and the fracture development area. The complete mesh
contains 84,307 domain units and 770 side units, as shown in Figure 3.
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3.5. THMC Coupled Model Validation

To verify the correctness of the THMC coupling model, this chapter establishes a
horizontal well injection and extraction model that simulates 30 years of geothermal
production, and the geometric model is shown in Figure 2. In this section, the feasibility and
correctness of the above THMC coupling model are verified by simulating the temperature
evolution experiment of rock samples during real-time high-temperature and high-pressure
geothermal extraction experiments under THMC coupling. By simulating the construction
conditions in the study area with a reservoir temperature of 220 ◦C and one injection
and one extraction, the model parameters and engineering conditions are referenced in
Tables 1 and 2. Under the coupling effect, the temperature field, seepage field, stress field,
and chemical field interact with each other. To highlight the influence of the temperature
field on other fields, the model focuses on the influence of the variation of each parameter
on the reservoir temperature and the system heat extraction efficiency. By comparing the
experimental solution with the numerical solution in this study, the simulation results are
in good agreement with the experimental solution, as shown in Figure 4. The correctness of
the numerical solution in this study is proved.

Energies 2023, 16, 7258 11 of 30 
 

 

 
Figure 3. Gridding model. 

3.5. THMC Coupled Model Validation 
To verify the correctness of the THMC coupling model, this chapter establishes a hor-

izontal well injection and extraction model that simulates 30 years of geothermal produc-
tion, and the geometric model is shown in Figure 2. In this section, the feasibility and 
correctness of the above THMC coupling model are verified by simulating the tempera-
ture evolution experiment of rock samples during real-time high-temperature and high-
pressure geothermal extraction experiments under THMC coupling. By simulating the 
construction conditions in the study area with a reservoir temperature of 220 °C and one 
injection and one extraction, the model parameters and engineering conditions are refer-
enced in Tables 1 and 2. Under the coupling effect, the temperature field, seepage field, 
stress field, and chemical field interact with each other. To highlight the influence of the 
temperature field on other fields, the model focuses on the influence of the variation of 
each parameter on the reservoir temperature and the system heat extraction efficiency. By 
comparing the experimental solution with the numerical solution in this study, the simu-
lation results are in good agreement with the experimental solution, as shown in Figure 
4. The correctness of the numerical solution in this study is proved. 

 
Figure 4. Numerical and experimental solutions for reservoir temperature. 

4. Multi-Field Couplings Numerical Model Solution 
Using the method of numerical simulation, the injection–production method of one 

injection and one production is adopted. The two working fluids of water and CO2 are 
selected to compare the changes in reservoir temperature and net heat recovery rate under 
the same reservoir conditions and operating parameters of the heat recovery system for 
30 years to evaluate the heat recovery performance of the two working fluids in the geo-
thermal system. 

  

0 2 4 6 8 10
200

210

220

 Experiment Soulation
 Numerical Soulation

Te
m
pe
ra
tu
re
/℃

Time/h

Figure 4. Numerical and experimental solutions for reservoir temperature.



Energies 2023, 16, 7258 11 of 27

4. Multi-Field Couplings Numerical Model Solution

Using the method of numerical simulation, the injection–production method of one
injection and one production is adopted. The two working fluids of water and CO2
are selected to compare the changes in reservoir temperature and net heat recovery rate
under the same reservoir conditions and operating parameters of the heat recovery system
for 30 years to evaluate the heat recovery performance of the two working fluids in the
geothermal system.

4.1. Simulation of the Thermal Capacity of Water Injection

In the selection of heat extraction working fluid, due to the abundant water reserves
and convenient utilization, the working fluid selected in the previous operation projects
was water, and the temperature was mainly between 0 ◦C and 100 ◦C. Based on the flow
model of water injection in the natural fracture, this section couples the heat transfer model
of the fluid and rock matrix in fracture, the dilatancy opening change model caused by
pressure change in the fracture, and the chemical corrosion opening model caused by
solute exchange between the fluid and rock mass in long-term injection. Finally, a THMC
coupling model for analyzing geothermal system mining is established. The parameters
of water as the heat extraction working fluid are shown in Table 3, and other parameters
remain unchanged.

Table 3. Simulate the parameters of injected water in the wellbore.

Parameters Units Values

density kg/m3 1000
heat capacity J/(kg K) 4200

thermal conductivity W/(m K) 0.62
viscosity Pa s 0.001

(1) The change in temperature

During the exploitation of geothermal systems, the injected low-temperature water
continues to take away the heat of the rock fracture or pore surface, resulting in changes in
the reservoir temperature field. Figure 5 shows the temperature changes of the thermal
reservoir in 0, 10, 20, and 30 years, respectively, in which purple represents the low tem-
perature and dark red represents the high temperature. As can be seen from Figure 5, in
the 10th year of system production, the temperature of the rock mass closer to the fracture
surface gradually decreased due to heat transfer, forming a low-temperature zone, with
the effects of mining spreading as far as 88.72 m from the vertical distance of the injection
well. In the 20th year of production, the reservoir temperature around the injection well is
decreasing, and the influence of mining is farthest spread to the range of a 119.31 m vertical
distance from the injection well. At this time, the rock mass temperature at the production
well remained essentially unchanged, and the system can ensure continuous heat output.
With the continuous increase in mining time (the 30th year), the low-temperature area of
the reservoir is continuously expanded along the injection well to the periphery of the
fracture with the influence of geothermal extraction, and the low-temperature area in the
reservoir is also expanded and gradually extended to the production well, the farthest
spread to the range of a 130.45 m vertical distance from the injection well.

(1) Heat production rate analysis

The energy efficiency of the geothermal system can be defined by the net heat extrac-
tion rate (Wh) [35], and the calculation formula is Formula (19).

Wh = Qouthout −Qinjhinj (19)

Qout and Qinj are production and injection rate, respectively, kg/s; hout and hinj are
the enthalpy of production and the injection fluid, respectively, kJ/kg. The model sets the
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injection/production rate as 2.5 kg/s, and the enthalpy value (H) at each temperature (T)
corresponding to the injection of water is calculated with Formula (20).

H = 4.187× T + 0.7025 (20)

The reservoir temperature change and net heat recovery rate (Wh) when the injected
working fluid is water during the 30 years of simulated geothermal mining are shown in
Figure 6. In the process of numerical simulation, the reservoir temperature change shows
a stable downward trend. The reservoir temperature begins to decrease from the initial
reservoir temperature, and the cold water reaches the production well from the injection
well through the fracture, resulting in a decrease in the temperature around the injection
well. It can be seen from Figure 7 that in three decades, the stable stage from the beginning
of the heat production lasted for about three years, during which the temperature was
maintained at 210 ◦C, and the net heat recovery rate was maintained at 2007 KJ/s. The
system began to decline in the third year, and the temperature decreased from 210 ◦C to
185.84 ◦C, which decreased by about 11.5%. The net heat recovery rate decreased from
2006.31 KJ/s to 1751.19 KJ/s, a decrease of about 12.72%.
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The value of the ‘reservoir temperature’ in Figure 7 is the value of the point probe set

at the center of the model, which is used to represent the change in reservoir temperature
during the numerical simulation process. The position is shown in Figure 6.

(2) Chemical reaction

The natural fractures of HDR are continuously injected with cold water, and the
fluid reacts with quartz before and after heat exchange to produce new substances. The
concentration change and distribution of SiO2 near the production well are compared, as
shown in Figure 8.

During the early stages of mining, a large amount of cold fluid is injected into the
vicinity of the injection wells, which leads to geochemical reactions in the reservoir due to
changes in temperature, especially near the location of the injection wells, so the concentra-
tion of H4SiO4 around the injection well increases gradually. Subsequently, the liquid reacts
with the reservoir rock in the fracture, and the chemical reaction and solute transport occur
continuously. After the reaction with the aqueous solution, SiO2 reaches the location of the
production well with the cold fluid passing through the fracture, and the concentration
gradually diffuses and flows out of the production well.
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As shown in Figures 8 and 9, the change in SiO2 concentration shows two stages, and
the overall trend is to decrease rapidly and then gradually stabilize.
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4.2. Simulation of the Thermal Capacity of CO2 Injection

In the exploitation of geothermal resources, water is usually used as the heat extraction
working fluid. It is rare to study carbon dioxide with the advantages of a low viscosity and
density, the small flow resistance of the system, the low solubility of rock minerals, and
carbon fixation [36]. In recent years, because CO2 has superior physical properties and can
be used for geological burial to reduce atmospheric carbon emissions, the use of CO2 as a
working circulating fluid has gradually become a hot spot in geothermal development [37].
In addition, CO2 is not easy to react with the wellbore, while water is prone to corrosion,
resulting in wellbore scaling. At the same time, industrial waste gas is rich in a large
amount of CO2, which can be used as a geothermal development medium to achieve CO2
geological storage, reduce atmospheric carbon emissions, and contribute to slowing global
warming and promoting environmental protection.

However, at the same time, CO2 injection into the reservoir will affect the mechanical
properties of a rock mass, such as the strength and elastic modulus, and cause changes in
the reservoir stress field and temperature field. These changes may significantly affect the
seepage characteristics of the reservoir, thereby affecting the net heat recovery rate [38].
The parameters of CO2 as the heat extraction working fluid are shown in Table 4, and other
parameters remain unchanged.

Table 4. Simulate the parameters of CO2 injection in the wellbore.

Parameters Units Values

density kg/m3 1560
heat capacity J/(kg K) 1.2 × 103

thermal conductivity W/(m K) 0.0137
viscosity Pa s 0.64 × 10−4

(1) The change in temperature

Figure 10 shows the distribution of temperature in the thermal reservoir at 0, 10,
20, and 30 years of mining, in which purple represents low temperature, and dark red
represents high temperature. The temperature of the rock mass near the distribution area
of the fracture channel changes faster. This is because these penetrating fractures constitute
the main seepage zone, the flow velocity is higher, and the thermal convection of the heat
transfer material in the fracture is obvious. The changing trend of reservoir temperature is
consistent with that of water injection mining. In the 10th and 20th years of production,
the mining influence spreads to the farthest range of 111.60 m and 152.97 m from the
injection well, respectively. In the 30th year of production, the ‘cold front’ has affected
the temperature near the production well in the reservoir, and the farthest has spread to
a range of 197.84 m from the injection well, and the temperature near the injection well
has reduced to 42.55 ◦C. The analysis results show that in addition to natural fractures in
the geothermal system, the proper use of hydraulic fracturing to generate fractures will
enhance the conductivity of the rock mass, thereby improving the heat recovery efficiency.

(2) Heat production rate analysis

In the process of numerical simulation, according to the variation characteristics of
reservoir temperature, the heat production process shows a stepwise downward trend
(Figure 11). In the first 1–2 years of system mining, the initial reservoir temperature is
maintained, and then the initial reservoir temperature begins to decline. CO2 reaches the
production well through the injection well, and the cold front breaks through the reservoir.
The temperature decreases to 147.84 ◦C, a decrease of about 29.6%, and the net heat recovery
rate decreases from 10,876.29 KJ/s to 7594.39 KJ/s, a decrease of about 30.17%.
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(3) Chemical reaction

When the injection well is injected with CO2, CO2 will react with the material in the
rock matrix when it reaches the production well through the fracture heat, and the material
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reaction equation is Formula (14). The concentration change and distribution of SiO2 near
the production well are compared, as shown in Figure 12.
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injected heat extraction working fluid is CO2. (a) The 0th year of mining; (b) the 10th year of mining;
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As shown in Figures 12 and 13, initially, the injection of CO2 first reacts with the water
in the rock fissures to form carbonic acid. And then, more complex reactions occur between
the rock surface and geothermal fluids in the geothermal reservoir’s high-temperature and
high-pressure environment. CO2 and fluid circulation promote the dissolution of minerals
such as calcite, sodic feldspar, and muscovite. Under the action of high confining pressure,
the minerals on the surface of the rock are broken, and the structure is destroyed, which
leads to the separation of the minerals from the rock surface into the fluid, resulting in a
large amount of precipitation insoluble in water. Finally, the fluid flowing in the fracture
is discharged from the flow outlet. Therefore, the concentration of SiO2 around the pro-
duction well increased rapidly (the first six years), and then, with the reaction equilibrium,
the concentration of SiO2 gradually stabilized, and the concentration distribution range
gradually diffused from the injection well to the production well.
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4.3. Analysis of Comparative Results

The numerical simulation of geothermal development is carried out for the injection
of water and CO2, respectively. In Figure 14, CO2 has low viscosity and superfluidity in
the well. Although the heat value is lower than that of water, it is easy to form a thermal
breakthrough prematurely under the condition of constant injection flow production. Its
output flow rate is large, the development time is short, and the thermal efficiency is high.
The overall heat recovery effect is nearly five times that of water injection.
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5. Parameter Sensitivity Analysis

To explore the influencing factors and degree of geothermal exploitation, based on
the established numerical model, water is used as the heat extraction working fluid for
numerical simulation. The parameter variation range of each influencing factor is set,
and the parameter sensitivity analysis is carried out on parameters such as reservoir
thermal conductivity, specific heat capacity, well spacing between the production well and
injection well, water injection temperature, fracture spacing, permeability, number, and
fracture length. According to the simulation results, the main controlling factors of thermal
efficiency and mining life are determined.
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5.1. Analysis of Influencing Factors in Heat Recovery Performance
5.1.1. Properties of Reservoirs

(1) Thermal conductivity

Under the same other conditions, when the thermal conductivity of the reservoir
is 2.4 W/(m K), 2.9 W/(m K), and 3.4 W/(m K), respectively, the reservoir temperature
change in geothermal exploitation for 30 years is analyzed. When the thermal conductivity
of reservoir rock increases from 2.4 W/(m K) to 3.4W/(m K), the change and rate of
temperature are consistent, which proves that the change in rock thermal conductivity has
little effect on the change in the reservoir temperature. However, the higher the thermal
conductivity of the rock, the faster the heat transfer from the internal rock to the fracture
wall and circulating water will be, so the larger the thermal conductivity is, the faster
the reservoir temperature decreases in the later stage. However, based on the numerical
simulation process, this has a negligible impact on production performance and efficiency
(Figure 15).
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(2) Specific heat capacity

Under the same conditions, the temperature changes in the reservoir during the three
decades of geothermal exploitation were analyzed when the specific heat capacities of the
reservoir were 800 J/(kg K), 850 J/(kg K), and 900 J/(kg K), respectively. It can be seen
that different heat capacities affect the change in the reservoir temperature. When the rock-
specific heat capacity decreases from 900 J/(kg K) to 800 J/(kg K), the reservoir temperature
change trend during the three decades of geothermal exploitation is the same, but the
reservoir temperature drops even lower when the specific heat capacity is 800 J/(kg K).
This is because the decrease in specific heat capacity leads to the deterioration of the heat
storage performance of the rock, so the temperature decreases faster. In general, the specific
heat capacity of the rock has little effect on geothermal production performance (Figure 16).

5.1.2. Project Production Conditions

(1) Well spacing

Under the same conditions, the temperature changes in the reservoir in the three
decades of geothermal exploitation were analyzed when the well spacing was 100 m, 200 m,
and 300 m, respectively. In the process of simulated geothermal mining, when the well
spacing is 300 m, the geothermal extraction is in a stable production stage for a long time,
and the temperature is stable at the initial reservoir temperature and continues to decline
slightly for about 20 years. When the well spacing is 200 m, the reservoir temperature shows
a stable downward trend, and the reservoir temperature reaches 184.24 ◦C in the 30th year.
When the well spacing is 100 m, because the well spacing is too close, the temperature of
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the thermal reservoir decreases sharply from mining to 125.03 ◦C and then remains stable.
Therefore, when the well spacing between the injection well and the production well is
200 m, the temperature drop is more stable, and the heat extraction effect is better, which
ensures the long-term exploitation of geothermal resources (Figure 17).

Energies 2023, 16, 7258 21 of 30 
 

 

 
Figure 15. The variation law of reservoir temperature under different rock thermal conductivity 
conditions. 

(2) Specific heat capacity 
Under the same conditions, the temperature changes in the reservoir during the three 

decades of geothermal exploitation were analyzed when the specific heat capacities of the 
reservoir were 800 J/(kg K), 850 J/(kg K), and 900 J/(kg K), respectively. It can be seen that 
different heat capacities affect the change in the reservoir temperature. When the rock-
specific heat capacity decreases from 900 J/(kg K) to 800 J/(kg K), the reservoir temperature 
change trend during the three decades of geothermal exploitation is the same, but the 
reservoir temperature drops even lower when the specific heat capacity is 800 J/(kg K). 
This is because the decrease in specific heat capacity leads to the deterioration of the heat 
storage performance of the rock, so the temperature decreases faster. In general, the spe-
cific heat capacity of the rock has little effect on geothermal production performance (Fig-
ure 16). 

 
Figure 16. The variation law of reservoir temperature under different rock-specific heat capacity 
conditions. 

5.1.2. Project Production Conditions 
(1) Well spacing 

Under the same conditions, the temperature changes in the reservoir in the three dec-
ades of geothermal exploitation were analyzed when the well spacing was 100 m, 200 m, 
and 300 m, respectively. In the process of simulated geothermal mining, when the well 
spacing is 300 m, the geothermal extraction is in a stable production stage for a long time, 
and the temperature is stable at the initial reservoir temperature and continues to decline 
slightly for about 20 years. When the well spacing is 200 m, the reservoir temperature 

Figure 16. The variation law of reservoir temperature under different rock-specific heat capacity
conditions.

Energies 2023, 16, 7258 22 of 30 
 

 

shows a stable downward trend, and the reservoir temperature reaches 184.24 °C in the 
30th year. When the well spacing is 100 m, because the well spacing is too close, the tem-
perature of the thermal reservoir decreases sharply from mining to 125.03 °C and then 
remains stable. Therefore, when the well spacing between the injection well and the pro-
duction well is 200 m, the temperature drop is more stable, and the heat extraction effect 
is better, which ensures the long-term exploitation of geothermal resources (Figure 17). 

 
Figure 17. The variation law of reservoir temperature under different well spacing conditions. 

(2) Injection temperature 
In the case of the same other conditions, the temperature changes in the reservoir in 

the three decades of geothermal exploitation were analyzed when the injection tempera-
tures were 20 °C, 40 °C, and 60 °C, respectively. The change law of reservoir temperature 
is consistent at different injection temperatures and divided into two stages: In the first 
stage, the reservoir temperature does not decrease significantly for about six years and 
remains at the initial temperature of the reservoir. This stage is usually called the stable 
production stage of geothermal extraction. Then, with the continuous exploitation of ge-
othermal energy, it enters the second stage, during which the reservoir temperature de-
creases. Under different injection temperatures, the decline rate of the reservoir tempera-
ture is different, which shows that the lower the injection temperature, the faster the res-
ervoir temperature decreases. In the thirtieth year of mining, when the injection tempera-
ture is 20 °C, the reservoir temperature is 184.24 °C; when the injection temperature is 60 
°C, the reservoir temperature is 208.52 °C. This shows that increasing the injection tem-
perature appropriately can improve the heat recovery temperature and operation life of 
the system. The lower the temperature of the injected fluid, the greater the temperature 
difference with the initial reservoir, the stronger the thermal convection, the faster the heat 
loss, and the lower the heat storage efficiency of the system (Figure 18). 

 

Figure 17. The variation law of reservoir temperature under different well spacing conditions.

(2) Injection temperature

In the case of the same other conditions, the temperature changes in the reservoir in the
three decades of geothermal exploitation were analyzed when the injection temperatures
were 20 ◦C, 40 ◦C, and 60 ◦C, respectively. The change law of reservoir temperature is
consistent at different injection temperatures and divided into two stages: In the first stage,
the reservoir temperature does not decrease significantly for about six years and remains at
the initial temperature of the reservoir. This stage is usually called the stable production
stage of geothermal extraction. Then, with the continuous exploitation of geothermal
energy, it enters the second stage, during which the reservoir temperature decreases. Under
different injection temperatures, the decline rate of the reservoir temperature is different,
which shows that the lower the injection temperature, the faster the reservoir temperature
decreases. In the thirtieth year of mining, when the injection temperature is 20 ◦C, the
reservoir temperature is 184.24 ◦C; when the injection temperature is 60 ◦C, the reservoir
temperature is 208.52 ◦C. This shows that increasing the injection temperature appropriately
can improve the heat recovery temperature and operation life of the system. The lower
the temperature of the injected fluid, the greater the temperature difference with the initial
reservoir, the stronger the thermal convection, the faster the heat loss, and the lower the
heat storage efficiency of the system (Figure 18).
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5.1.3. Properties of Fracture

(1) Fracture spacing

Under the same conditions, the temperature changes in the reservoir in the three
decades of geothermal exploitation were analyzed when the fracture spacing was 20 m,
40 m, and 60 m, respectively. The heat exchange area of the 20 m fracture spacing increases,
and the reservoir temperature decreases at the lowest and the fastest, compared to the
40 m fracture spacing. Increasing the fracture spacing (60 m) leads to a decrease in the heat
exchange area between the fracture surface and the rock matrix. Therefore, at the same
mining time scale, more heat will be stored in the thermal reservoir with a large fracture
spacing (the rock matrix temperature is relatively higher), and the heat energy of the rock
matrix taken away by the circulating fluid is reduced. This is mainly because in the case of
a certain volume fraction of geothermal reservoir fractures, the smaller the fracture spacing
(20 m), the larger the contact area between the fracture and the reservoir matrix, and the
smaller the fracture spacing of the geothermal reservoir, which leads to an increase in the
heat transfer area between the fluid and the matrix when the fluid migrates in the fracture,
and the higher the heat extraction rate, so it is more conducive to the exploitation of the
geothermal system (Figure 19).

Energies 2023, 16, 7258 23 of 30 
 

 

Figure 18. The change rule of reservoir temperature under different injection temperature condi-
tions. 

5.1.3. Properties of Fracture 
(1) Fracture spacing 

Under the same conditions, the temperature changes in the reservoir in the three dec-
ades of geothermal exploitation were analyzed when the fracture spacing was 20 m, 40 m, 
and 60 m, respectively. The heat exchange area of the 20 m fracture spacing increases, and 
the reservoir temperature decreases at the lowest and the fastest, compared to the 40 m 
fracture spacing. Increasing the fracture spacing (60 m) leads to a decrease in the heat 
exchange area between the fracture surface and the rock matrix. Therefore, at the same 
mining time scale, more heat will be stored in the thermal reservoir with a large fracture 
spacing (the rock matrix temperature is relatively higher), and the heat energy of the rock 
matrix taken away by the circulating fluid is reduced. This is mainly because in the case 
of a certain volume fraction of geothermal reservoir fractures, the smaller the fracture 
spacing (20 m), the larger the contact area between the fracture and the reservoir matrix, 
and the smaller the fracture spacing of the geothermal reservoir, which leads to an in-
crease in the heat transfer area between the fluid and the matrix when the fluid migrates 
in the fracture, and the higher the heat extraction rate, so it is more conducive to the ex-
ploitation of the geothermal system (Figure 19). 

 
Figure 19. Variation of reservoir temperature under different fracture spacing conditions. 

(2) Fracture permeability 
The model sets the permeability of the rock matrix to be 5 × 10−17 m2. Under the same 

other conditions, the temperature changes of the reservoir in the three decades of geother-
mal exploitation were analyzed when the fracture permeability was 2.73 × 10−14 m2, 2.73 × 
10−13 m2, and 2.73 × 10−12 m2, respectively. In the case of high fracture permeability, lower 
injection pressure will cause the bottom hole temperature and reservoir temperature to 
drop sharply after 30 years of mining because high permeability brings a high-quality 
mining rate, and the net heat extraction rate also reaches the highest. Therefore, from the 
perspective of the geothermal engineering life cycle and optimization, the fracture perme-
ability of 10−13 m2 and above is more appropriate. If the permeability is too small, the heat 
extraction rate is low, and if the permeability is too large, the heat extraction is too fast, 
which shortens the engineering life cycle (Figure 20). 

0 5 10 15 20 25 30
180

185

190

195

200

205

210

 Fracture Spacing 20 m
 Fracture Spacing 40 m
 Fracture Spacing 60 m

Te
m

pe
ra

tu
re

/℃

Time/a

Figure 19. Variation of reservoir temperature under different fracture spacing conditions.

(2) Fracture permeability

The model sets the permeability of the rock matrix to be 5 × 10−17 m2. Under the
same other conditions, the temperature changes of the reservoir in the three decades of
geothermal exploitation were analyzed when the fracture permeability was 2.73× 10−14 m2,
2.73× 10−13 m2, and 2.73× 10−12 m2, respectively. In the case of high fracture permeability,
lower injection pressure will cause the bottom hole temperature and reservoir temperature
to drop sharply after 30 years of mining because high permeability brings a high-quality
mining rate, and the net heat extraction rate also reaches the highest. Therefore, from
the perspective of the geothermal engineering life cycle and optimization, the fracture
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permeability of 10−13 m2 and above is more appropriate. If the permeability is too small,
the heat extraction rate is low, and if the permeability is too large, the heat extraction is too
fast, which shortens the engineering life cycle (Figure 20).
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(3) Number of fractures

To analyze the relationship between the number of fractures and geothermal mining,
the fractures are evenly arranged between the injection well and the mining well. In the
case of the same other conditions, the temperature changes in the reservoir in the three
decades of geothermal exploitation were analyzed when the number of fractures was two,
four, and eight, respectively. The reservoir temperature after geothermal mining under
different fracture numbers was studied. With the increase in fracture number, the reservoir
temperature decreases faster. This is because the increase in fractures and the contact area
of the injected fluid increase, and the thermal convection with rock increases, resulting
in a faster temperature drop. Therefore, in some HDR geothermal resources, hydraulic
fracturing is usually used to increase the number of fractures to achieve the result of system
stimulation (Figure 21).
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(4) Fracture length

Under the same conditions, the temperature changes in the reservoir in the three
decades of geothermal exploitation were analyzed when the fracture lengths were 100 m,
200 m, and 300 m, respectively. When the fracture length is 100 m, the cold fluid flow
distance becomes shorter and reaches the production well in a short time, and the reservoir
temperature drops rapidly to 125.03 ◦C. When the fracture length is 300 m, the water and
the hot rock mass have enough time to exchange heat, and the temperature remains at a
high level. The results show that the local temperature of the reservoir decreases rapidly
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when the surface fracture length is small, which reflects that it has a great influence on the
heat recovery performance of the geothermal system (Figure 22).
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5.2. Analysis of Influencing Factors in Mining Life

The life of thermal reservoir mining is affected by many factors. According to the
methods of the literature review, indoor physical tests, and numerical simulations, this
paper summarizes the following main influencing factors:

(1) The reserves and temperature of thermal reservoir resources are the most important factors
affecting the life of thermal reservoir exploitation. The greater the reserves of resources,
the higher the temperature and the longer the life of thermal reservoir exploitation.

(2) The physical properties of thermal storage rock mass, such as rock permeability,
fracture distribution, etc., will affect the effect and life of thermal storage mining.
For example, rocks with poor permeability make it difficult to allow hot water to
flow through, resulting in reduced hot water penetration and heat energy transfer
efficiency, thus affecting the mining life of thermal reservoirs.

(3) The advancement and applicability of thermal reservoir mining technology will
directly affect the life of thermal reservoir mining. For example, the use of efficient
drilling technology and a perfect water injection system can improve the efficiency
and life of thermal storage.

(4) Environmental factors, such as climate, geological conditions, etc., will also affect
the life of thermal reservoir exploitation. For example, natural disasters such as
earthquakes may destroy the physical structure of the thermal reservoir rock mass
and affect the mining effect and life of the thermal reservoir.

(5) Thermal storage mining methods: Different thermal storage mining methods will also
have an impact on life. For example, flash power generation is more efficient than
direct heat utilization but also consumes thermal storage resources faster.

(6) The time of thermal reservoir exploitation will also affect its life. Overexploitation
may lead to the depletion of thermal reservoir resources, thus affecting the life of
thermal reservoir exploitation. Therefore, it is necessary to scientifically evaluate and
plan thermal storage resources to control the mining intensity and time and ensure
the sustainable utilization of thermal storage resources.

(7) Geological stress is also one of the factors affecting the life of thermal reservoir mining.
In the process of mining, the change in underground rock strata may lead to a change
in geological stress, which will affect the physical structure and stability of the thermal
reservoir rock mass, thus affecting the mining life of a thermal reservoir.

(8) Water is needed to transfer heat energy in thermal storage mining, and water quality
problems will also affect the life of thermal storage mining. For example, water may
contain corrosive substances, and long-term use will lead to the corrosion of heat
exchange equipment, thus affecting the life of thermal reservoir exploitation.
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In general, the mining life of a thermal reservoir is a comprehensive result affected
by many factors. To improve the life of thermal storage mining, it is necessary to sci-
entifically evaluate thermal storage resources, formulate reasonable mining plans, select
appropriate mining technologies and management methods, and pay attention to the im-
pact of environmental and economic factors to achieve sustainable utilization of thermal
storage resources.

6. Conclusions

In this paper, the corresponding mathematical model was established by analyzing the
multi-physical field process and its coupling effect in the process of geothermal exploitation.
According to the literature research, the real-time high-temperature environment true
triaxial hydraulic fracturing physical simulation experiment in the study area, and the
complex fracture network initiation and propagation evolution experiment under the
coupling of heat flow and solidification, the numerical simulation parameters, initial
conditions, and boundary conditions were determined. The discrete network model
was constructed, and the mesh was refined in the fracture and the well. Finally, the
reservoir temperature, net heat recovery rate, and SiO2 concentration after 30 years of
geothermal system exploitation under two different heat extraction working fluids of water
and CO2 were simulated and evaluated with a numerical simulation. The sensitivity of
the parameters related to the thermal performance and mining life of the deep thermal
reservoir was analyzed, which provided a theoretical basis for clarifying the multi-field
temporal and spatial evolution law and for optimizing the flow control method in the
process of geothermal mining. The conclusions are as follows:

(1) For a 500 m× 500 m× 500 m geothermal reservoir, the numerical simulation software
compares and analyzes the heat storage temperature, net heat recovery rate, and SiO2
concentration of water and CO2 under the same conditions. The results show that the
heat of the reservoir near the injection well is first taken away, and the temperature
is reduced during the seepage of the injected heat extraction working fluid to the
mining well. With time, the low-temperature area gradually expands to the mining
well. The net heat extraction rate of CO2 is about five times that of water, but CO2 will
also undergo water–rock–gas interaction during heat extraction, which easily causes
salt precipitation, increases SiO2 concentration, blocks pores, and affects the efficiency
and stability of heat extraction.

(2) In the analysis of different reservoir rock thermal conductivity, specific heat capacity,
well spacing, injection temperature, fracture spacing, fracture permeability, fracture
number, fracture length, and other parameters on the influence of the reservoir tem-
perature, the results show that the rock thermal conductivity and specific heat capacity
of geothermal system heat recovery performance have little effect; the smaller the well
spacing is, the lower the injection temperature is, the faster the reservoir temperature
decreases, and the higher the geothermal mining efficiency is. The smaller the fracture
spacing, the larger the heat exchange area, and the higher the net heat extraction
rate. Fracture permeability in the order of magnitude of 10–13 m2 and above is more
suitable for a 30-year development cycle; the more fractures, the shorter the length,
the larger the heat exchange area with the reservoir, the faster the temperature of
the thermal reservoir decreases during the mining process, and the higher the heat
extraction rate.

This paper can be a reference for both the theoretical THMC coupling model and prac-
tical geothermal production. However, the limitations of this study are that the simulated
formation depth has some difficulties in actual geothermal system exploitation; the consid-
ered fractures are natural fractures, and no operations, such as hydraulic fracturing or acid
fracturing, have been performed, and several parameters can be integrated together in the
parameter sensitivity analysis. Therefore, the above key constraints will be considered in
subsequent studies to provide a better theoretical, experimental, and simulation research
basis for geothermal development.
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Nomenclature

C the chemical field
H the seepage field
HDR the hot dry rock
M the stress field
T the temperature field
THMC the coupling of the temperature field, seepage field, stress field, and chemical field.
c f the total concentration of solute dissolved in the fracture, ppm
ci concentration, mol/m3

cm the total dissolved concentration of solute in the matrix, ppm
c specific heat capacity of the rock mass, J/(kg K)
cs specific heat capacity of the rock mass, J/(kg K)
cw specific heat capacity of the fluid, J/(kg K)
Di diffusivity, m2/s
eq the superscript representing the solubility of the solute in different media with

temperature, ppm
E elastic modulus
f,i volume force component
G shear modulus, Pa
hout the enthalpy of the production fluid, kJ/kg
hinj the enthalpy of the injection fluid, kJ/kg
k permeability, m2

K rock bulk modulus, Pa
k′f the dissolution rate of the solute in the fracture with the temperature change, m/s
k f reaction rate constant
km the dissolution rate of the solute in the rock matrix with the temperature change, m/s
m mass, kg
P pressure, Pa
pw pore water pressure, Pa
qw Darcy speed, m/s
Qs source of fluid mass, kg/m3 s
Q heat source density in the rock mass, W/m3

QTs heat source term
Qout production rate, kg/s
Qinj injection rate, kg/s
Ri Material reaction rate, mol/(m3 s)
t time, s
T thermal reservoir rock temperature, K
Ts thermal reservoir rock temperature, K
Tw fluid temperature in the fracture, K
u fluid viscosity, Pa s
ui offset component
v Poisson’s ratio
σ′ effective stress
σ initial stress
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α f the ratio of the connected area to the total area in the fracture
ε,εkk,εij strain
εV volumetric strain
λ Lame constant
δij Kronecker symbol
αT thermal expansion coefficient, 1/K
∆T temperature increment
ρw fluid density, kg/m3

φ porosity
ρ,ρs rock mass density, kg/m3

λx, λy, λz thermal conductivity of rock mass, W/(m K)
λs coefficient of thermal conductivity, W/(m K)
λw thermal conductivity of fluid, W/(m K)
φQTw heat source term
QT add QTs and φQTw
αp,i the influence of fluid seepage on rock mass deformation
−αTKT,i the influence of temperature change on rock mass deformation
θm the porosity of the rock matrix
x x-direction
y y-direction
z z-direction
∇ gradient operator (total differential in all directions of space)
∆ denotes the change in a physical quantity
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