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A B S T R A C T   

Hot dry rocks (HDRs), as an essential renewable energy source, its development has received widespread 
attention, especially for heat extraction. The fracture is the main seepage and heat transfer channel of circulating 
fluid in dense HDR reservoirs, and its conductivity evolution significantly affects the production performance. 
Most existing studies have focused on the change of fracture conductivity under elastic deformation without 
considering the additional conductivity induced by rock damage. However, the additional conductivity may have 
significant implications for rational design and timely adjustment of the production scheme. Therefore, a three- 
dimensional model at the field-scale is established, and it is used to analyze the effect of additional conductivity 
on production performance and economic efficiency. To simplify the calculation, the actual forms of damage are 
equivalent to the macroscopic physical evolution of the matrix. Results show that the rock is mainly tensile 
failure affected by thermal stress during production. The occurrence of damage will increase the reservoir 
permeability and porosity, reduce Young’s modulus, and then reduce the differential pressure and production 
temperature, with a maximum reduction of 2.21 MPa and 14.21 ◦C in the control case, respectively. The effects 
of injection temperature, Young’s modulus, and injection mass flow on the production performance are signif-
icant, followed by Poisson’s ratio. In contrast, production pressure and fracture initial permeability had less 
influence. The maximum differential economic benefit of the control case is up to 2.289 million RMB. This 
research proves the necessity of damage study during the long-term production of HDRs.   

1. Introduction 

As one of the alternative energy sources to fossil energy, the devel-
opment and utilization of geothermal energy has received extensive 
attention worldwide (Song et al., 2018). Hot dry rocks (HDRs) 
geothermal has the characteristics of deep burial, high temperature, 
expansive reserves, dense lithology, etc (Wang et al., 2023). Enhanced 
geothermal system (EGS) is the primary way to develop HDR reservoirs 
(Tarkowski and Uliasz-Misiak, 2019), and relevant demonstration pro-
jects have been or are being built in the United States, France, China, 
Australia, etc. (Zhong et al., 2022; Xu et al., 2022). The method involves 
creating artificial fractures through manual processes in 
high-temperature, low-permeability reservoirs. These artificial and 
pre-existing natural fractures collectively form a complex fracture 

network, establishing connectivity between injection and production 
wells. Subsequently, a working fluid is circulated to extract heat for 
practical applications (Xu et al., 2021). 

In EGS, fractures are the main flow and heat transfer channels for 
circulating working fluids (Hofmann et al., 2016; Sun et al., 2020). In 
the long-term production, the rock matrix will undergo elastic defor-
mation under continuous cooling due to cold fluid injection (Yang et al., 
2023). Microcracks will even be induced near the fracture due to the 
weak degree of interparticle cementation, resulting in crack propagation 
and particle peeling (Xu et al., 2023a; Zhu et al., 2023). 

Fracture conductivity is one of the essential attributes, which refers 
to the ability of fractures to allow fluid to pass under the action of 
reservoir in-situ stress. It has a significant impact on the production 
performance of HDR reservoirs (Ijeje et al., 2019; Li et al., 2020). For 
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example, Shu et al. (2020) analyzed the effect of confining pressure and 
temperature on fracture hydraulics, concluding that the change in hy-
draulics has an essential impact on heat transfer properties. Guo et al. 
(2022) established the equations for the evolution of the permeability in 
major fractures, branch fractures, and natural fractures, and proved that 
the effect of fracture permeability evolution on thermal exploitation is 
necessary. Zhong et al. (2023) discovered that at high temperatures, 
mechanical deformation and chemical reactions on the fracture surfaces 
result in a reversal of hydraulic properties as the confining pressure 
increases. Song et al. (2024) established a fully coupled 
thermo-hydro-mechanical-chemical model to describe geothermal pro-
duction. They quantified the contributions of mechanical and chemical 
factors, as well as their coupling relations, to the variations in fracture 
aperture during thermal extraction using a proposed calculation method 
of multi-physics magnitudes. Usually, fracture conductivity is generally 
expressed by the product of fracture permeability and aperture (Li et al., 
2020), and the former can be characterized by the cubic law using the 
aperture (Wang et al., 2022). The change of fracture aperture caused by 
the matrix elastic deformation can be described by the normal 
displacement of the fracture surface (Song et al., 2022). 

As previously mentioned, thermal stress and injection pressure 
jointly promote rock damage (Zhang et al., 2023), while the additional 
aperture change caused by damage is challenging to characterize 

effectively (Xu et al., 2023a). In most current research, the damage is 
described as the physical property change of the rock matrix, which 
reduces the solving difficulty and improves the calculation speed. For 
example, Zhu’s team (Zhu et al., 2014; Wei et al., 2015) used the 
maximum tensile stress criterion or the Mohr-Coulomb criterion to 
discriminate the damage in tension or shear mode of rock. They corre-
lated the damage with the physical properties of the rock matrix, 
covering the feasibility of the above method. Li et al. (2017) studied 
shale gas production and fracturing using a number model, finding that 
the elastic modulus of the rock matrix element is gradually degraded as 
damage progresses. Guo et al. (2020) considered the damage caused by 
thermal stress during hydraulic fracturing, and they characterized the 
change of physical properties due to damage, such as elastic modulus, 
permeability, and thermal conductivity. Liu et al. (2020) presented a 
novel dual-damage thermal-mechanical model that accounts for the 
interplay among thermal conductivity, thermally-induced deformation, 
mechanical deformation, and damage to characterize the evolution of 
rock’s thermal and mechanical properties during thermal treatment. 

Most of the above studies are the damage evolution in rock fracturing 
or thermal treatment, and the duration is short, usually in hours, mi-
nutes, or even seconds (Guo et al., 2020; Zhang et al., 2022). There are 
currently known damage studies on tight oil reservoir development 
(Cheng et al., 2023) and hydrocarbon resource extraction (Lei et al., 
2021), most of which are two-dimensional models. Still, few damage 
studies exist in producing an EGS for HDR reservoirs using the 3D model. 
To analyze the effects of additional conductivity caused by damage, the 
current research is organized as follows: In Section 2, considering the 
thermo-hydro-mechanical-damage (THM-D) coupling, a numerical 
model of the injection-production system of multiple vertical wells is 
established; Section 3 analyzes the numerous physics evolution char-
acteristics, and compares the performance under various parameters 
with and without damage; In Section 4, combining electricity costs and 
heat sales revenues, it discusses the effects of damage on economic 
benefits; Finally, Section 5 summarizes the main conclusions. 

2. Methodology 

2.1. Model assumptions 

For the convenience of research and analysis, the EGS mentioned is 
considered idealized: the outer side of the reservoir is surrounded by 

Fig. 1. Thermo-hydro-mechanical and damage (THM-D) coupling mechanism.  

Fig. 2. Elastic deformation and damage analysis at fracture surfaces.  
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surrounding rock, and the reservoir is considered as the stimulated 
volume that contains activated natural fractures and induced minor 
fractures by stimulation (Song et al., 2018). There are multiple artificial 
fractures in the reservoir, representing primary fractures generated by 
hydraulic fracturing (Xu et al., 2021). The fracture permeability is much 
higher than the reservoir’s, so the fracture is distinguished from the 
reservoir (Song et al., 2018). 

The basic assumptions are made as follows: (1) reservoirs and sur-
rounding rock are simplified as the equivalent continuous porous 

medium with homogeneous and isotropic properties (Wang et al., 
2020a; Song et al., 2022), but the exception is Young’s modulus and 
Poisson’s ratio, which will be given below; (2) under simulated condi-
tions, the water does not evaporate and is considered liquid, does not 
react with rocks, and single-phase fluid flows in reservoirs and fractures 
meet Darcy’s Law (Chen et al., 2019); (3) heat transfer in fractured fluids 
and matrix uses local non-thermal equilibrium assumptions, and the 
convective heat transfer coefficient is constant (Zhang et al., 2018); (4) 
the permeability of the surrounding rock is much smaller than that of 

Fig. 3. Finite element solution idea.  

Fig. 4. Computational zone for the numerical model.  
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reservoirs and fractures (Xu et al., 2023a); (5) ignore water loss in the 
matrix during damage evolution. 

The physical properties of water vary with the temperature (Holz-
becher, 1998). 

μw =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

10− 3 × (1 + 0.015512 × (T − 20))− 1.572
,

0◦C ≤ T ≤ 100◦C

0.2414 × 10

(

247.8
T+133.15

)

10− 4,

100◦C ≤ T ≤ 280◦C

(1)  

where μw (Pa⋅s) is the water dynamic viscosity; T (◦C) is the temperature. 

ρw=

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

996.9×
(
1− 3.17×10− 4×(T − 20)− 2.56×10− 6×(T − 20)2)

,

20◦C≤T≤175◦C

1758.4+1000×

⎛

⎝
− 0.00484(T+273.15)+1.01×10− 5(T+273.15)2

− 9.85×10− 9×(T+191.9)(T+273.15)2

⎞

⎠

175◦C≤T≤280◦C

(2)  

where ρw (kg/m3) is the water density, kg/m3. 

where cw (J/(kg⋅◦C)) is the water heat capacity at constant pressure; λw 
(W/(m⋅◦C)) is the water’s thermal conductivity. 

2.2. Governing equations 

Fig. 1 depicts the thermo-hydro-mechanical and damage (THM-D) 
coupling mechanism. The interplay between fluid flow, heat transfer, 
and stress evolution is achieved through real-time transmission of 
multiple variables, including pressure, velocity, temperature, damage 
factors, fracture aperture, etc. Notably, damage evolution serves as a 
pivotal link. Specifically, the occurrence of damage alters the thermo-
physical properties of rocks, with thermal stress stemming from tem-
perature field evolution being a significant contributor to rock damage; 
stress serves as the foundation for judging rock damage, and damage 
occurrence impacts the mechanical properties of the rock; damage in-
fluences conductivity and consequently the seepage field, which, in turn, 
can influence damage by affecting the temperature and stress fields (Xu 
et al., 2023a; Song et al., 2022). 

Model solutions include the mass conservation equation and seepage 
equation, heat transfer equation, and equilibrium equation of rock 
deformation. Considering the apparent difference in the physical prop-
erties of fractures and matrix, it establishes separate corresponding 
equations, and there is mass and energy exchange between them. 

2.2.1. Fluid flow 
The seepage equation is described by Darcy’s law (Chen et al., 2019), 

and the corresponding equations in the rock matrix and fractures are as 
follows (Shi et al., 2019a): 

u→= −
km

μf

(
∇p+ ρf g∇z

)
(4)  

ρf Sm
∂p
∂t

+∇ ⋅
(
ρf u→

)
= − ρf αB

∂e
∂t

− Qf (5)  

u→f = −
kf

μf

(
∇Τp+ ρf g∇Τz

)
(6)  

df ρf Sf
∂p
∂t

+∇Τ ⋅
(

df ρf u→f

)

= − df ρf αB
∂e
∂t

+ df Qf (7)  

where u→ (m/s) and u→f (m/s) are the flow velocity in the matrix and 
fractures, respectively; km (m2) and kf (m2) are the permeability of the 
rock matrix and fractures separately; μf (Pa⋅s) is the fluid viscosity; p 
(Pa) is the pressure; ρf (kg/m3) is the fluid density; g (m/s2) is the gravity 
acceleration; t (s) is the time; e is the volumetric strain caused by rock 
deformation, and its expressions will be given below; Qf (kg/(m3⋅s)) is 
the mass transfer between the rock matrix and fractures; df (m) is the 
fracture aperture. 

S (Pa− 1) is the storage coefficient that considers the fluid and rock 
compressibility, as follows: 

S=φCf + (αB − φ)
(1 − αB)

Kd
(8)  

αB is the Biot-Willis coefficient (Biot, 1962), as follows: 

αB = 1 −
Kd

Ks
(9)  

where φ is the porosity; Cf (Pa− 1) is the fluid compressibility; Kd (Pa) is 

Table 1 
Physical properties of the surrounding rock, reservoir, and fractures (Lei et al., 
2020, 2021; Zhang et al., 2021).  

Items Surrounding 
rock 

Reservoir Fracture 

Density, kg/m3 2800 2600 1200 
Thermal conductivity, W/(m⋅◦C) 3.0 2.9 2.0 
Isobaric heat capacity, J/(kg⋅◦C) 1000 950 800 
Porosity 0.01 0.03 0.60 
Initial permeability, m2 10− 18 3.5 × 10− 16 3.5 ×

10− 11 

Thermal expansion coefficient, 
1/◦C 

5 × 10− 6 5 × 10− 6 5 × 10− 6 

Average Young’s modulus, GPa 50 50 50 
Tensile strength, MPa 10.5 10.5 10.5 
Initial compressive strength, 

MPa 
350 350 350 

Average Poisson’s ratio 0.25 0.25 0.25 
Biot-Willis coefficient 0.7 0.7 0.7 
Normal stiffness, GPa/m / / 80 
Shear stiffness, GPa/m / / 50  

Table 2 
Parameters of the initial conditions (Lei et al., 2020, 2021; Zhang et al., 2022).  

Items Value 

Pressure at 3000 m, MPa 40 
Pressure gradient, Pa/m 5000 
Temperature at 3000 m, ◦C 250 
Temperature gradient, ◦C/m 0.05 
Injection rate, kg/s 50 
Injection temperature, ◦C 50 
Initial real fracture aperture, m 3.8 × 10− 4 

ψ coefficient 0.5 
Convective heat transfer coefficient, W/(m2⋅◦C) 3000 
Internal friction angle, ◦ 30  

{ cw = 12010.1 − 80.4(T + 273.15) + 0.3(T + 273.15)2
− 5.4 × 10− 4(T + 273.15)3

+ 3.6 × 10− 7(T + 273.15)4
, 20◦C ≤ T ≤ 280◦C

λw = − 0.8691 + 0.0089(T + 273.15) − 1.5837 × 10− 5(T + 273.15)2
+ 7.9754 × 10− 9(T + 273.15)3

, 20◦C ≤ T ≤ 280◦C
(3)   

F. Xu et al.                                                                                                                                                                                                                                       
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the drained bulk modulus of the porous matrix of the same material; Ks 
(Pa) is the bulk modulus of a homogeneous block of the solid material. 

Affected by elastic deformation, the fracture permeability changes, 
which is mainly caused by the deformation along the normal direction of 
the fracture surface, and the expression is as follows (Witherspoon et al., 
1979): 

kf =
dh

2

12
=

(
dh0 + ψΔdf ,n

)2

12
(10)  

where dh (m) is the hydraulic aperture; dh0 (m) represents the initial 
hydraulic aperture; ψ is the coefficient describing the transformation of 
hydraulic aperture and geometric aperture with a range generally from 
0.5 to 1; Δdf ,n is the normal deformation value of the geometric aperture. 

2.2.2. Heat transfer 
Similarly, the heat transfer equations in the rock matrix and fractures 

are given separately, as follows (Wang et al., 2022): 

(
ρcp

)

eff ,m
∂Tm

∂t
+ ρf cp,f∇ ⋅ ( u→ ⋅ Tm) − ∇ ⋅

(
λeff ,m∇Tm

)
= − Qf ,E (11)  

df
(
ρcp

)

eff ,f
∂Tf

∂t
+ df ρf cp,f∇Τ ⋅

(

u→f ⋅ Tf

)

− ∇Τ ⋅
(
df λeff ,f∇Tf

)
= df Qf ,E (12)  

where (ρcp)eff (J/(m3⋅◦C)) and λeff (W/(m⋅◦C)) are the effective volu-
metric capacity and the effective thermal conductivity, respectively, 
which are determined by: 
(
ρcp

)

eff =(1 − φ)ρscp,s + φρf cp,f (13)  

λeff =(1 − φ)λs + φλf (14)  

where Tm (◦C) is the rock matrix temperature; cp,f (J/(kg⋅◦C)) is the fluid 

thermal capacity; Tf (◦C) is the fracture temperature; ρs (kg/m3) is the 
solid density; cp,s (J/(kg⋅◦C)) is the solid thermal capacity; λs (W/(m⋅◦C)) 
and λf (W/(m⋅◦C)) are the solid and fluid thermal conductivity, 
respectively. 

Qf,E (W/m3) is the heat transfer between the reservoir matrix and 
fractures, which can be given by the following equation (Taler, 2019): 

qf ,E = hf
(
Tf − Tm

)
(15)  

where hf (W/(m2⋅◦C)) is the convective heat transfer coefficients. 

2.2.3. Mechanical deformation 
According to the transient equation and considering that tempera-

ture changes induce thermal stresses within the rock, the rock defor-
mation is described as follows (Shi et al., 2019b): 

E
2(1 + ν)υi,jj +

E
2(1 + ν)(1 − 2ν)υj,ji − αBpδij −

E
1 − 2ναT(T − T0)+Fi = 0

(16)  

where E (Pa) is Young’s modulus; v is the Poisson’s ratio; υ (m) is the 
displacement; δij is the Cronek symbol; αT (1/◦C) is the thermal expan-
sion coefficient of rocks; T0 (◦C) is the initial temperature; Fi is the body 
force per unit volume in the i-coordinate. 

The correlation between the volumetric strain in Eq. (5), (7) is 
expressed by (Ju et al., 2011): 

e=
σe

Kd
=
(1 − 2ν)

E
(σ1 + σ2 + σ3) (17)  

where σe (Pa) is effective stress; σ1 (Pa), σ2 (Pa), and σ3 (Pa) are the first, 
second, and third effective principal stresses, respectively, which are 
obtained by superimposing the principal stress and the pore pressure 
(Rutqvist et al., 2001). Moreover, the tensile stress is positive, and 

Fig. 5. Meshing scheme for the computational zone.  

F. Xu et al.                                                                                                                                                                                                                                       
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compressive stress is negative in this model. 

2.2.4. Damage evolution 
Maximum tensile stress criterion (Ft ≥ 0) or the More-Coulomb cri-

terion (Fs ≥ 0) is used to determine whether the rocks are damaged (Zhu 
and Tang, 2004): 
⎧
⎪⎨

⎪⎩

Ft = σ1 − ft = 0

Fs = − σ3 + σ1
1 + sin φf

1 − sin φf
− fc = 0

(18)  

where ft (Pa) and fc (Pa) are the tensile strength and compressive 
strength, respectively; φf (◦) is the internal friction angle. In particular, 

tensile damage is judged first, then shear damage is judged without 
tensile damage (Zhu et al., 2013). 

Commonly used rock damage models in existing studies include the 
elastic-brittle damage model and the elastic softening damage model. 
Different from hydraulic fracturing in HDR reservoirs, the damage in the 
production is a gradual accumulation, so the elastic softening model is 
used to characterize the above damage evolution as follows (Zhu et al., 
2013): 

ω=

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

1 − |εt0/ε1|
n
, Ft ≥ 0, Fs < 0

0, Ft < 0, Fs < 0

1 − |εc0/ε3|
n
, Ft < 0, Fs ≥ 0

(19)  

where ω is a scalar damage variable, evolving from 0 for the intact 
material to 1 for the fully damaged material; ε1 and ε3 are the major 
principal strain and the minor principal strain respectively; εt0 and εc0 
are the maximum tensile principal strain and the maximum compressive 
principal strain when tensile and shear damages occur, respectively, 
εt0 = ft/E, εc0 = − fc/E; n is a constitutive coefficient specified as 2.0 
(Wei et al., 2015). 

During the long-term mining process, the matrix near the fracture 
will undergo different forms and degrees of damage, including micro- 
crack initiation, propagation, particle peeling, etc (Xu et al., 2023a). 
In numerical simulation, it is not easy to achieve efficient and accurate 
characterization of the above phenomena. Therefore, an equivalent 

Fig. 6. Comparison of numerical results and experimental results.  

Table 3 
Study protocols for numerical simulation (Lei et al., 2020).  

Experiment type Parameters Value Range 

Injection-mining 
parameters 

Injection temperature, ◦C 40, 50, 60, 70 
Injection mass flow, kg/s 30, 40, 50, 60 
Average production pressure, 
MPa 

35.5, 37.5, 39.5, 
41.5 

Reservoir physical 
properties 

Young’s modulus, GPa 45.0, 47.5, 50.0, 
52.5 

Poisson’s ratio 0.175, 0.200, 0.225, 
0.250 

Fracture initial permeability, 
10− 11 m2 

2.0, 3.5, 5.0, 6.5  

F. Xu et al.                                                                                                                                                                                                                                       
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method is adopted. In Fig. 2, the various forms of damage equal the 
damaged area (orange zone), which coexists with the matrix, distinct 
from the void regions (white zone) caused by matrix elastic deformation. 
The physical parameters of the damaged area are significantly different 
from the non-damaged area, including porosity, permeability, Young’s 
modulus, mechanical strength, and thermal conductivity (Zhu and Tang, 
2004; Zhu and Wei, 2011; Li, 2018). 

After the rock is damaged, its Young’s modulus and compressive 
strength decrease, and the porosity and permeability increase accord-
ingly. The porosity has a linear relationship with the damage variable 
(Li, 2018), and the permeability has an exponential relationship with the 
damage variable (Zhu and Wei, 2011): 
{

E = (1 − ω)E0
fc = (1 − ω)fc0

(20)  

⎧
⎪⎨

⎪⎩

φm = φ0 +
(
φf − φ0

)
ω

km = km0

(
φm

φ0

)3

eβω
(21)  

λs(T,ω)= λs0eω/δT (22)  

where E0 (Pa) is Young’s modulus of the undamaged rock; fc (Pa) and fc0 
(Pa) are the compressive strength (Pa) of the damaged and undamaged 
element, respectively; φm, φ0, and φf are the matrix porosity, initial 
matrix porosity, and fracture porosity, respectively; km0 (m2) is the 
initial permeability of the rock matrix, and β is damage-permeability 
effect coefficient to indicate the effect of damage on the permeability 
(Zhu and Wei, 2011; Lei et al., 2021); λs (W/(m⋅◦C)) is the thermal 
conductivity; δT is a coefficient, and it reflects the effect of damage on 

thermal conductivity. 

2.3. Model solution 

Mass conservation, energy conservation, momentum equation, and 
mechanical equilibrium of the model are solved in the finite element 
solver. The primary variables solved include pore pressure, temperature, 
damage, and displacements along three directions, and the other vari-
ables are calculated based on primary variables. Considering the strong 
nonlinearity, a time-stepping approach employing the stable implicit 
backward differentiation formula (BDF) method is used. The solution 
idea is shown in Fig. 3. The total period is 20 years, and the time step is 
1.0 d. 

2.3.1. Computational model 
The model computational zone is shown in Fig. 4(a), a cuboid with 

the size of 1500 m × 1500 m × 1000 m, and its depth ranges from 3000 
m to 4000 m, consisting of surrounding rock, reservoirs, and fractures. 
Moreover, the size of the cuboid reservoir is 1000 m × 1000 m × 600 m, 
located in the center of the computational zone. The reservoir is divided 
into three parts, the upper, middle, and lower sections, which are un-
opened, open, and unopened reservoirs, with a thickness of 150 m, 300 
m, and 150 m, as shown in Fig. 4(b). Opened reservoir (stimulated 
reservoir volume, SRV) refers to the reservoir section of the wellbore 
through perforation and other processes, which can achieve fluid in-
jection and production. 

Two production wells are located on both sides of the injection well 
(well spacing 350 m), with a diameter of 0.10 m and a length of 300 m, i. 
e., the same thickness as the opened reservoir. Fracture is within the 
reservoir, including a primary fracture and fractures around the well, as 

Fig. 7. Temperature and pressure field evolution.  
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shown in Fig. 4(c)–(d). The large number of fractures around the well is 
the remarkable fracturing effect, and the half-length of each fracture is 
10 m. Moreover, the primary fracture can be considered the super-
position of the fracturing fracture and the original natural fracture. The 
physical properties of the surrounding rock, reservoir, and fractures 
utilized in the model are listed in Table 1 (Lei et al., 2020, 2021; Zhang 
et al., 2021). 

It considers the heterogeneity effect of Young’s modulus and Pois-
son’s ratio on the results, so their expressions in Table 1 are the average 
value. The heterogeneity is defined as follows: 

f0(x, y, z)= fm(x, y, z)Rand (23)  

where f0(x,y,z) is the initial average value of Young’s modulus or Pois-
son’s ratio; Rand is the random number. After the above heterogeneous 
treatment, Young’s modulus and Poisson’s ratio range are from 42.2 GPa 
to 58.8 GPa and 0.23–0.27, respectively. 

2.3.2. Initial and boundary conditions 
The model uses flow inlet (injection well) and pressure outlet (pro-

duction well), and the production pressure is 3 MPa less than the initial 
pressure of the reservoir to ensure that fluid is not generally flashed (Yu 
et al., 2022). All model boundaries are set to no-flow and open tem-
perature boundaries (Shi et al., 2019a), i.e., continuous heat replen-
ishment around the reservoir. Other initial and boundary conditions of 
the model are shown in Table 2 (Lei et al., 2020, 2021; Zhang et al., 
2022). Most of the injection parameters and reservoir properties are 
selected based on the data from the Qiabuqia geothermal field of 
Northwest China. At the initial moment, the rock matrix is in a state of 
compressive stress under the influence of in-situ stress. In the control 
case, the magnitude of the compressive stress on three axes is 68 MPa. 

2.3.3. Finite element discretization 
Triangular elements are generated on the top surface of the reservoir, 

and mesh densification is performed around injection wells, production 
wells, and fractures. Then, the meshes are swept vertically to the bottom 
surface of the reservoir to produce triangular prismatic elements. The 
surrounding rock zone meshes using a free tetrahedron. The meshing 
scheme for the computational zone is shown in Fig. 5. 

The number of meshes will influence the result. After mesh inde-
pendence analysis, a scheme with a mesh number of 124,000 and the 
corresponding number of freedom degrees of 2.16 million is selected, 
which ensures high solution speed and calculation accuracy. 

2.4. Model validation 

In this paper, the THM-D coupling model is established. Moreover, 
seepage and heat transfer processes in the fractures are considered. The 
T-H-M coupling model and fracture seepage-heat transfer model have 
been extensively demonstrated in previous studies (Song et al., 2018; Shi 
et al., 2023; Xu et al., 2023a). Therefore, this paper focuses on verifying 
the accuracy of damage evolution. 

Fig. 6(a) displays the experimental setup and rock samples used for 
verification, with single fractures penetrating the rock samples. Detailed 
physical properties of the rocks can be found in the available literature 
(Xu et al., 2023a). Before and after cold water injection, CT scans are 
performed. The experimental conditions included a temperature of 
280 ◦C, an injection volume flow rate of 4.0 ml/min, an axial pressure of 
20 MPa, and a confining pressure of 10 MPa. The duration of the 
experiment is set at 20 min. After the second CT scan, the fracture 
morphology is captured and incorporated into the numerical model 
through topography scanning, followed by simulation under identical 
conditions. 

Fig. 8. Stress field evolution.  
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As depicted in Fig. 6(b), the evolution of damage and variations in 
fracture aperture primarily occur near the fracture. The fracture aper-
ture exhibits more noticeable changes in areas with greater damage 
degrees. In comparing numerical and experimental results, a good cor-
relation is observed between the damaged predominant regions (red) 
and undamaged areas (orange) at the fracture. Overall, the experimental 
and numerical results align with the requirements, confirming the 
capability to simulate the damage evolution process effectively. 

3. Analysis of numerical results 

3.1. Evaluation indicators and study protocols 

Three evaluation indicators are defined to analyze the comparison 
results, i.e., weighted damage volume, differential pressure, and pro-
duction temperature. 

Damage characteristics include the damage volume and degree 

Fig. 9. Damage evolution.  

Fig. 10. Damage and average physical property changes.  
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evolution, and it defines the “weighted damage volume”: 

χ =
∑1

j=0

j + (j + 0.1)
2

Vdamage,j∼(j+0.1)(t) × 100%, j = 0, 0.1,…, 1.0 (24)  

In the above equation, the 0–1 damage is divided into ten intervals, with 
the midpoint of each interval chosen, namely 0.05, 0.15, 0.25, …, 0.95. 
Each midpoint is multiplied by the corresponding damage volume, and 
the sum of all these products is called the “weighted damage volume”. 

Differential pressure is defined as the difference between the injec-
tion pressure and the production pressure: 

Δp= pin,ave − pout,ave (25)  

where pin,ave and pout,ave are the average pressure of the injection well and 
production wells, respectively. 

Tout,ave (◦C) is the average temperature of production wells (Song 
et al., 2018): 

Tout,ave(t)=
1
L

∫

L
Tout(t)dl (26)  

where L (m) is the length of the production well; Tout (◦C) and Tout,ave (◦C) 

Fig. 11. Differential pressure and temperature comparison.  
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indicate the outlet temperature and average outlet temperature at the 
well bottom. 

Parameters include injection-mining parameters and reservoir 
physical properties. One control case and eighteen variable cases are set 
up, and all cases are considered damage or no damage, for a total of 
thirty-eight cases, as shown in Table 3. The range of values for research 
parameters is established based on relevant data from the Qiabuqia 
geothermal field in China (Lei et al., 2020). All parameters for the 
control case are given in bold form, and other calculation cases are based 
on the control case to replace the studied variables. 

3.2. Analysis of evolution characteristics 

3.2.1. Multiphysics evolution 
The evolutions of temperature, pressure, and stress fields are essen-

tial characteristics in production, as shown in Figs. 7 and 8. 
From Fig. 7(a), the scope of the low-temperature area gradually in-

creases as production progresses. Regarding vertical temperature dis-
tribution, the low-temperature area extends rapidly at the bottom and 
top of the open reservoir. It is caused by the low production pressure 
(top) and gravity (bottom), i.e., the above locations where fluids are 
more likely to aggregate and produce. The central horizontal section of 
the reservoir is selected for observation, the low-temperature zone 
extended along the fracture to the substrate on both sides and along the 
injection well to the production wells. The “fingering phenomenon” is 
evident, and the low-temperature zone presents a “spindle-shaped” 
overall, as shown in Fig. 7(b). 

From Fig. 7(c), the apparent high-pressure and low-temperature 
areas appear near the injection well and production wells, respec-
tively, driving the fluid to flow. Due to pressure gradient and gravity in 
the vertical direction, the “pressure drop funnel” appears near the pro-
duction wells. On the central horizontal section, the shape of the high- 
pressure area is similar to the low-temperature area, while the low- 
pressure area is distributed around the production wells. Moreover, 
the differential pressure between the injection well and production well 
decreases with the development, which is caused by increased reservoir 
permeability due to the matrix elastic deformation and damage. 

As mentioned earlier, the maximum tensile stress criterion and More- 
Coulomb criterion are used to determine damage, as shown in Eq. (18). 
Correspondingly, the magnitude of sp1 and sp1~sp3 are analyzed, as 
expressed in Eq. (27). 
⎧
⎪⎨

⎪⎩

sp1 = σ1

sp1 ∼ sp3 = − σ3 + σ1
1 + sin φf

1 − sin φf

(27) 

As shown in Fig. 8, there is a similarity in the distribution of sp1~sp3 
and sp1, consistent with the evolution of temperature and pressure fields. 
It indicates that temperature and pressure changes cause an evolution in 
the effective stress, especially the thermal stress caused by a temperature 
drop. However, the corresponding values of sp1 and sp1~sp3 are 
different. With the center horizontal section as the object, the range of 
sp1–sp3 is − 140 MPã110 MPa, while the range of sp1 is − 70 MPã30 MPa. 
Although the former spans a large range, damage occurs only when 
sp1–sp3 is greater than fc or sp1 is greater than ft. The compressive 

Fig. 12. Characteristics evolution with/without damage at different injection mass flow.  
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strength (350 MPa) of the rock is much greater than the tensile strength 
(10.5 MPa). So, the rock is mainly tensile failure during the production 
process (Xu et al., 2023a), and it is significantly different from the hy-
draulic fracturing process, which has more significant stress disturbance 
and easily causes shear failure. 

Fig. 9 shows the damage evolution process, similar to the operation 
of sp1; the damaged area gradually expands from the injection well to the 
production well. The damaged area is mainly concentrated near the 
fracture because the temperature drop is most palpable, and the stress 
disturbance is most severe. In the control case, the maximum damage 
value is above 0.5, but most damage is between 0 and 0.15, indicating 
that the damage in the mining process is not dramatic. Moreover, the 
change in the damaged area is no longer evident after five years. Com-
bined with Fig. 7(b), the temperature “cold front” has reached produc-
tion well at five years. The evolution of matrix damage near the fracture 
has ended, while the matrix damage far away from the fracture is more 
difficult to appear, so the damaged area in the later mining stage is 
unchanged. Correspondingly, the damage volume gradually increases 
with time, up to 2.6 million m3. The average damage thickness of the 
damage area can reach up to 6 m and then gradually flattens out, as 
shown in Fig. 9(c). 

3.2.2. Damaging effect 
According to Eq. (20)-(22), the damage significantly impacts the 

reservoir’s physical properties. Fig. 10 shows the average damage de-
gree and the average physical properties change at the fracture surface. 

As production progresses, the damage degree increases, the corre-
sponding Young’s modulus gradually decreases, and the porosity and 
permeability increase, consistent with previous experiments’ results 
(Villarraga et al., 2018; Kang et al., 2021). Among them, the perme-
ability changed the most, from 3.50 × 10− 16 at the beginning to 1.87 ×
10− 13 after stabilization, an increase of more than 500 times. The above 
phenomenon occurs because of the micro-cracks in the rock matrix 
caused by damage, which changes internal stress distribution and 
pore-permeability characteristics. Moreover, the curve changes tend to 
be stable in the later stage, and the time is almost the same as the pre-
vious moment when the temperature “cold front” reaches production 
well. 

Fig. 11 shows differential pressure and temperature with and 
without damage, which are the key indicators in production. After five 
years of production at the center section, the maximum pressures are 
57.4 MPa and 55.7 MPa, respectively, and the damage reduced the 
differential pressure by 1.6 MPa. The temperature range is the same in 
the center section. Still, close to the production well, there is a signifi-
cant thermal breakthrough (yellow circle area) in the case of considering 
the damage, as shown in Fig. 11(b), which can lead to lower production 
temperatures due to thermal breakout in advance. 

Differential pressure and production temperature evolution curves 
also confirm the above rules, as shown in Fig. 11(c) and (d). In the 
beginning, the slight increase in differential pressure is caused by the 
increase in fluid viscosity due to temperature drop; the continued 
decline in the later period is due to the increase in reservoir permeability 

Fig. 13. Characteristics evolution with/without damage at different injection temperatures.  
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caused by the elastic deformation/damage of the matrix. The pressure 
difference without damage is always higher than that of considering the 
damage, and the maximum difference occurs at 3.25 years, reaching 
2.21 MPa, as shown in Fig. 11(c). The above difference rises first and 
then falls; the initial stage increases because the damage plays a domi-
nant role, the later decline is due to the damage no longer increasing, 
and the matrix shrinkage caused by elastic deformation significantly 
increases the fracture aperture to become the dominant factor. 

The production temperature evolution curve tends to level at the 
beginning and gradually decreases, indicating that a thermal break-
through has occurred at the turning point. Similarly, the temperature is 
higher without considering damage, and the maximum difference also 
occurs at 3.25 a, reaching 14.21 ◦C, as shown in Fig. 11(d). The reason 
for the above phenomenon is that the damage increases the conductivity 
near the fracture, which enhances the role of the fracture as the main 
seepage channel and makes it easier for thermal interference to occur 
along the fracture. In the later stages of production, damage evolution 
becomes less prominent (reduced temperature gradient). At this point, 
matrix elastic deformation takes on a dominant role, and the effect of 
damage diminishes gradually. There is a reduced difference between 
considering and not considering damage in terms of temperature vari-
ations. The above analysis results indicate that damage research should 
not be overlooked during heat extraction in high-temperature and high- 
pressure rock formations. 

3.3. Influences of key factors 

3.3.1. Injection-mining parameter 
Injection mass flow is a key design parameter in the mining scheme. 

Its effect on the production characteristics is shown in Fig. 12. Damage 
volume at high flow is more significant, and when the mass flow is 
increased from 30 kg/s to 60 kg/s, the weighted damage volume after 
stabilization increases from 8.09 × 104 m3 to 19.39 × 104 m3, as shown 
in Fig. 12(a). The temperature drop is more evident because there is 
more heat transfer between the cold fluid and the matrix at high flow, 
and the thermal damage degree is more significant. 

Affected by the damage, the pressure difference and production 
temperature decrease in various degrees, and the larger the weighted 
damage volume, the larger the corresponding change value, as shown in 
Fig. 12(b)–(c). When the mass flow is from small to large, the maximum 
value of differential pressure-temperature change is 0.87 MPa–14.35 ◦C, 
1.41 MPa-14.54 ◦C, 2.21 MPa-14.21 ◦C, 3.66 MPa-19.10 ◦C, respec-
tively. By analyzing the ratio of differential pressure change value to the 
differential pressure without considering the damage, the maximum 
proportions are 6.96% (30 kg/s), 8.65% (40 kg/s), 10.42% (50 kg/s) and 
14.58% (60 kg/s), respectively, and the influence of damage on the 
change of differential pressure is significant. More, the moment of the 
above maximum change gradually advanced with the increase of mass 
flow, which is 4.75 a (30 kg/s), 4.0 a (40 kg/s), 3.25 a (50 kg/s), and 3.0 
a (60 kg/s), respectively. Affected by the different flow resistance and 

Fig. 14. Characteristics evolution with/without damage at different production pressure.  
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heat exchange, the differential pressure under high flow is always sig-
nificant, and the corresponding production temperature is always low, 
which has been widely proven in previous studies (Xu et al., 2023b). 

The treated water is recharged into geothermal reservoirs to reduce 
water waste and environmental pollution. Recharge temperature varies 
depending on the cascade utilization, and Fig. 13 shows the production 
characteristics at different temperatures. At low injection temperatures, 
it is more likely to cause significant damage, which is related to the 
magnitude of induced thermal stress. When the injection temperature is 
increased from 40 ◦C to 70 ◦C, the weighted damage volume after sta-
bilization decreases from 33.18 × 104 m3 to 0.94 × 104 m3, as shown in 
Fig. 13(a). 

In terms of the influence effect of differential pressure change, the 
effect of temperature is higher than that of mass flow under the study 
conditions in this paper. When the injection temperature is from 40 ◦C to 
70 ◦C, the maximum value of differential pressure-temperature change 
is 4.82 MPa–24.30 ◦C, 2.21 MPa–14.21 ◦C, 0.74 MPa–7.42 ◦C, 0.22 
MPa–3.34 ◦C, respectively. The maximum proportions for the ratio of 
differential pressure change value to the differential pressure without 
considering damage are 22.69% (40 ◦C), 10.42% (50 ◦C), 3.65% (60 ◦C), 
and 1.07% (70 ◦C), respectively. Moreover, from Fig. 13(b), the curves 
corresponding to 40 ◦C with or without damage are located at the bot-
tom and top of all curves, respectively, the former because of the large 
flow resistance caused by the high viscosity of the fluid at low temper-
atures, and the latter because the damage at low temperatures 

significantly increases the reservoir permeability. 
Fig. 14 shows a comparison of production characteristics at different 

average production pressures. With the increase in production pressure, 
the damage volume shows an upward trend caused by the disturbance of 
the stress field. Regardless of damage, high production pressures 
correspond to higher injection-mining pressure differences and pro-
duction temperatures. For example, after ten years of production, the 
above production characteristic values at a production pressure of 41.5 
MPa are 2.07 MPa and 5.42 ◦C higher than 35.5 MPa. It indicates that at 
higher production pressures, the flow resistance of the fluid in the 
reservoir becomes greater. Affected by damage, when the average pro-
duction pressure is from 41.5 MPa to 35.5 MPa, the maximum value of 
differential pressure-temperature change is 2.95 MPa–18.44 ◦C, 2.21 
MPa-14.21 ◦C, 2.33 MPa-16.49 ◦C, 2.13 MPa-15.61 ◦C, respectively. 
Overall, the change is on a downward trend. 

3.3.2. Reservoir physical parameters 
Young’s modulus and Poisson’s ratio are important mechanical 

properties of rocks. Young’s modulus is the elastic modulus along the 
longitudinal direction, and Poisson’s ratio is the elastic constant 
reflecting the lateral deformation. Figs. 15 and 16 show the production 
characteristics under the above mechanical property, respectively. 

The weighted damage volume gradually increased with the increase 
of Young’s modulus and Poisson’s ratio. For example, when the average 
Young’s modulus increases from 45.0 GPa to 52.5 GPa, the weighted 

Fig. 15. Characteristics of evolution with/without damage at different Young’s modulus.  
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damage volume after stabilization increases from 0.54 × 104 m3 to 
35.93 × 104 m3, as shown in Fig. 15(a). When the average Poisson’s 
ratio increases from 0.175 to 0.250, the weighted damage volume after 
stabilization increases from 0.49 × 104 m3 to 14.91 × 104 m3, as shown 
in Fig. 16(a). From Eq. (16), the volumetric elastic modulus of the 
porous medium in the thermal stress term is directly proportional to 
Young’s modulus (E) of the rock and inversely proportional to Poisson’s 
ratio expression (1-2 v). Thus, the increase in Young’s modulus and 
Poisson’s ratio results in more significant thermal stress at the same 
temperature gradient, i.e., damage evolution is more pronounced. 

Affected by damage, when the average Young’s modulus is from 
45.0 MPa to 52.5 MPa, the maximum value of differential pressure- 
temperature change is 0.13 MPa–2.61 ◦C, 0.67 MPa–7.80 ◦C, 2.21 
MPa–14.21 ◦C, 4.95 MPa–24.56 ◦C, respectively. Moreover, when the 
average Poisson’s ratio is from 0.175 to 0.250, the maximum value of 
differential pressure-temperature change is 0.09 MPa–2.04 ◦C, 0.43 
MPa–8.34 ◦C, 1.16 MPa–10.48 ◦C, 2.21 MPa–14.21 ◦C, respectively. 
Although the above characteristics changes showed an upward trend, 
with the uniform increase of mechanical property values, the change 
range of above production characteristics gradually increased, indi-
cating that characteristics evolution is more sensitive under high prop-
erty values. 

Fig. 17 shows the production characteristics under different fracture 
initial permeability. Within the parameters and research scope of this 
paper, the fracture’s initial permeability has little influence on damage 
evolution. The weighted damage volume gradually decreases with the 

fracture’s initial permeability increase. Correspondingly, when the 
average initial permeability is from 2.0 × 10− 11 m2 to 6.5 × 10− 11 m2, 
the maximum value of differential pressure-temperature change is 2.58 
MPa–15.86 ◦C, 2.21 MPa–14.21 ◦C, 2.31 MPa–18.45 ◦C, 1.96 
MPa–14.95 ◦C, respectively. There is no obvious pattern in the above 
phenomenon. However, in terms of no damage, the larger fracture initial 
permeability will reduce the injection pressure, reducing the difficulty of 
mining geothermal reservoirs, but the production temperature drops 
faster. Therefore, in actual production, an excessive increase in fracture 
permeability will accelerate the thermal breakthrough of the system, 
reduce its operating life, and is not conducive to heat extraction. 

4. Economic characteristics discussion 

4.1. Economic evaluation indicators 

From the above analysis, for the identified reservoirs, well types, and 
production modes, the damage significantly impacts differential pres-
sure and production temperature, impacting operating expenses and 
earnings. To analyze the effect of damage on the economic benefits for 
EGS projects, the differential economic benefits are defined (Kong et al., 
2017; Cui et al., 2023): 
⎧
⎪⎪⎨

⎪⎪⎩

ΔC = − ΔCpump + ΔCT − ΔCo
ΔCpump = pe

(
qave,v,dpd − qave,v,ndpnd

)/
ηp

ΔCT = pT ηT
(
qave,v,dρf ,dcp,f ,dTd − qave,v,ndρf ,ndcp,f ,ndTnd

)

ΔCo = ΔCw + ΔCm + ΔCl

(28) 

Fig. 16. Characteristics evolution with/without damage at different Poisson’s ratio.  
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where Cpump (RMB) is the additional cost of electricity due to varying 
pressure differences; CT (RMB) is the benefits from heat extraction 
changes; Co (RMB) is the other cost incurred due to tailwater treatment 

(Cw), post-maintenance (Cm) and labor services (Cl); pe (0.45 RMB/ 
kW⋅h) and pT (0.22 RMB/kW⋅h) are the prices of electrical power and 
heat application, respectively (Xu et al., 2023b); qave,v,d, and qave,v,nd 
(m3/s) are the volume flow considering the damage and not; pd (Pa) and 
pnd (Pa) are the injection-mining pressure difference considering damage 
and not, respectively; ƞp (75.0%) is the pump efficiency, representing 
the conversion efficiency between electrical and mechanical energy 
(Wang et al., 2020b); ƞT (12.0%) is the efficiency of geothermal power 
generation (Zarrouk and Moon, 2014); Td (◦C) and Tnd (◦C) are the 
temperature difference considering damage and not, respectively. 

4.2. Comparison with or without damage 

As shown in Fig. 11(c) and (d), the differential pressure and pro-
duction temperature under the condition of damage are lower than 
those without damage. Fig. 18 shows the evolution curve of differential 
economic benefit (Δ C), and the curve can be roughly divided into four 
stages: 

Stage I (a-b): The curve rises sharply in a short period, and no thermal 
breakthrough has occurred at this stage, so there is no significant 
change in the production temperature in both cases. The appearance 
of damage reduces the differential pressure; the electricity required 
to operate the pump is reduced. 
Stage II (b-c): Thermal breakthrough at point b has already occurred, 
and the lower production temperature under the condition of 

Fig. 17. Characteristics evolution with/without damage at different fracture initial permeability.  

Fig. 18. Differential economic benefit.  
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damage has affected its economic gains. However, the reduced 
electricity spending due to the reduction of differential pressure is 
still dominant, so the curve at this stage is upward, and the increase 
gradually decreases. A local maximum is observed, which is 635,000 
RMB. 
Stage III (c-d): In this stage, the difference between the differential 
pressure gradually decreases and the production temperature dom-
inates. During this stage, the minimum value occurs at point d, which 
is − 67,000 RMB. Production temperature under the condition of 

damage is low, as shown in Fig. 11(d), which leads to poor economic 
benefits, so the curve shows a downward trend. 
Stage IV (d-e): In the later mining stage, the production temperature 
in both cases is almost the same. The differential pressure value in 
the case of damage is always less than that of the case without 
damage, so the economic benefit of the former is always higher than 
that of the latter. As the differential pressure between the two cases 
decreases, the slope of the d-e segment gradually decreases. In 20 a, 
the difference in cumulative economic benefits reached the 
maximum, at 2.289 million RMB, as shown in Fig. 18. 

Fig. 19. Comparison of differential economic benefit with/without damage under multiple parameters.  
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The above results show that under the model and parameter settings 
in this paper, the economic benefits of HDR mining considering damage 
are higher for the case when damage is not considered. However, the 
value size of differential economic benefits and even positive and 
negative values are also related to the price and parameter range, and 
the specific benefits should be judged according to the actual situation. 

4.3. Influences of various parameters 

Fig. 19 compares differential economic benefits with/without dam-
age under multiple parameters. It can be concluded that each curve has 
an upward-down-upward trend, similar to the curve in Fig. 18. The ef-
fects of injection temperature, Young’s modulus, and injection mass 
flow on the differential economic benefits are significant, followed by 
Poisson’s ratio. In contrast, production pressure and fracture initial 
permeability had less influence. 

Take the effect of injection mass flow as an example. When its values 
are from 30 kg/s to 60 kg/s, the differential economic benefits are 
− 56.69 × 104 RMB, 19.86 × 104 RMB, 228.90 × 104 RMB, 535.85 × 104 

RMB at 20 a, respectively. In addition to the negative economic benefit 
at low injection mass flow, negative values will occur at high injection 
temperature, low Young’s modulus, and Poisson’s ratio. Because the 
damage degree is small now, reducing pressure difference’s economic 
benefit is less than lowering production temperature. The above damage 
analysis can help the geothermal development scheme design to be more 
realistic and have higher economic returns. 

5. Conclusion 

To analyze the effect of damage on the long-term heat extraction 
process of hot dry rocks, it established a three-dimensional field-scale 
THM-D model, analyzed damage evolution characteristics and produc-
tion performances, and compared the economic benefits of geothermal 
systems considering damage or not. The main conclusions of this paper 
are as follows:  

(1) Damage is mainly affected by thermal stress, and damage changes 
no longer significantly after the thermal breakthrough. Damage 
evolution is from the injection well to the production well, and 
from fracture to matrix on both sides. By analyzing the relation-
ship between effective principal stress and tensile/compressive 
strength, rock is mainly tensile failure during the production 
process. 

(2) As production progresses, the damage degree increases, the cor-
responding Young’s modulus gradually decreases, and the 
porosity and permeability increase. Permeability changed the 
most, with a more than 500 times increase after damage. Damage 
will cause the differential pressure and production temperature to 
drop, and the maximum reduction of the control case can reach 
2.21 MPa and 14.21 ◦C. 

(3) Weighted damage volume increased significantly with high in-
jection mass flow, low injection temperature, high production 
pressure, high Young’s modulus and Poisson’s ratio, and low 
fracture initial aperture. The larger the weighted damage volume, 
the greater the corresponding differential pressure and produc-
tion temperature drop.  

(4) The differential economic benefits change curve is roughly 
divided into four stages: sharp rise-slow rise-decline-slow rise; the 
key lies in the dominant role of differential pressure change or 
production temperature change. The effects of injection temper-
ature, Young’s modulus, and injection mass flow on the differ-
ential economic benefits are significant, followed by Poisson’s 
ratio. At the same time, production pressure and fracture initial 
permeability had less influence. The maximum differential eco-
nomic benefit is up to 2.289 million RMB.  

(5) The current study focuses on a single fractured reservoir. Future 
analyses will extend to complex fractured reservoirs, considering 
the impact of water-rock interactions on damage evolution. 

CRediT authorship contribution statement 

Fuqiang Xu: Formal analysis, Investigation, Methodology, Writing – 
original draft. Yu Shi: Conceptualization, Software, Supervision, Project 
administration. Xianzhi Song: Data curation, Funding acquisition, Re-
sources. Guofeng Song: Conceptualization, Writing-review. Shuang Li: 
Writing-review. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgments 

The authors would like to acknowledge the National Natural Science 
Foundation of China (Grant No. 52104034), the Major Program of the 
National Natural Science Foundation of China (Grant No. 52192624), 
the New Interdisciplinary Discipline Cultivation Fund of Southwest 
Jiaotong University (Grant No. 2682023ZTPY030, 2682022KJ034), the 
China Scholarship Council (Grant No. 202206440098). Moreover, 
thanks to Ms. Han Xiao. 

References 

Biot, M.A., 1962. Mechanics of deformation and acoustic propagation in porous media. 
J. Appl. Phys. 33 (4), 1482–1498. 

Chen, Y., Ma, G., Wang, H., Li, T., Wang, Y., 2019. Application of carbon dioxide as 
working fluid in geothermal development considering a complex fractured system. 
Energy Convers. Manag. 180, 1055–1067. 

Cheng, L., Luo, Z., Xie, Y., Zhao, L., Wu, L., 2023. Numerical simulation and analysis of 
damage evolution and fracture activation in enhanced tight oil recovery using a 
THMD coupled model. Comput. Geotech. 155, 105244. 

Cui, Q., Shi, Y., Zhang, Y., Wu, R., Jiao, Y., 2023. Comparative study on the thermal 
performance and economic efficiency of vertical and horizontal ground heat 
exchangers. Adv. Geo-Energy Res. 7 (1), 7–19. 

Guo, T., Tang, S., Liu, S., Liu, X., Zhang, W., Qu, G., 2020. Numerical simulation of 
hydraulic fracturing of hot dry rock under thermal stress. Eng. Fract. Mech. 240, 
107350. 

Guo, T., Zhang, Y., Zhang, W., Niu, B., He, J., Chen, M., Yu, Y., Xiao, B., Xu, R., 2022. 
Numerical simulation of geothermal energy productivity considering the evolution 
of permeability in various fractures. Appl. Therm. Eng. 201, 117756. 
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